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In response to the concerns voiced by Vietnam veterans and their families, Con-
gress called upon the National Academy of Sciences (NAS) to review the scien-
tific evidence on the possible health effects of exposure to Agent Orange and
other herbicides (Public Law 102-4, enacted on February 6, 1991). The creation
of the first NAS Institute of Medicine (IOM) committee, in 1992, underscored the
critical importance of approaching these questions from a non-partisan scientific
standpoint. The original Committee to Review the Health Effects in Vietnam
Veterans of Exposure to Herbicides realized from the beginning that it could not
conduct a credible scientific review without a full understanding of the experi-
ences and perspectives of veterans. Thus, to supplement its standard scientific
process, the committee opened several of its meetings to the public in order to
allow veterans and other interested individuals to voice their concerns and opin-
ions, to provide personal information about individual exposure to herbicides and
associated health effects, and to educate committee members on recent research
results and studies still under way. This information provided a meaningful back-
drop for the numerous scientific articles that the committee considered.

Veterans and Agent Orange: Health Effects of Herbicides Used in Vietnam
(abbreviated as VAO in this report) reviewed and evaluated the available scien-
tific evidence regarding the association between exposure to dioxin or other
chemical compounds contained in herbicides used in Vietnam and a wide range
of health effects. The report provided information for the Secretary of Veterans
Affairs to consider as the Department of Veterans Affairs carried out its respon-
sibilities to Vietnam veterans. It also described areas in which the available
scientific data were insufficient to determine whether an association exists and
provided the committee’s recommendations for future research.

v

Preface
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vi PREFACE

Public Law 102-4 also tasked the NAS to conduct biennial updates that
would review newly published scientific literature regarding statistical associa-
tions between health outcomes and exposure to dioxin and other chemical com-
pounds in these herbicides. The first of these, Veterans and Agent Orange: Up-
date 1996 (Update 1996) was published in March of that year. The focus of this
second updated review is on scientific studies published since the release of
Update 1996. To conduct the review, the IOM established a committee of 12
members representing a wide range of expertise to take a fresh look at the studies
reviewed in VAO and Update 1996 along with the newest scientific evidence. In
order to provide a link to the experience and expertise developed by the previous
committees, five of the members of the committee responsible for this report
were recruited from the committee responsible for Update 1996; two of these
individuals also served on the VAO committee. All committee members were
selected because they are leading experts in their fields, have no conflicts of
interest with regard to the matter under study, and have taken no public positions
concerning the potential health effects of herbicides in Vietnam veterans or re-
lated aspects of herbicide or dioxin exposure. Biographical sketches of commit-
tee members and staff appear in Appendix C.

The committee worked on several fronts in conducting this updated review,
always with the goal of seeking the most accurate information and advice from
the widest possible range of knowledgeable sources. Consistent with procedures
of the NAS, the committee met in a series of closed sessions and working group
meetings in which members could freely examine, characterize, and weigh the
strengths and limitations of the evidence. It also convened two open meetings to
provide the opportunity for veterans and veterans service organizations, research-
ers, policymakers, and other interested parties to present their concerns, review
their research, and exchange information directly with committee members. The
first of these was held in conjunction with the committee’s second meeting in
June 1997 in Washington, D.C.; the second in Irvine, California, in October,
1997. To solicit broad participation, the committee sent announcements to indi-
viduals, organizations, and listserves known to have an interest in this issue. The
oral presentations and written statements submitted to the committee are described
in detail in Appendix A. In order to address one area of interest identified by the
Department of Veterans Affairs, the committee convened a workshop on the
combination and reanalysis of existing data on the health effects of herbicide and
dioxin exposure. The workshop, which took place in August 1997, brought to-
gether experts in these methodologies with researchers who have developed and
analyzed datasets evaluating the health of Vietnam veterans and individuals ex-
posed to herbicides or dioxin. The results of this effort will be addressed in a
separate report.

In addition to its formal meetings, the committee actively and continuously
sought information from, and explained its mission to, a broad array of individu-
als and organizations with interest or expertise in assessing the effects of expo-
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PREFACE vii

sure to herbicides. The committee also heard from the public through telephone
calls, letters, and emails.

This report has been reviewed in draft form by individuals chosen for their
diverse perspectives and technical expertise, in accordance with procedures ap-
proved by the National Research Council’s Report Review Committee. The pur-
pose of this independent review is to provide candid and critical comments that will
assist the institution in making the published report as sound as possible and to
ensure that the report meets institutional standards for objectivity, evidence, and
responsiveness to the study charge. The review comments and draft manuscript
remain confidential to protect the integrity of the deliberative process. We wish to
thank the following individuals for their participation in the review of this report:
Patricia Buffler, University of California, Berkeley; Graham Colditz, Harvard Uni-
versity; John Doull, University of Kansas; Kristine Gebbie, Columbia University;
David Kriebel, University of Massachusetts, Lowell; Gilbert Omenn, University of
Michigan; Jonathan Samet, Johns Hopkins University; David Strogatz, University
of Albany, SUNY. While the individuals listed above have provided constructive
comments and suggestions, it must be emphasized that responsibility for the final
content of this report rests entirely with the authoring committee and the institution.

David A. Butler served as the study director for this project and deserves
credit for drafting sections of the report. The committee would also like to ac-
knowledge the excellent work of IOM staff members Sanjay Baliga and James
Bowers. Carol Maczka of the Academy’s National Research Council provided
invaluable help on the toxicology chapter of the report. Thanks are also extended
to Sharon Galloway, who handled the finances for the project; Florence Poillon
and Jane Durch, who provided excellent editorial skills; Susan Fourt, who con-
ducted database searches; Michael Edington, who supervised the report through
the editorial and publication phases; and Donna Thompson, who provided admin-
istrative support to the project. The knowledge and experience of Michael Stoto
and Catharyn Liverman, who served as staff members on the original committee,
were helpful in this effort.

The committee also benefited from the assistance of several scientists and
researchers who generously lent their time and expertise to help give committee
members insight on particular issues, provide copies of newly released research,
or answer queries concerning their work. Special thanks are extended to Drs.
Bruce Armstrong (New South Wales Cancer Council, Australia), Michael DeVito
(U.S. EPA), Keith Horsley (Commonwealth Department of Veterans’ Affairs,
Australia), Han Kang (U.S. Department of Veterans Affairs), Stephen Katz (Na-
tional Institutes of Health, DHHS), Edward McCarthy (Johns Hopkins Univer-
sity), Joel Michalek (Armstrong Laboratory, USAF), and Jerry Rice (Interna-
tional Agency for Research on Cancer).

David Tollerud
Chairman
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1

Because of continuing uncertainty about the long-term health effects of ex-
posure to the herbicides used in Vietnam, Congress passed Public Law 102-4, the
“Agent Orange Act of 1991.” This legislation directed the Secretary of Veterans
Affairs to request the National Academy of Sciences (NAS) to conduct a compre-
hensive review and evaluation of scientific and medical information regarding
the health effects of exposure to Agent Orange, other herbicides used in Vietnam,
and the various chemical components of these herbicides, including dioxin. A
committee convened by the Institute of Medicine (IOM) of the NAS conducted
this review and in 1994 published a comprehensive report, entitled Veterans and
Agent Orange: Health Effects of Herbicides Used in Vietnam (henceforth called
VAO) (IOM, 1994).

Public Law 102-4 also called for the NAS to conduct subsequent reviews at
least every two years for a period of ten years from the date of the first report. The
NAS was instructed to conduct a comprehensive review of the evidence that has
become available since the previous IOM committee report and to reassess its
determinations and estimates of statistical association, risk, and biological plausi-
bility. On completion of VAO, a successor committee was formed that produced
Veterans and Agent Orange: Update 1996 (henceforth called Update 1996) (IOM,
1996).

The present IOM report is the second updated review and evaluation of the
newly published scientific evidence regarding associations between diseases and
exposure to dioxin and other chemical compounds in herbicides used in Vietnam.
For each disease, the IOM was asked to determine, to the extent that available
data permitted meaningful determinations, (1) whether a statistical association

1

Executive Summary

Copyright © National Academy of Sciences. All rights reserved.

Veterans and Agent Orange: Update 1998
http://www.nap.edu/catalog/6415.html

http://www.nap.edu/catalog/6415.html


2 VETERANS AND AGENT ORANGE: UPDATE 1998

with herbicide exposure exists, taking into account the strength of the scientific
evidence and the appropriateness of the statistical and epidemiologic methods
used to detect the association; (2) the increased risk of the disease among those
exposed to herbicides during Vietnam service; and (3) whether there is a plau-
sible biological mechanism or other evidence of a causal relationship between
herbicide exposure and the disease.

In addition to bringing the earlier scientific evidence up to date, the commit-
tee has addressed five specific areas of interest identified by the Department of
Veterans Affairs (DVA). These are: (1) the relationship between exposure to
herbicides and the subsequent development of diabetes; (2) the issue of the la-
tency between exposure to herbicides and development of adverse health out-
comes; (3) the classification of chondrosarcomas of the skull; (4) herbicide ex-
posure assessment for Vietnam veterans; and (5) the potential for using data
combination methodologies to informatively reexamine existing data on the health
effects of herbicide or dioxin exposure.

In conducting its study, the IOM committee operated independently of the
DVA and other government agencies. The committee was not asked to and did
not make judgments regarding specific cases in which individual Vietnam veter-
ans have claimed injury from herbicide exposure. Rather, the study provides
scientific information for the Secretary of Veterans Affairs to consider as the
DVA exercises its responsibilities to Vietnam veterans.

ORGANIZATION AND FRAMEWORK

The conclusions in this updated report are based on cumulative evidence
from the scientific literature reviewed in VAO and Update 1996. This present
update is intended to supplement rather than replace the two previous reports;
therefore, much of the information on studies reviewed in those reports has not
been repeated. Most chapters begin with brief summaries of the scientific data in
VAO and Update 1996, followed by a more thorough discussion of the newly
published data and their interpretation. The reader is referred to relevant sections
of the previous reports for additional detail and explanation.

Chapter 2 provides an overview of the methods and conclusions of VAO and
Update 1996. In addition, it provides a summary of the recent activities of several
federal government agencies that are relevant to the health effects of Agent
Orange and other herbicides used in Vietnam. Chapter 3 provides an update of
the recent experimental toxicology data on the effects of the herbicides and of
2,3,7,8-TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin, commonly referred to as
TCDD or “dioxin”), a compound found as a contaminant in the herbicide 2,4,5-
trichlorophenoxyacetic acid (2,4,5-T). These data serve as the basis for the bio-
logical plausibility of potential health effects in human populations. Chapter 4
describes the methodological considerations that guided the committee’s review
and its of evaluation. Chapter 5 addresses exposure assessment issues. Chapter 6
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EXECUTIVE SUMMARY 3

provides a general review of the epidemiologic studies used to assess the poten-
tial association between herbicides and specific health outcomes. The chapter is
organized to reflect similarities and differences in the nature of exposure among
three types of study populations: occupationally exposed, environmentally ex-
posed, and Vietnam veterans. Chapter 8 reviews the methods used to study la-
tency, or time-related effects—a topic of special interest to the DVA—and evalu-
ates the evidence on latency for the cancers under study.

Health outcomes are addressed in the remaining chapters: Chapter 7 focuses
on cancer outcomes; Chapter 9, on reproductive effects; Chapter 10, on neuro-
behavioral disorders; and Chapter 11, on other (noncancer) health effects includ-
ing respiratory, immune system, metabolic, digestive, and circulatory disorders.
Many of the same epidemiologic studies were used to assess different types of
health outcomes (see Chapter 6).

The committee focused most of its efforts on reviewing and interpreting
epidemiologic studies, in order to evaluate the extent to which the scientific
literature does or does not suggest that particular human health effects are associ-
ated with exposure to herbicides or dioxin. The committee weighed the strengths
and limitations of the scientific data in VAO and Update 1996, as well as the
newly published scientific data, and reached its conclusions by interpreting the
new evidence in the context of the whole of the literature. Each disease has been
placed into one of four categories, depending on the strength of evidence for an
association (see “Conclusions About Health Outcomes,” below). The committee
used the same criteria to categorize health outcomes as used in the two previous
reports.

TOXICOLOGY SUMMARY

The results of cellular and animal studies published since the release of
Update 1996 that investigated the toxicokinetics, mechanism of action, and
disease outcomes of TCDD, plus the herbicides themselves are reviewed in
Chapter 3.

TCDD elicits a diverse spectrum of biological sex-, strain-, age-, and
species-specific effects, including carcinogenicity, immunotoxicity, reproductive
or developmental toxicity, hepatotoxicity, neurotoxicity, chloracne, and loss of
body weight. To date, the scientific consensus is that TCDD is not genotoxic and
that its ability to influence the carcinogenic process is mediated via epigenetic
events such as enzyme induction, cell proliferation, apoptosis, and intracellular
communication.

There is evidence that the mechanism by which TCDD induces tumor pro-
motion may involve oxygen radicals. In support of this, other studies have shown
that TCDD induction of cancer-causing processes appears to result in a release of
oxygen radicals and subsequent oxidative DNA damage that could lead to muta-
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4 VETERANS AND AGENT ORANGE: UPDATE 1998

tion and cancer. This is also evidence that TCDD tumor promotion may be due to
its ability to interfere with intercellular communications.

Low doses of TCDD administered to experimental animals alter the repro-
ductive development and fertility of the progeny. Studies in male rats and ham-
sters have shown that decreased daily sperm production and cauda epididymal
sperm number are some of the most sensitive effects of in utero and lactational
TCDD exposure. However, in utero and lactational TCDD exposure does not
appear to alter sperm transit time through the whole epididymis. Studies have
been conducted to determine whether in utero and lactational TCDD exposure
decreases male rat accessory sex organ weights during postnatal development
and whether this effect involved decreases in hormone production or metabolism.
Results suggest that in utero and lactational TCDD exposure selectively impairs
rat prostate growth and development. TCDD exposure in gestating animals re-
sults in malformations of the external genitalia, including complete to partial
clefting of the phallus. Additionally, functional reproductive alterations in female
progeny are observed after TCDD exposure. Moreover, TCDD-mediated inhibi-
tion of angiogenesis has been suggested as an important contributor to the embryo-
toxicity of TCDD.

Animal studies and test-tube studies continue to emphasize the importance
of alterations in neurotransmitter systems as underlying mechanisms of TCDD-
induced behavioral dysfunction. TCDD can affect the metabolism of serotonin, a
neurotransmitter in the brain able to modulate food intake. This biochemical
change is consistent with observations of progressive weight loss and anorexia in
experimental animals exposed to TCDD. In certain brain cells, there is evidence
that TCDD may increase the uptake of calcium.

TCDD exposure causes a broad range of immunologic effects in experimen-
tal animals. Recent studies support earlier data that TCDD decreases innate im-
munity and host resistance to pathogenic microorganisms; impairs cell-mediated
immune responses, such as the generation and lytic activity of cytotoxic T cells;
and suppresses humoral immunity by inhibiting B-lymphocyte differentiation
into antibody-producing cells. Despite considerable laboratory research, the
mechanisms underlying the immunotoxic effects of TCDD are still unclear.
TCDD immunotoxicity appears to be mediated primarily through aryl hydrocar-
bon receptor (AhR) dependent processes, but some components of immunosup-
pression have been shown to act independently of the Ah receptor.

Several recent studies have examined the effects of TCDD on specific dis-
ease outcomes in animals. Liver enlargement has, for example, been shown to
occur following high subchronic doses. The mechanism by which TCDD affects
the liver is still under investigation. Recently, TCDD has been shown to inhibit
DNA synthesis of liver cells, decrease certain receptors in liver cell membranes,
and inhibit liver enzymatic activity. TCDD has also been shown to affect blood
serum hormone levels, an outcome thought to be partially due to the action of
TCDD on the pituitary gland. TCDD has also been shown to affect the develop-
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EXECUTIVE SUMMARY 5

ment of skin cells by binding to the AhR. This effect is antagonized by retinoids.
Several reports published during the reference period describe developmental
deficits in the cardiovascular system of TCDD-treated animals. Evidence sug-
gests that the endothelial lining of blood vessels is a primary target site of TCDD-
induced cardiovascular toxicity.

Much research over the past two years has focused on the elucidation of the
molecular mechanism of TCDD toxicity. Recent studies confirm earlier findings
that the toxic effects of TCDD are caused by the binding of TCDD to the aryl
hydrocarbon receptor. TCDD binding to this receptor triggers other effects that
result in a toxic sequelae. Structural and functional studies of AhR and its partner
protein Arnt indicate that similar protein receptors exist in a number of different
species and interact with a number of other proteins to influence receptor func-
tion. TCDD may influence the ways in which genes are expressed by binding to
the AhR. Researchers have recently bred mice that lack the AhR protein, and it is
anticipated that these mice will allow more informative studies of TCDD effects
in the future.

The toxicity of the herbicides used in Vietnam remains poorly studied. In
general, the herbicides 2,4-D (2,4-dichlorophenoxyacetic acid), 2,4,5-T, cacodylic
acid, and picloram have not been identified as particularly toxic substances since
high concentrations are often required to modulate cellular and biochemical pro-
cesses. New reports suggest that 2,4-D may affect the membrane sheath around
nerve cells. Other studies support the view that 2,4-D may disrupt cellular pro-
cesses in the liver, and reports of kidney and muscle damage have been pub-
lished. A case-control study of dogs exposed to 2,4-D, in addition to other pesti-
cides used in yard work, reported an increase in lymphomas associated with
exposure. Some animal studies suggest that 2,4,5-T may alter nerve and muscle
function. 2,4,5-T may also induce mutations at different stages of cell develop-
ment and hinder a cellular process that is involved in the elimination of harmful
carcinogens.

Limited evidence from bioassays published during the past two years sug-
gests that cacodylic acid may promote urinary, bladder, kidney, liver, and thyroid
gland cancer in some species of animals.

EXPOSURE ASSESSMENT

Assessment of individual exposure to herbicides and dioxin is a key element
in determining whether specific health outcomes are linked to these compounds.
The committee responsible for producing VAO found, however, that the defini-
tion and quantification of exposure are the weakest methodologic aspects of the
epidemiologic studies. Although different approaches have been used to estimate
exposure among Vietnam veterans, each approach is limited in its ability to
determine precisely the intensity and duration of individual exposure.

A separate effort by another Institute of Medicine committee is facilitating
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6 VETERANS AND AGENT ORANGE: UPDATE 1998

the development and evaluation of models of herbicide exposure for use in stud-
ies of Vietnam veterans. That committee authored and disseminated a Request
for Proposals for exposure assessment research in 1997 (IOM, 1997) and has
begun to carry out scientific oversight of the research.

Although definitive data are presently lacking, the available evidence sug-
gests that Vietnam veterans as a group had substantially lower exposure to herbi-
cides and dioxin than did the subjects in many occupational studies. Participants
in Operation Ranch Hand and members of the Army Chemical Corps are excep-
tions to this pattern, and it is likely that there are others who served in Vietnam
who had exposures comparable in intensity to members of the occupationally
exposed cohorts. Although it is currently not possible to identify this heavily
exposed fraction of Vietnam veterans, the exposure assessment research effort
presently under way may allow progress to be made on this important question.

CONCLUSIONS ABOUT HEALTH OUTCOMES

Chapters 7, 9, 10, and 11 provide a detailed evaluation of the epidemiologic
studies reviewed by the committee and their implications for cancer, reproductive
effects, neurobehavioral effects, and other health effects. As detailed in Chapter
4, the committee used the epidemiologic evidence it reviewed to assign each of
the health outcomes being studied to one of the four categories listed in Table 1-
1. The definitions of the categories and the criteria for assigning a particular
health outcome to them are described in the table, and the specific rationale for
each of the findings is detailed in the appropriate health outcomes chapter (Chap-
ters 7, 9, 10, and 11).

Consistent with the mandate of Public Law 102-4, the distinctions between
categories are based on “statistical association,” not on causality, as is common in
scientific reviews. Thus, standard criteria used in epidemiology for assessing
causality (Hill, 1971) do not strictly apply. The committee was charged with
reviewing the scientific evidence rather than making recommendations regarding
DVA policy, and Table 1-1 is not intended to imply or suggest any policy deci-
sions; these must rest with the Secretary of Veterans Affairs.

Health Outcomes with Sufficient Evidence of an Association

In Update 1996, the committee found sufficient evidence of an association
between exposure to herbicides and/or TCDD and four diseases: soft-tissue sar-
coma, non-Hodgkin’s lymphoma, Hodgkin’s disease, and chloracne. The recent
scientific literature continues to support the classification of these diseases in the
category of sufficient evidence. Based on the recent literature, there are no addi-
tional diseases that satisfy this category’s criteria—that a positive association
between herbicides and the outcome must be observed in studies in which chance,
bias, and confounding can be ruled out with reasonable confidence. The commit-
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EXECUTIVE SUMMARY 7

TABLE 1-1  Updated (1998) Summary of Findings in Occupational,
Environmental, and Veterans Studies Regarding the Association Between
Specific Health Outcomes and Exposure to Herbicides

Sufficient Evidence of an Association
Evidence is sufficient to conclude that there is a positive association. That is, a positive
association has been observed between herbicides and the outcome in studies in which
chance, bias, and confounding could be ruled out with reasonable confidence. For example,
if several small studies that are free from bias and confounding show an association that is
consistent in magnitude and direction, there may be sufficient evidence for an association.
There is sufficient evidence of an association between exposure to herbicides and the
following health outcomes:

Soft-tissue sarcoma
Non-Hodgkin’s lymphoma
Hodgkin’s disease
Chloracne

Limited/Suggestive Evidence of an Association
Evidence is suggestive of an association between herbicides and the outcome but is limited
because chance, bias, and confounding could not be ruled out with confidence. For example,
at least one high-quality study shows a positive association, but the results of other studies
are inconsistent. There is limited/suggestive evidence of an association between exposure to
herbicides and the following health outcomes:

Respiratory cancers (lung/bronchus, larynx, trachea)
Prostate cancer
Multiple myeloma
Acute and subacute transient peripheral neuropathy
Spina bifida in the children of veterans
Porphyria cutanea tarda

Inadequate/Insufficient Evidence to Determine Whether an Association Exists
The available studies are of insufficient quality, consistency, or statistical power to permit a
conclusion regarding the presence or absence of an association. For example, studies fail to
control for confounding, have inadequate exposure assessment, or fail to address latency.
There is inadequate or insufficient evidence to determine whether an association exists
between exposure to herbicides and the following health outcomes:

Hepatobiliary cancers
Nasal/nasopharyngeal cancer
Bone cancer
Breast cancer
Female reproductive cancers (cervical, uterine, ovarian)
Urinary bladder cancer (category change in 1998)
Renal cancer
Testicular cancer
Leukemia
Spontaneous abortion
Birth defects (other than spina bifida)
Neonatal/infant death and stillbirths

continued
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8 VETERANS AND AGENT ORANGE: UPDATE 1998

tee regards evidence from several small studies that are free from bias and con-
founding, and that show an association that is consistent in magnitude and direc-
tion, as sufficient evidence for an association. The evidence that supports the
committee’s conclusions for the three cancers is detailed in Chapter 7 and for
chloracne in Chapter 11.

Health Outcomes with Limited/Suggestive Evidence of Association

In Update 1996, the committee found limited/suggestive evidence of an
association for six classes of diseases, three cancers—respiratory (larynx, lung/
bronchus, and trachea) cancer, prostate cancer, and multiple myeloma—and three
other health outcomes—spina bifida in the children of veterans, acute and sub-
acute (transient) peripheral neuropathy, and porphyria cutanea tarda. The recent

Inadequate/Insufficient Evidence to Determine Whether an Association Exists (continued)
Low birthweight
Childhood cancer in offspring
Abnormal sperm parameters and infertility
Motor/coordination dysfunction
Chronic peripheral nervous system disorders
Metabolic and digestive disorders (diabetes, changes in liver enzymes,

lipid abnormalities, ulcers)
Immune system disorders (immune suppression and autoimmunity)
Circulatory disorders
Respiratory disorders
Skin cancers

Limited/Suggestive Evidence of No Association
Several adequate studies, covering the full range of levels of exposure that human beings are
known to encounter, are mutually consistent in not showing a positive association between
exposure to herbicides and the outcome at any level of exposure. A conclusion of “no
association” is inevitably limited to the conditions, level of exposure, and length of
observation covered by the available studies. In addition, the possibility of a very small
elevation in risk at the levels of exposure studied can never be excluded. There is limited/
suggestive evidence of no association between exposure to herbicides and the following
health outcomes:

Gastrointestinal tumors (stomach cancer, pancreatic cancer, colon
cancer, rectal cancer)

Brain tumors

NOTE: “Herbicides” refers to the major herbicides used in Vietnam: 2,4-D (2,4-dichlorophenoxy-
acetic acid); 2,4,5-T (2,4,5-trichlorophenoxyacetic acid) and its contaminant TCDD (2,3,7,8-tetra-
chlorodibenzo-p-dioxin); cacodylic acid; and picloram. The evidence regarding association is drawn
from occupational and other studies in which subjects were exposed to a variety of herbicides and
herbicide components.

TABLE 1-1 Continued
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scientific literature continues to support the classification of these diseases in the
limited/suggestive category of sufficient evidence. Based on the recent literature,
there are no additional diseases that satisfy this category’s criteria.

For outcomes in this category, the evidence must be suggestive of an asso-
ciation with herbicides, but the association may be limited because chance, bias,
or confounding could not be ruled out with confidence. Typically, at least one
high-quality study indicates a positive association, but the results of other studies
may be inconsistent.

Since the last update, there have been several studies of respiratory cancer
among occupationally exposed groups and Vietnam veterans. Newly published
studies of phenoxy herbicide production workers (Kogevinas et al., 1997) and
workers exposed as a result of an industrial accident (Ott and Zober, 1996) show
small but statistically significant excesses of lung cancer mortality. Results in
both studies indicate higher estimated risk for individuals with higher estimated
exposure. One other occupational study (Ramlow et al., 1996) reports a relative
risk indistinguishable from 1. A study of rice farmers in Italy (Gambini et al.,
1997) found lower lung cancer incidence than observed in the general population,
a result similar to that found in studies of U.S. farmers, which may reflect lower
incidence of smoking in this occupational group. New data from the Seveso
accident (Bertazzi et al., 1997) do not indicate any increase in lung cancer mortal-
ity in this environmentally exposed group, but an insufficient number of years
have passed since exposure to draw conclusions about any effect that the acciden-
tal exposure may have had. Increases in respiratory cancers were seen in new
studies of U.S. and Australian Vietnam veterans, although there is evidence that
cigarette smoking was more prevalent among Vietnam veterans than among non-
Vietnam veterans or the general public. In summary, the most recently published
studies continue to support placing respiratory cancers in the category of limited/
suggestive evidence. Although smoking undoubtedly plays a role in these can-
cers, the consistency of the finding across several studies argues against the
notion that it is the sole explanatory factor.

New studies of production workers continue to show weak but consistent
evidence of effects on prostate cancer mortality, whereas new research on agri-
cultural workers shows no indication of increased risk. A detailed and well-
conducted analysis of Australian male Vietnam veterans’ mortality (Crane et al.,
1997) found a statistically significant relationship between Vietnam service and
prostate cancer. The committee’s summary evaluation, based on all of the epide-
miologic evidence, was that the data continue to support the classification of
prostate cancer in the limited/suggestive category.

The evidence that supports the committee’s conclusions for multiple my-
eloma is detailed in Chapter 7 and is not substantially changed from Update
1996.

In Update 1996 the committee identified three studies of the offspring of
Vietnam veterans that were suggestive of an association between exposure to the
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herbicides considered in this report and spina bifida, although a number of
methodologic issues limited the interpretation of these results. Since the publica-
tion of that report, occupational studies of the offspring of fathers employed in
British Columbia sawmills (Dimich-Ward et al., 1996) and the offspring of Nor-
wegian farmers (Kristensen et al., 1997), and a multicenter case-control study of
paternal occupation and risk of spina bifida conducted in the Netherlands (Blatter
et al., 1997), have provided some additional support for the association with this
specific birth defect, although concerns remain including control of confounding,
exposure determination, and isolation of exposure to specific herbicides and
TCDD.

No additional evidence has been published since Update 1996 regarding
acute and subacute transient peripheral neuropathy or porphyria cutanea tarda.

Health Outcomes with Inadequate/Insufficient Evidence to Determine
Whether an Association Exists

The scientific data for many of the cancers and other diseases reviewed by
the committee were inadequate or insufficient to determine whether an associa-
tion exists. For diseases in this category, the available studies are of insufficient
quality, consistency, or statistical power to permit a conclusion regarding the
presence or absence of an association. For example, studies fail to control for
confounding or have inadequate exposure assessment. This group includes hepa-
tobiliary cancers (cancers of the liver and intrahepatic bile duct), nasal and
nasopharyngeal cancer, bone cancer, skin cancers (including basal cell carci-
noma, squamous cell carcinoma, and non-melanocytic skin cancers), breast can-
cer, cancers of the female reproductive system (including cervix, endometrium,
and ovaries), testicular cancer, urinary bladder cancer, renal cancer (cancers of
the kidney and renal pelvis), and leukemias. The scientific evidence regarding
each of these cancers is detailed in Chapter 7.

Based on an evaluation of all the epidemiologic evidence, including studies
published since the release of Update 1996, the committee felt that urinary blad-
der cancer should be added to this category. Although there is no evidence that
exposure to herbicides or dioxin is related to this cancer, relative risks in some of
the largest cohorts tended to be greater than 1, weakening the committee’s prior
conclusion that there was positive evidence of no relationship. The co-exposure
to TCDD and a variety of known bladder carcinogens makes it very difficult to
isolate any possible additional effect of herbicides, although little total effect was
seen.

A recent community based case-control study examining herbicide exposure
and skin cancers drew the attention of the committee (Gallagher et al., 1996).
This study, which controlled for a number of factors known to influence skin
cancer rates, found increasing risk of squamous cell carcinoma with increasing
lifetime exposure to herbicides. Although there are concerns regarding the study’s
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control of confounding and the adequacy of the exposure assessment, the com-
mittee concluded that the study was the best of its kind to date. The available
evidence is insufficient to determine whether an association exists between herbi-
cide exposure and any of the forms of skin cancer. However, the committee
encourages further study of basal and squamous cell skin cancer incidence among
working and Vietnam veteran populations. In any future studies, careful attention
should be paid to exposure assessment, as well as to controlling for confounding
from UV exposures. Efforts to examine the carcinogenicity of organic arsenicals
are also encouraged.

Several reproductive effects are classified in this category, including sponta-
neous abortion, birth defects other than spina bifida, neonatal or infant death and
stillbirths, low birthweight, childhood cancer in offspring, and abnormal sperm
parameters and infertility. The scientific evidence for reproductive effects is
detailed in Chapter 9. Neurobehavioral effects that are classified in this category
include cognitive and neuropsychiatric disorders, motor or coordination dysfunc-
tion, and chronic peripheral nervous system disorders. The scientific evidence for
these effects is detailed in Chapter 10.

Other health effects that are classified in this category include metabolic and
digestive disorders, immune system disorders, circulatory disorders, and respira-
tory disorders. The scientific evidence for these effects is detailed in Chapter 11.

Diabetes is a health outcome of special interest to the DVA. When viewed in
the context of the total literature the committee concludes that, at this time, there
is inadequate/insufficient evidence to determine whether an association exists
between herbicide or dioxin exposure and increased risk of diabetes. Further
analyses and full publication of existing studies may justify a reevaluation of this
conclusion.

Many animal studies provide potential biological mechanisms for an asso-
ciation between herbicide exposure and diabetes risk. Although the majority of
earlier reports on humans suggest little association, the potentially more defini-
tive 1997 report from the Ranch Hand study (Henriksen et al., 1997) raises the
possibility that the highest-exposure group (highest TCDD level) may have an
increased risk. Such a conclusion may be supported by a currently unpublished
NIOSH study of exposed workers. It is important to note that both these studies
used serum TCDD levels as the measure of exposure. At this time, questions
concerning case definition and full control for obesity, or other confounders (in
the Ranch Hand study) preclude determining whether or not an association exists
between herbicide exposure and diabetes in these studies. The committee strongly
urges that the NIOSH study be documented more completely and published in the
peer-reviewed literature, so that its potentially important findings can be evalu-
ated fully. It strongly recommends that the Ranch Hand study develop a fully
adjusted multivariate model (e.g., Cox Proportional Hazard with time to diabetes
as the outcome), fully controlling for baseline age and obesity (BMI) and, if
possible, for family history of diabetes, central fat distribution, diabetogenic drug

Copyright © National Academy of Sciences. All rights reserved.

Veterans and Agent Orange: Update 1998
http://www.nap.edu/catalog/6415.html

http://www.nap.edu/catalog/6415.html


12 VETERANS AND AGENT ORANGE: UPDATE 1998

exposure, and a measure of obesity at the time of Vietnam service. The commit-
tee recommends consideration be given to a combined analysis of the Ranch
Hand and NIOSH studies to further examine the possibility that herbicide expo-
sure leads to an increased risk of diabetes.

Health Outcomes with Limited/Suggestive Evidence of No Association

In VAO, the committee found a sufficient number and variety of well-
designed studies to conclude that there is limited/suggestive evidence of no asso-
ciation between a small group of cancers and exposure to TCDD or herbicides.
This group includes gastrointestinal tumors (colon, rectal, stomach, and pancre-
atic) and brain tumors. Recent scientific evidence continues to support the classi-
fication of such cancers in this category and is detailed in Chapter 7. Based on the
recent literature, there are no additional diseases that satisfy the criteria necessary
for this category.

For outcomes in this category, several adequate studies covering the full
range of levels of herbicide exposure that human beings are known to encounter
are mutually consistent in not showing a positive association between exposure
and health risk at any level of exposure. These studies have relatively narrow
confidence intervals. A conclusion of “no association” is inevitably limited to the
conditions, level of exposure, and length of observation covered by the available
studies. In addition, the possibility of a very small elevation in risk at the levels of
exposure studied can never be excluded.

The Relationship Between the Length of Time Since Exposure
and the Possible Risk of Cancer Development

The importance of latency effects and other time-related factors in determin-
ing cancer risk has long been recognized, and statistical methodologies have been
developed to study this issue. A variety of practical difficulties relating to expo-
sure assessment and other data requirements, however, have limited the use of
these methods in epidemiologic studies of environmental carcinogens. In re-
sponse to the request from the DVA to explore latency issues related to herbicides
used in Vietnam, the committee attempts in Chapter 8 to establish a methodology
to address the timing of herbicide exposure and the risk of cancer. This chapter
also reviews the literature on herbicide exposure and some cancers for results that
describe how the timing of exposure affects the relative risk due to exposure.

One of the committee’s tasks was to assess the likelihood that exposure to
herbicides used in Vietnam resulted in or will result in increased risk of disease in
Vietnam veterans. Currently, any such inference would have to be based on
extrapolation from the findings about disease experience of other groups exposed
to TCDD or herbicides generally. Given that we know when the potential expo-
sure to TCDD and other herbicides used in Vietnam began and ended, it would
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appear reasonable to examine time-related factors for those who served in Viet-
nam, but to date, no adequate analysis of time-related factors for cancer occur-
rence in Vietnam veterans has been published. Extrapolation from other types of
studies is problematic for several reasons. Brief exposures, such as occurred in
Seveso, and chronic occupational exposures may not apply to Vietnam veterans
because of the different exposure situation. For example, there is evidence in the
literature (e.g., for respiratory cancer) that latency can vary not only among
individuals, but also according to other aspects of the exposure scenario, such as
the magnitude of exposure. Thus, if high exposures in an occupational setting
result in a certain pattern of relative risks for a given time since first exposure,
this pattern may not hold for lower level exposures such as occurred in Vietnam.
Similarly, direct evidence was not presented to evaluate the impact of age at
exposure to herbicides. It is possible that the age at which exposure was received
could influence the pattern of latency that would be observed (e.g., exposures
incurred at younger ages could be more potent, but the impact might not be seen
for a longer time period; conversely, exposures at older ages might be more
harmful, particularly in the short run). Unfortunately, the data are not available to
evaluate the hypothesis that age at exposure is important. A major limitation of
the analyses discussed in this chapter is the failure of most studies to conduct
analyses of latency that also controlled for factors such as duration of exposure,
age, and calendar time of exposure (or analyses of age at exposure that controlled
for time since exposure), particularly for occupational cohorts with protracted
exposure periods.

Another consideration is the long retention time of TCDD and other highly
chlorinated herbicides. Since body burdens from any exposure, no matter how
brief, result in continuing exposures to internal organs, the concept of time since
exposure ended has a different meaning than for chemical agents that are elimi-
nated quickly.

A third issue concerns the distinction between morbidity and mortality. As
discussed in Chapter 8, the latency between exposure and death is composed of
two parts: (1) latency until disease appears and (2) time between disease occur-
rence and death. For diseases with low survival rates, such as respiratory cancer,
the time between disease occurrence and death is generally short; therefore, a
study focusing on mortality will give a good approximation of the latency period.
However, for diseases that are not always fatal or that have a long survival time
such as prostate cancer, it is preferable to examine incidence rather than mortal-
ity. Thus, further data on prostate cancer incidence would be of great help, since
relatively few men with prostate cancer die from it.

Overall, the data on latency do not alter the committee’s conclusions with
regard to the categories of evidence for individual cancer sites, but they do
provide some information on how long the effects of herbicide exposures last.
The evidence suggests that if respiratory cancer does result from exposure to
herbicides used in Vietnam, the greatest relative risk for lung cancer may be in
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the first decade after exposure, but until further follow-up has been carried out for
some of the cohorts, it will not be possible to put an upper limit on the length of
time these herbicides could exert their effect. For prostate cancer, the published
data are largely uninformative, and conclusions must await more definitive stud-
ies, preferably using incidence rather than mortality. For non-Hodgkin’s lym-
phoma, effects are seen in the second decade after exposure begins and continue
to be observed more than 20 years after external exposure ends. Because of the
long retention times of TCDD, internal exposures can continue long after exter-
nal exposures cease.

Increased Risk of Disease Among Vietnam Veterans

One of the three primary charges contained in the Agent Orange Act of 1991
(Public Law 102-4, subsequently codified as 38 USC Sec. 1116) states:

For each disease reviewed, the Academy shall determine (to the extent that
available scientific data permit meaningful determinations) . . . the increased
risk of the disease among those exposed to herbicides during service in the
Republic of Vietnam during the Vietnam era. . . .

Although there have been numerous health studies of Vietnam veterans,
most have been hampered by relatively poor measures of exposure to herbicides
or TCDD, in addition to other methodological problems. Most of the evidence on
which the findings regarding disease association are based comes from studies of
people exposed to dioxin or herbicides in occupational and environmental set-
tings, rather than from studies of Vietnam veterans. The committee found this
body of evidence sufficient for reaching the conclusions about statistical associa-
tions between herbicides and the health outcomes. However, the lack of adequate
data on Vietnam veterans per se complicates the quantification of any increased
risk of disease among individuals exposed to herbicides during service in Viet-
nam. Given the large uncertainties that remain about the magnitude of potential
risk from exposure to herbicides in the epidemiologic studies that have been
reviewed (Chapters 7, 9, 10, and 11), the inadequate control for other important
risk factors, and the uncertainty about the nature and magnitude of exposure to
herbicides in Vietnam (Chapter 5), the necessary information to undertake a
quantitative risk assessment is lacking.

Thus, the committee cannot quantify the degree of risk likely to be experi-
enced by those exposed to herbicides during service in the Republic of Vietnam
during the Vietnam era. For those outcomes in the “Sufficient” and “Limited/
Suggestive” categories, what can be said is that too little is known about the
herbicide exposure of veterans to make a meaningful determination of the in-
creased risk, if any, of these outcomes among Vietnam veterans. As discussed
above, the epidemiologic analyses to date have many limitations which prevent a
more quantitative exposure-response analysis. Where there is inadequate/insuffi-
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cient evidence to determine whether an association exists between herbicide
exposure and a particular health outcome, there is also inadequate/insufficient
information to assess the increased risk, if any, of that outcome. Finally, a finding
of “limited/suggestive evidence of no association” between herbicide exposure
and a health outcome means that the evidence suggests there is no increased risk
of that outcome among Vietnam veterans. These conclusions are inevitably lim-
ited to the conditions, level of exposure, and length of observation covered by the
studies reviewed by the committee. There are certain diseases where the commit-
tee can draw more specific conclusions, and this information is related in the
discussion of those diseases.
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BACKGROUND

Public Law 102-4, the “Agent Orange Act of 1991,” was enacted on Febru-
ary 6, 1991. This legislation, codified as 38 USC Sec. 1116, directed the Secre-
tary of Veterans Affairs to request that the National Academy of Sciences con-
duct a comprehensive review and evaluation of scientific and medical information
regarding the health effects of exposure to Agent Orange, other herbicides used in
Vietnam, and their components, including dioxin. In February 1992, the Institute
of Medicine (IOM) of the National Academy of Sciences signed an agreement
with the Department of Veterans Affairs (DVA) to review and summarize the
strength of the scientific evidence concerning the association between herbicide
exposure during Vietnam service and each disease or condition suspected to be
associated with such exposure. The IOM was also asked to make recommenda-
tions concerning the need, if any, for additional scientific studies to resolve areas
of continuing scientific uncertainty and to comment on four particular programs
mandated in the law. Finally, P.L. 102-4 called for updated reviews to be com-
pleted every two years after the initial report for a period of ten years.

To carry out the study, the IOM established the Committee to Review the
Health Effects in Vietnam Veterans of Exposure to Herbicides. The results of the
original committee’s work were published in 1994 as Veterans and Agent Orange
(henceforth called VAO) (IOM, 1994). This report contains a systematic review and
evaluation of the then-available scientific evidence. Upon completion of VAO, a
successor committee of the same name was formed that produced Veterans and
Agent Orange: Update 1996 (hereafter referred to as Update 1996) (IOM, 1996).

2

Veterans and Agent Orange:
Previous IOM Reports
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The present report follows this model, summarizing the content of the two previous
reports and providing detailed reviews of the most recent research.

In conducting these studies, the committee operated independently of the
DVA and other government agencies. The committee was not asked to and did
not make judgments regarding specific cases in which individual Vietnam veter-
ans have claimed injury from herbicide exposure; this was not part of its congres-
sional charge. Rather, the studies provide scientific information for the Secretary
of Veterans Affairs to consider as the DVA exercises its responsibilities to Viet-
nam veterans. Update 1996 contains a summary of the literature addressed in
VAO and in-depth reviews of the scientific studies and other information devel-
oped during the intervening time. The present report follows this model, summa-
rizing the content of the two previous reports and providing detailed reviews of
the most recent research.

In fulfilling its charge of judging whether each of a set of human health
effects is associated with exposure to herbicides or dioxin, the committee concen-
trated primarily on reviewing and interpreting epidemiologic studies. The com-
mittee began its evaluation presuming neither the presence nor the absence of
association. It sought to characterize and weigh the strengths and limitations of
the available evidence. These judgments have both quantitative and qualitative
aspects. They reflect the nature of the exposures, health outcomes, and popula-
tions exposed; the characteristics of the evidence examined; and the approach
taken to evaluate this evidence. To facilitate independent assessment of the
committee’s conclusions, Chapter 5 of VAO describes as explicitly as possible
the methodological considerations that guided the original committee’s review
and its process of evaluation. This methodology was subsequently adopted by
successor committees. It is summarized in Chapter 4 of this report.

In reviewing the literature, the committee found that the existing epidemio-
logic data base is severely lacking in quantitative measures of individual exposure
to herbicides and dioxin. Assessment of the intensity and duration of individual
exposures is a key component in determining whether specific health outcomes are
associated with exposure to dioxin or other chemicals found in the herbicides used
in Vietnam. Although different approaches have been employed to estimate expo-
sure in Vietnam veterans and others exposed occupationally or environmentally,
each approach is limited in its ability to determine precisely the degree and level of
individual exposure. The available quantitative and qualitative evidence about her-
bicide exposure, summarized in Chapter 5, suggests that Vietnam veterans as a
group had substantially lower exposure to herbicides and dioxin than the subjects in
many occupational studies. Participants in Operation Ranch Hand are a known
exception to this pattern, and it is likely that others among the approximately 3
million men and woman who served in Vietnam were exposed to herbicides at
levels associated with health effects. Thus, in the committee’s judgment, a suffi-
ciently large range of exposures may exist among Vietnam veterans to conduct a
valid epidemiologic study for certain health outcomes.
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To obtain additional information pertinent to the evaluation of possible
health effects of herbicide exposure, the committee decided to review studies of
other groups potentially exposed to the herbicides used in Vietnam (2,4,5-
trichlorophenoxyacetic acid [2,4,5-T], 2,4-dichlorophenoxyacetic acid [2,4-D],
cacodylic acid, and picloram), 2,3,7,8-tertachlorodibenzo-p-dioxin (2,3,7,8-
TCDD, TCDD, or dioxin), phenoxy herbicides, chlorophenols, and other com-
pounds. These groups include chemical production and agricultural workers,
residents of Vietnam, and people possibly exposed heavily to herbicides or
dioxins as a result of residing near the site of an accident or near areas used to
dispose of toxic waste. The committee felt that considering studies of other
groups could help address the issue of whether these compounds might be asso-
ciated with particular health outcomes, even though the results would have only
an indirect bearing on the increased risk of disease in veterans themselves. Some
of these studies, especially those of workers in chemical production plants,
provide stronger evidence about health effects than studies of veterans because
exposure was generally more easily quantified and measured. Furthermore, the
general levels and duration of exposure to the chemicals were greater, and the
studies were of sufficient size to examine the health risks among people with
varying levels of exposure.

Because of the great differences among the studies, the committee con-
cluded that it was inappropriate to use a quantitative technique such as meta-
analysis to combine their individual results into a single summary measure of
statistical association. Using such a summary measure would also inappropri-
ately focus attention on one piece of the information used by the committee
when, in fact, all the factors discussed above are important to evaluating the
literature.

Conclusions About Health Outcomes

VAO and Update 1996 provide detailed reviews of the scientific studies
evaluated by the committee and their implications for cancer, reproductive prob-
lems, neurobehavioral problems, and other health effects. The original report
summarized the literature available in 1993; Update 1996 examined all research
available through mid-1995, but concentrated on work published since the com-
pletion of VAO.

The committee’s statutory mandate is to determine, to the extent that avail-
able scientific data permit meaningful determinations,

1. whether there is a statistical association between the suspect diseases and
herbicide use, taking into account the strength of the scientific evidence and the
appropriateness of the methods used to detect the association;

2. the increased risk of disease among individuals exposed to herbicides
during service in Vietnam; and
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3. whether there is a plausible biologic mechanism or other evidence of a
causal relationship between herbicide exposure and a disease.

The original committee addressed the first part of this charge by assigning
each of the health outcomes under study one of four categories on the basis of
the epidemiologic evidence reviewed. The categories used by that committee
were adapted from those used by the International Agency for Research on
Cancer (IARC) in evaluating the evidence for carcinogenicity of various agents
(IARC, 1977). Successor committees have adopted these categorizations in
their evaluations.

The definitions of the categories and the criteria for assigning a particular
health outcome to them are discussed below. Consistent with the charge to the
Secretary of Veterans Affairs in Public Law 102-4, the distinctions between
categories are based on “statistical association,” not on causality, as is common in
scientific reviews. The committee was charged with reviewing the scientific
evidence rather than making recommendations regarding DVA policy, and the
findings reported do not imply or suggest any policy decisions; these must rest
with the Secretary.

Health Outcomes with Sufficient Evidence of an Association

The original committee found sufficient evidence of an association with
herbicides and/or TCDD for three cancers—soft-tissue sarcoma, non-Hodgkin’s
lymphoma, and Hodgkin’s disease—and two other health outcomes, chloracne
and porphyria cutanea tarda (PCT). After reviewing the whole of the literature
available in 1995, the committee responsible for the first update concluded that
the statistical evidence still supported this classification for the three cancers and
chloracne. However, new data regarding porphyria cutanea tarda combined with
the studies reviewed in VAO justified moving PCT to the category of limited/
suggestive evidence of an association with herbicide exposure. Chapter 11 of
Update 1996 details this decision.

For diseases in this category, a positive association between herbicides and
the outcome must be observed in studies in which chance, bias, and confounding
can be ruled out with reasonable confidence. The committee regarded evidence
from several small studies that are free from bias and confounding, and show an
association that is consistent in magnitude and direction, as sufficient evidence
for an association.

Health Outcomes with Limited/Suggestive Evidence of an Association

The committee responsible for VAO found limited/suggestive evidence of an
association for three cancers: respiratory cancers, prostate cancer, and multiple
myeloma. The Update 1996 committee added three health outcomes to this list:
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PCT (as explained above), acute and subacute transient peripheral neuropathy,
and spina bifida in the children of veterans. Transient peripheral neuropathies had
not been addressed in VAO since, by virtue of their transient nature, they were not
amenable to epidemiologic study. In response to a request from DVA, the Update
1996 committee added them to the list of reviewed health outcomes and made its
determination on the basis of evidence available from case histories. This classi-
fication is addressed in Chapter 10 of the 1996 report. A 1995 analysis of birth
defects among the offspring of Ranch Hands, in combination with earlier studies
of neural tube defects in the children of Vietnam veterans published by the
Centers for Disease Control and Prevention (CDC), led the Update 1996 commit-
tee to distinguish spina bifida from other adverse reproductive outcomes and
classify it in the limited/suggestive category. Chapter 9 of the 1996 report dis-
cusses this decision in detail.

For diseases in this category, the evidence must be suggestive of an associa-
tion between herbicides and the outcome considered, but the association may be
limited because chance, bias, or confounding could not be ruled out with confi-
dence. Typically, at least one high-quality study indicates a positive association,
but the results of other studies may be inconsistent.

Health Outcomes with Inadequate/Insufficient Evidence
to Determine Whether an Association Exists

Scientific data for many of the cancers and other diseases reviewed by the
VAO and Update 1996 committees were inadequate or insufficient to determine
whether any association exists. There was one change in the health outcomes in
this category between the two reports: skin cancer was moved into this category
in Update 1996 when available evidence no longer supported its classification as
a condition with limited/suggestive evidence of no association.

For diseases in this category, the available studies are of insufficient quality,
consistency, or statistical power to permit a conclusion regarding the presence or
absence of an association. For example, studies may fail to control for confound-
ing or have inadequate exposure assessment.

Health Outcomes with Limited/Suggestive Evidence of No Association

For a small group of cancers, the VAO committee found a sufficient num-
ber and variety of well-designed studies to conclude that there is limited/
suggestive evidence of no association between these cancers and TCDD or the
herbicides under study. This group included gastrointestinal tumors (colon,
rectal, stomach, and pancreatic), skin cancer, brain tumors, and bladder can-
cer. The Update 1996 committee came to the same conclusions in all but one
circumstance. It concluded that studies on skin cancer published since VAO,
considered in combination with the evidence addressed in that report, no longer
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supported the classification of this health outcome in the no-association
category.

For outcomes in this category, several adequate studies covering the full
range of levels of exposure that human beings are known to encounter are mutu-
ally consistent in not showing a positive association between exposure to herbi-
cides and the outcome at any level of exposure, and have relatively narrow
confidence intervals. A conclusion of “no association” is inevitably limited to the
conditions, levels of exposure, and length of observation covered by the available
studies. In addition, the possibility of a very small elevation in risk at the levels of
exposure studied can never be excluded.

Increased Risk in Vietnam Veterans

The second of the committee’s three statutory mandates calls on it to
determine, to the extent that available scientific data permit meaningful deter-
minations, the increased risk of disease among individuals exposed to herbi-
cides during service in Vietnam. Although there have been numerous health
studies of Vietnam veterans, many have been hampered by relatively poor
measures of exposure to herbicides or TCDD, in addition to other method-
ological problems. Most of the evidence on which the findings regarding asso-
ciations are based comes from studies of people exposed to dioxin or herbi-
cides in occupational and environmental settings, rather than from studies of
Vietnam veterans. Both the VAO and Update 1996 committees found this body
of evidence sufficient for reaching their conclusions about statistical associa-
tions between herbicides and health outcomes. However, the lack of adequate
data on Vietnam veterans per se complicated their consideration of the second
part of the statutory charge. To estimate the magnitude of risk for a particular
health outcome among herbicide-exposed Vietnam veterans, quantitative in-
formation about the dose–time–response relationship for each health outcome
in humans, information on the extent of herbicide exposure among Vietnam
veterans, and estimates of individual exposure are needed. The large uncer-
tainties that remain about the magnitude of potential risk from exposure to
herbicides in the studies that have been reviewed, the sometimes-inadequate
control for important confounders, and uncertainty about the nature and mag-
nitude of exposure to herbicides in Vietnam all combine to make quantitative
risk assessments problematic. Thus, the VAO and Update 1996 committees
found that in general, it was not possible to quantify the degree of risk likely to
be experienced by veterans because of their exposure to herbicides
in Vietnam. The existing evidence about herbicide exposure among various
groups studied does suggest that most Vietnam veterans (except those with
documented high exposures, such as participants in Operation Ranch Hand)
had lower exposure to herbicides and TCDD than did the subjects in many
occupational and environmental studies. However, individual veterans who
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had very high exposures to herbicides could have risks approaching those
described in the occupational and environmental studies.

Existence of a Plausible Biologic Mechanism or
Other Evidence of a Causal Relationship

Toxicological information forms the basis of the committee’s response to the
third part of the statutory charge—to determine whether there is a plausible
biologic mechanism or other evidence of a causal relationship between herbicide
exposure and a disease. This information is summarized in general terms in
separate toxicology chapters in the previous reports: Chapter 4 of VAO and
Chapter 3 of Update 1996. Specific findings for each health outcome are also
given in the chapters that reviewed the epidemiologic literature.

Research Recommendations

The Academy was also asked to make recommendations concerning the
need, if any, for additional scientific studies to resolve areas of continuing scien-
tific uncertainty concerning the health effects of the herbicides used in Vietnam.
Based on its review of the epidemiologic evidence and a consideration of the
quality of exposure information available in existing studies, especially of Viet-
nam veterans, the committee responsible for VAO concluded that a series of
epidemiologic studies of veterans could yield valuable information if a new, valid
exposure reconstruction model could be developed. The original committee also
saw value in continuing the existing Ranch Hand study and expanding it to
include Army Chemical Corps veterans. The committee’s research recommenda-
tions emphasized studies of Vietnam veterans, rather than general toxicologic or
epidemiologic studies of occupationally or environmentally exposed populations.
A substantial amount of research on the toxicology and epidemiology of herbi-
cides and herbicide components is under way in the United States and abroad.
Indeed, many of the studies on which the committee’s conclusions are based have
been published since 1991. Although this research is not targeted specifically to
Vietnam veterans, it probably will also contribute to the knowledge of potential
health effects in this population.

The committee responsible for Update 1996 did not make any further re-
search recommendations.

IMPACT OF THE REPORTS

On July 27, 1993, the Institute of Medicine released Veterans and Agent
Orange: Health Effects of Herbicides Used in Vietnam to the news media and the
public. Immediately following the press conference, the Senate Committee on
Veterans Affairs held a hearing on the report. Testifying at the hearing, Secretary
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of Veterans Affairs Jesse Brown announced that the Department of Veterans
Affairs was already compensating Vietnam veterans exposed to herbicides for
soft-tissue sarcoma, Hodgkin’s disease, and chloracne. Based on the findings of
the IOM committee, the DVA decided to begin immediately to compensate Viet-
nam veterans for non-Hodgkin’s lymphoma and porphyria cutanea tarda (Cat-
egory I diseases) (U.S. DVA, 1994). In September 1993, Secretary Brown an-
nounced that the DVA would also begin to compensate Vietnam veterans for
respiratory cancers and multiple myeloma (Category II diseases) (U.S. DVA,
1993).

Veterans and Agent Orange: Update 1996 was publicly released on March
14, 1996. The next day, DVA formed a task force to review the findings, which
reported its recommendations for action on May 16 of that year. The following
subsections focus on impacts of the Update 1996 report. A more detailed discus-
sion of the impacts of VAO is contained in Chapter 2 of the 1996 report.

DVA Task Force

The DVA task force made four specific recommendations to Secretary Brown
in the wake of the Update 1996 report:

1. that the Secretary establish a presumption of service connection for pros-
tate cancer based on exposure to an herbicide agent;

2. that the Secretary establish a presumption of service connection for acute
and subacute peripheral neuropathy based on exposure to an herbicide agent if
manifested within one year of exposure to the agent;

3. that the Secretary support increased research efforts to learn more about
the possible relationship between exposure to herbicides and the development of
birth defects, including spina bifida and other health problems in veterans’ off-
spring; and

4. that the Secretary establish a presumption of service connection for spina
bifida in offspring of veterans based on exposure to an herbicide agent if statutory
authority was enacted granting such authority (U.S. DVA, 1996).

In a May 28, 1996, news conference, President Clinton and Secretary Brown
announced the Administration’s intention to implement all four recommenda-
tions. DVA proposed amending its regulations regarding presumptive service
connection for prostate cancer and for acute and subacute peripheral neuropathy
on August 8, 1996 (61 FR 41368-71), and announced a final rule concerning
these conditions on November 7, 1996 (61 FR 57586-89). Legislation regarding
the authority to grant compensation for spina bifida was proposed in July 1996.
Section 421 of Public Law 104-204, which was signed on September 26, 1996,
changed Title 38 of the U.S. Code to provide certain benefits, including a monthly
monetary allowance, to children born with spina bifida (except spina bifida
occulta) who are the natural children of veterans who served in Vietnam during
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the Vietnam era. DVA then proposed (62 FR 23724-31, May 1, 1997) and final-
ized (62 FR 51274-96, September 30, 1997) regulations implementing the law.
Subsequently, Section 404 of Public Law 105-114, signed on November 21,
1997, made technical corrections to some of the definitions in the original act.

FEDERAL GOVERNMENT’S RESPONSE TO CONCERNS
OVER THE MILITARY USE OF HERBICIDES IN VIETNAM

The federal government has been involved with international and domestic
policy issues related to the health effects associated with the military use of
herbicides, particularly Agent Orange, since the defoliation program began in
Vietnam. On December 16, 1974, the U.S. Senate ratified the Geneva Protocol,
which broadly sought an international commitment from all governments that
they would never use chemical or biological weapons (including herbicides) in
war. In April 1975, President Ford issued Executive Order 11850 renouncing
future use of herbicides in war.

U.S. Congress

Congressional interest concerning Vietnam veterans’ health falls primarily
into three categories: (1) health care (provision of services at VA medical cen-
ters); (2) scientific research (primarily, epidemiologic research on veterans); and
(3) compensation issues (for disabilities that might have resulted from exposure
to herbicides). As documented in VAO and Update 1996, congressional commit-
tees have for many years held informational and oversight hearings and intro-
duced bills on these topics, and Congress has passed several laws dealing with the
human health effects of exposure to the herbicides used in Vietnam. This section
focuses on congressional action since the release of Update 1996.

Hearings on the Update 1996 Report

Two congressional hearings were conducted to review the finding of Update
1996. The first of these was held on April 16, 1996, by the Subcommittee on
Hospitals and Health Care of the House Committee on Veterans’ Affairs (U.S.
Congress, House, 1996). The IOM committee responsible for the report was
represented by committee chair Dr. David Tollerud and member Dr. Andrew
Olshan. Representatives of DVA and researchers involved in the CDC and the
Ranch Hands studies of Vietnam veterans also participated. On September 19,
1996, the Senate Committee on Veterans Affairs heard testimony from
Dr. Tollerud, Secretary of Veterans Affairs Brown, and others regarding the
committee’s classification of spina bifida into the limited/suggestive evidence of
an association category (U.S. Congress, Senate, 1996).
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Legislation Regarding Herbicide Exposure and the Health
of Vietnam Veterans

In 1970, Congress enacted the first public law dealing with the military use
of herbicides. Congress has since promulgated legislation to appropriate funds
for herbicide exposure research, to provide clarification of payments received
from the Agent Orange settlement fund, and to specify the conditions under
which Vietnam veterans and their families may receive disability compensation
for medical conditions.

Health Care. Public Law 97-72, enacted on November 3, 1981, expanded
eligibility for health care services to include veterans exposed to Agent Orange in
Vietnam. The effect of this legislation was to provide health care for Vietnam
veterans for conditions that require treatment and may have resulted from expo-
sure to Agent Orange. Veterans need not demonstrate any direct link with Agent
Orange; rather, care is provided unless the condition is shown to be due to
something other than exposure (e.g., congenital or developmental conditions or
conditions resulting from postservice trauma) (Conway, 1993). Public Law 103-
452 extended the program through June 30, 1995. A further extension through
December 31, 1997, was authorized in P.L. 104-110. The Veterans’ Health Care
Eligibility Reform Act of 1996—which became P.L. 104-262 on October 9,
1996—significantly revamped VA medical care eligibility requirements for all
veterans and superseded the provisions of previous acts with regard to Vietnam
veterans. As mentioned earlier, the 1997 appropriations for the Department of
Veterans Affairs (P.L. 104-204) included provisions extending health care ben-
efits to the children of Vietnam veterans who are born with spina bifida.

Epidemiologic Studies. Public Law 96-151, enacted on December 20, 1979,
ordered the Veterans Administration (VA) to conduct an epidemiologic study of
the possible health effects in veterans of exposure to dioxin found in the herbicides
used in Vietnam. The legislation also required the Office of Technology Assess-
ment to review and approve the protocol for the study. In 1981, Public Law 97-72
expanded the scope of the epidemiologic study to include an evaluation of the
impact on the health of Vietnam veterans of other environmental factors existing in
Vietnam; this study was later transferred from the VA to the CDC and is referred to
as the “Vietnam Experience Study.” On April 7, 1986, President Reagan signed
Public Law 99-272, which included provisions directing the VA to conduct an
epidemiologic study of the long-term health effects of herbicide exposure on women
who served in Vietnam. The Women Veterans Health Programs Act of 1992 (P.L.
102-585) expanded the program for women veterans.

Compensation. On October 24, 1984, Congress enacted Public Law 98-542, the
Veterans’ Dioxin and Radiation Exposure Compensation Standards Act, to address

Copyright © National Academy of Sciences. All rights reserved.

Veterans and Agent Orange: Update 1998
http://www.nap.edu/catalog/6415.html

http://www.nap.edu/catalog/6415.html


VETERANS AND AGENT ORANGE: PREVIOUS IOM REPORTS 27

the issue of compensation for disabilities that might have resulted from exposure to
Agent Orange in Vietnam. This law “provided for payment, during a two-year
interim period from October 1, 1984, to September 30, 1986, of disability and death
benefits for Vietnam veterans with chloracne and porphyria cutanea tarda (an un-
common disorder of urinary porphyrin metabolism manifest in patients by thinning
and blistering of the skin) which became manifest within one year after service in
Vietnam and the survivors of veterans with such conditions” (U.S. Congress, Sen-
ate, 1989). Public Law 102-4, the Agent Orange Act of 1991, was enacted on
February 6, 1991, to grant disability compensation payments for chloracne, non-
Hodgkin’s lymphoma, and soft-tissue sarcoma (other than osteosarcoma, chondro-
sarcoma, Kaposi’s sarcoma, or mesothelioma) associated with Agent Orange. As
discussed earlier, this law also mandated the review of the scientific literature that
resulted in the Veterans and Agent Orange series of reports.

Department of Veterans Affairs

The Department of Veterans Affairs is responsible for providing health care,
compensation, and benefits to veterans of the Vietnam era. DVA has also been
involved in conducting and assessing research and in monitoring studies on the
health effects of herbicide exposure in veterans.

Health Care

The DVA provides certain health care services to veterans of the Vietnam
era (defined as January 9, 1962, through May 7, 1975, in P.L. 105–114) who were
possibly exposed to herbicides as a result of their service in Southeast Asia. Prior
to receiving health care services, veterans must provide proof of service in Viet-
nam. When a veteran requests DVA medical care, he or she undergoes a physical
examination and appropriate diagnostic studies, which may serve as the Agent
Orange examination (U.S. DVA, 1992).

Research Efforts

The DVA’s Environmental Epidemiology Service (EES) has conducted sev-
eral research studies on Vietnam veterans. The Agent Orange Registry (AOR)
serves as a health surveillance data base; it contains records on approximately 10
percent of the entire Vietnam veteran population (self-selected) and is reviewed
routinely for changes in health outcomes and mortality patterns. Since comple-
tion of the Update 1996 report, DVA has published studies regarding Hodgkin’s
disease incidence (Dalager et al., 1995), the risk of death from trauma and se-
lected cancers among Marine veterans (Watanabe and Kang, 1995), mortality
patterns among Army and Marine veterans (Watanabe and Kang, 1996), mortal-
ity among Army Chemical Corps veterans (Dalager and Kang, 1997), and lung
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cancer incidence (Mahan et al., 1997). These studies are reviewed in subsequent
sections of this report. EES is also conducting or managing ongoing epidemio-
logic studies of women Vietnam veterans and Army Chemical Corps veterans.

Compensation and Benefits

The DVA compensates veterans for certain diseases related to exposure to
dioxin-containing herbicides during their service in Vietnam. Whenever the Sec-
retary determines that there is sound medical and scientific evidence indicating a
positive association between exposure to an herbicide agent and occurrence of a
disease in humans, DVA issues regulations stating that a presumption of service
connection is warranted for the disease.

DVA’s compensation policy provides that the Secretary take into account
reports from the National Academy of Sciences and all other sound medical and
scientific information and analysis in making determinations. In evaluating any
study, the Secretary must take into consideration whether the results are statistically
significant, are capable of replication, and can withstand peer review [38 USC 1116
(b)(2)]. An association between the occurrence of a disease in humans and expo-
sure to an herbicide agent is considered positive if the credible evidence for the
association is equal to or outweighs the credible evidence against the association
[38 USC 1116 (b)(3)]. Proposed regulations regarding compensation or denial of
compensation for these diseases are published in the Federal Register, and DVA
solicits comments from the public before final regulations are issued.

Outreach Activities

The DVA’s Environmental Agents Service (EAS) is responsible for develop-
ing and implementing national medical policies and procedures regarding the ex-
posure of military veterans to possible environmental hazards, including Agent
Orange. EAS maintains the Agent Orange Registry, a computerized index of Agent
Orange medical examinations. As of December 29, 1997, there were 259,554
veterans in the Registry (Rosenblum, 1998). In addition to diagnostic data, the
AOR also contains a variety of self-reported demographic and military characteris-
tics (U.S. DVA, 1992). The registry’s participants (all self-selected) receive the
Agent Orange Review, a newsletter that provides updated information about Agent
Orange and related matters. EAS also compiles fact sheets, called Agent Orange
Briefs, about Agent Orange and related concerns; copies of these briefs are avail-
able through the Agent Orange Coordinator at all DVA medical centers.

Department of the Air Force

In 1979, the Air Force began an epidemiologic study of Operation Ranch
Hand personnel who participated in the aerial spraying of herbicides in Vietnam.
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The Ranch Hand study, formally known as the “Air Force Health Study,” is
designed to assess whether long-term adverse health effects exist and can be
attributed to occupational exposure to Agent Orange and other herbicides and
dioxins. It is managed by the Population Research Branch of the Air Force
Armstrong Laboratory. The study population consists of approximately 1,000
Ranch Hand personnel and approximately 1,300 Air Force personnel involved in
aircraft missions in Southeast Asia during the same period that the Ranch Hand
unit was active. Comparison veterans were not involved with spraying herbi-
cides. The study includes periodic analyses of postservice mortality, physical
examinations, in-person interviews, medical record retrievals, and psychological
testing. Examinations were administered in 1982, 1985, 1987, and 1992. The
1997 follow-up examinations began in May 1997 and were scheduled to be
completed in March 1998. A final follow-up is planned for 2002.

Numerous reports and papers regarding the Ranch Hand study population
have been published. Many of these are reviewed in the earlier Veterans and
Agent Orange reports. A complete listing of research publications is available at
the study’s Web site: http://www.brooks.af.mil/AFRL/HED/hedb/afhs.html. The
National Technical Information Service maintains copies of the reports and pub-
licly available data files.

Environmental Protection Agency

In 1991, the Environmental Protection Agency (EPA) began a scientific
reassessment of the risks of exposure to the dioxin 2,3,7,8-TCDD and chemically
similar compounds. EPA undertook this project in response to newly emerging
scientific knowledge about the mechanisms of action of dioxin (U.S. EPA, 1992).
The reassessment is part of EPA’s efforts to improve the research and scientific
base of the agency and to incorporate solid research and science into its decisions.
In 1994, the EPA released a draft report on the project seeking comment on its
technical accuracy and policy implications (U.S. EPA, 1994). The draft stated
there was the potential for adverse impacts on human metabolism, developmental
biology, reproductive biology and possibly other effects in the range of current
human exposures to TCDD. According to the draft, evidence also suggested that
dioxin and related compounds were likely to present a cancer hazard to humans.
It was noted that there were significant data gaps and that additional information
was needed to reduce uncertainty in these conclusions. The EPA Science Advi-
sory Board (SAB) submitted its evaluation of the draft in September 1995 (SAB,
1995). It faulted the draft for its reliance on the standard EPA default assumption
of a linear non-threshold model for carcinogenic risk. The SAB asserted that the
report’s presentation of scientific findings concerning possible risks was not
balanced, with a tendency to overstate the possibility for danger; and that impor-
tant uncertainties associated with the conclusions were not fully identified. How-
ever, it also noted almost all the SAB reviewers concurred with EPA’s draft
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judgment that dioxin, under some conditions of exposure, was likely to increase
human cancer incidence. The EPA report was undergoing revision at the end of
1998.

International Agency for Research on Cancer

IARC was established in 1965 by the World Health Organization to coordi-
nate and conduct research on the causes of human cancer and to develop scien-
tific strategies for cancer control. One of IARC’s primary efforts is a program to
evaluate the carcinogenic risk of chemical, radiation, and other exposures to
humans. This work is conducted by international working groups of experts who
review and evaluate the scientific literature. To date, more than 800 agents (in-
cluding chemicals, groups of chemicals, complex mixtures, occupational expo-
sures, and biological or physical agents) have been examined.

A working group of 25 scientists from 11 countries was convened in 1997 to
review evidence for the potential carcinogenicity of polychlorinated dibenzo-p-
dioxins and polychlorinated dibenzofurans (IARC, 1997). The working group
reviewed published scientific data on the occurrence of cancer in human popula-
tions known to have been exposed to high levels of dioxins, assessed the evidence
for carcinogenic effects of dioxins in experimental animals, and evaluated pos-
sible biologic mechanisms of carcinogenesis for these substances.

The IARC working group concluded on the basis of its review that 2,3,7,8-
TCDD is carcinogenic to humans. It cited three major categories of supporting
evidence:

1. 2,3,7,8-TCDD is a multi-site carcinogen in experimental animals that has
been shown by several lines of evidence to act through a mechanism involving
the Ah Receptor.

2. This receptor is highly conserved in an evolutionary sense and functions
the same way in humans as in experimental animals.

3. Tissue concentrations are similar both in heavily exposed human popula-
tions in which an increased overall cancer risk has been observed and in rats
exposure to carcinogenic dosage regimens in bioassays.
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As in Veterans and Agent Orange (VAO) and Veterans and Agent Orange:
Update 1996 (Update 1996), this review summarizes the experimental data that
serves as a scientific basis for assessment of the biologic plausibility of health
outcomes reported in epidemiologic studies. Efforts to establish the biologic plau-
sibility of effects due to herbicide exposure in the laboratory strengthen the evi-
dence for the herbicide effects suspected to occur in humans. Differences in chemi-
cal levels, frequency of administration, single or combined exposures, preexisting
health status, genetic factors, and routes of exposure significantly influence toxicity
outcomes. Thus, any attempt to extrapolate from experimental studies to human
exposure must carefully consider such variables before conclusions are made.

Multiple chemicals were used for various purposes in Vietnam. Four herbi-
cides documented in military records were of particular concern and are ad-
dressed here: 2,4-dichlorophenoxyacetic acid (2,4-D); 2,4,5-trichlorophenoxy-
acetic acid (2,4,5-T); picloram; and cacodylic acid. In addition, the toxicologic
properties of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD or dioxin), a contami-
nant of 2,4,5-T, are discussed. This chapter focuses to a large extent on the
toxicological effects of TCDD, because considerably more information is avail-
able on TCDD than on the herbicides.

SUMMARY

Toxicokinetics

New information on the distribution of 2,4-D and the metabolism of ca-
codylic acid has improved understanding of how the body handles these sub-

3

Toxicology
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stances. 2,4-D enters the brain, but only to a limited extent, and its uptake by the
brain appears to be an energy-dependent process. Cacodylic acid is one of the
major metabolic products of ingested arsenic in mammals. Studies using skin
taken from mice report that the absorption of cacodylic acid is influenced by the
substance in which it is dissolved and the length of time that cacodylic acid
remains in contact with the skin.

TCDD, unlike the herbicides, stays in the body for a long time. In humans about
half is eliminated every 8.5 years. It is removed from the body as it is metabolized to
less toxic forms that are more easily eliminated in the urine than TCDD itself. The
length of time that TCDD remains in the body increases with increasing body fat.

New evidence based on animal models suggests that rats and humans tend to
handle TCDD in body tissues in similar ways. However, rats tend to excrete TCDD
more quickly. Rats are most likely to absorb TCDD through food and air and this
fact may carry over to humans. However, the types of TCDD and other dioxins that
accumulate in the body may differ markedly between humans and rodents.

Mechanisms of Toxic Action

Little is known about the way in which the herbicides produce toxic effects
in animals. Recent studies have focused on the mechanisms of cellular toxicity of
2,4,5-T. For example, some studies using animal tissues suggest that 2,4,5-T may
alter nerve and muscle function by interacting with chemicals that participate in
nervous system function. 2,4,5-T may induce mutations at different stages of cell
development. Finally, it may alter the cellular process involved in the elimination
of harmful carcinogens.

To date, the consensus is that TCDD is not directly toxic to the body’s
genetic material. However, it may affect enzymes and hormone levels, which in
turn may produce adverse effects.

Recent studies confirm earlier findings that most of the toxic effects of
TCDD are caused by its binding to a protein called the aryl hydrocarbon receptor
(AhR). The binding of TCDD to this protein triggers various events that result in
toxic sequelae. However, some tests suggest that other events, in addition to the
binding of TCDD to the AhR, are involved. Studies of the AhR and its partner
protein Arnt (aryl hydrocarbon nuclear translocator protein) indicate that similar
proteins exist in different species and interact with a number of other proteins to
produce an effect. Researchers have recently bred mice that lack the AhR protein.
It is anticipated that these mice will allow more informative studies of the way
TCDD reacts with the AhR to produce a toxic effect.

Disease Outcomes

Disease outcomes associated with herbicide exposures continue to be de-
bated. Some cellular-level effects have been identified, although it is not clear
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what impact these may have on living organisms. Other studies suggest disease
effects including neurotoxicity and kidney, liver, and muscle damage at certain
high dose levels in particular animal species; however, translating these results to
the exposures experienced by veterans and others remains problematic.

2,4-D appears to affect the membrane sheath around nerve cells. Other
studies support the view that 2,4-D may disrupt cellular processes in the liver,
and reports of kidney and muscle damage have been published. Results from
studies indicate that high doses of 2,4-D are necessary to produce these ef-
fects. A case-control study of dogs exposed to 2,4-D in addition to other
pesticides used in yard work, reported an increase in lymphomas associated
with exposure.

The limited evidence published during the past two years suggest that ca-
codylic acid may promote cancer in rats.

Several recent studies have examined the role of TCDD in producing certain
disease outcomes in animals, including acute toxicity, dermal toxicity, liver tox-
icity, neurotoxicity, immunotoxicity, reproductive and developmental toxicity,
and cancer.

A prominent symptom of the acute toxicity of TCDD is the loss of fat tissue
and body weight, a phenomenon known as wasting syndrome. Several mecha-
nisms are under investigation including inhibition by TCDD of sugar transport
activity, effects on fat cell differentiation, and effects on certain receptors and
enzymes. There is some evidence to suggest that gender differences exist in the
response of fat cells to TCDD.

TCDD has also been shown to affect the development of skin cells by bind-
ing to the AhR. This effect is antagonized by retinoids.

Liver enlargement has been shown to occur following high doses of TCDD.
The mechanism by which TCDD affects the liver is still under investigation.
Recently, it has been shown to inhibit DNA synthesis of liver cells, decrease
certain receptors in liver cell membranes, and inhibit liver enzymes.

Animal and test-tube studies continue to emphasize the importance of alter-
ations in neurological systems as underlying mechanisms of TCDD-induced be-
havioral dysfunction. TCDD can affect the metabolism of serotonin, a substance
in the brain that can modulate food intake. This biochemical change is consistent
with observations of progressive weight loss and anorexia in experimental ani-
mals exposed to TCDD. In certain brain cells, there is evidence that TCDD may
increase the uptake of calcium.

It is known that TCDD exposure causes a broad range of immunologic
effects in experimental animals. Recent studies support earlier data that TCDD
decreases immunity and host resistance to pathogenic microorganisms. Despite
considerable laboratory research, the mechanisms underlying the immunotoxic
effects of TCDD are still unclear. TCDD immunotoxicity appears to be mediated
primarily through the AhR, but some components of immunosuppression have
been shown to act independently of this receptor.
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Low doses of TCDD administered to experimental animals alter reproduc-
tive development and fertility of the offspring. When TCDD is administered to
pregnant rats, malformations of the external genitalia are observed in female
offspring. Functional reproductive alterations in female offspring are also ob-
served after TCDD exposure, including decreased fertility rates and reduced
fecundity.

Studies in male rats and hamsters have shown that decreased daily sperm
production is one of the most sensitive effects of exposure to TCDD in the womb
and through breast milk. Results also suggest that TCDD exposures selectively
impair rat prostate growth and development.

TCDD has been shown to affect blood serum hormone levels. This outcome
is thought to be due partially to the action of TCDD on the pituitary gland.

Several reports published during the reference period focused on the mecha-
nism by which TCDD induces cleft palates in experimental animals. Evidence
suggests that this effect involves the AhR. There have also been reports of devel-
opmental defects in the cardiovascular system of TCDD-treated animals. Evi-
dence suggests that cells lining the blood vessels are a primary target of TCDD-
induced developmental cardiovascular toxicity.

Studies continue to focus on the mechanism by which TCDD induces cancer
in animals. Although there is considerable evidence that TCDD-induced cancer is
mediated by the AhR, it does not appear to be solely responsible. There is also
evidence that the mechanism by which TCDD induces tumor promotion may
involve reactive molecules containing oxygen, which are known as oxygen radi-
cals. It is hypothesized that a release of oxygen radicals by TCDD causes
DNA damage that could lead to mutation and cancer. There is also evidence that
TCDD tumor promotion may be due to its ability to interfere with intercellular
communications.

Inconsistencies reported in the molecular basis of dioxin’s actions reflect the
degree of tissue, cell, and gene specificity that characterizes the toxic response.

Relevance to Human Health

Exposure to 2,3,7,8-TCDD, a contaminant in some of the herbicides used in
Vietnam, has been associated with both cancer and noncancer end points in
animals. Studies in animals indicate that TCDD effects are mediated through the
AhR. Although structural differences in the AhR have been identified, it operates
in a similar manner in animals and humans, and a connection between TCDD
exposure and human health effects is, in general, considered biologically plau-
sible. Evidence has also begun to accumulate for non-AhR mediated effects.
Animal research indicates that TCDD can both cause cancers or tumors and
enhance the incidence of certain cancers or tumors in the presence of known
carcinogens. However, experimental animals greatly differ in their susceptibility
to TCDD-induced effects, and the sites at which tumors are induced also varies
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from species to species. Other noncancer health effects vary according to dose
and to the animal exposed. Controversy exists over whether the effects of TCDD
and other exposures are threshold dependent, that is, whether some exposure
levels may be too low to induce any effect.

Limited information is available on the biologic plausibility of herbicide
health effects not connected with TCDD. Although concerns have been raised
about non-dioxin contaminants of herbicides, far too little is known about the
ubiquitousness and concentration of these compounds in the formulations used in
Vietnam to draw conclusions about their impact.

Considerable uncertainty remains about how to apply this information to
evaluation of the potential health effects in Vietnam veterans of herbicide or
dioxin exposure. Scientists disagree over the extent to which information derived
from animal and cellular studies predicts human health outcomes and the extent
to which health effects resulting from high-dose exposure are comparable to
those resulting from low-dose exposure. Research on biological mechanisms is
burgeoning, and subsequent VAO updates may have more and better information
on which to base conclusions.

VAO AND UPDATE 1996—OVERVIEW

Chapter 4 of VAO and Chapter 3 of Update 1996 review the results of animal
and test-tube studies published until 1995 that investigated the toxicokinetics,
mechanism of action, and disease outcomes of TCDD and herbicides. According
to these earlier reviews, TCDD elicits a diverse spectrum of biological sex-,
strain-, age-, and species-specific effects, including carcinogenicity, immuno-
toxicity, reproductive and developmental toxicity, hepatotoxicity, neurotoxicity,
chloracne, and loss of body weight. The scientific consensus is that TCDD is not
genotoxic and that its ability to influence the carcinogenic process is mediated via
epigenetic events such as enzyme induction, cell proliferation, apoptosis, and
intracellular communication. The toxicity of the herbicides used in Vietnam has
been poorly studied. In general, the herbicides 2,4-D, 2,4,5-T, cacodylic acid, and
picloram have not been identified as particularly toxic substances since high
concentrations are often required to modulate cellular and biochemical processes.
A comprehensive description of the toxicological literature published until 1995
can be found in VAO and Update 1996.

UPDATE OF THE SCIENTIFIC LITERATURE—OVERVIEW

Toxicokinetics

A limited number of studies have been published since Update 1996 that
examine the biologic and toxic effects of 2,4-D. Toxicokinetic studies using
rabbits suggest that uptake of 2,4-D by the brain is restricted by the developing,
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as well as the mature, blood–brain barrier. In hamsters, cellular 2,4-D uptake
appears to be an energy-dependent process.

During the reference period since the publication of Update 1996, the dispo-
sition of TCDD in humans has been investigated in two studies. Based on mul-
tiple serum measurements collected over a 10-year period from 213 veterans of
Operation Ranch Hand, the mean decay rate of TCDD was estimated to be 0.0812
per year, with a corresponding half-life estimate of 8.532 years. In these veterans,
half-life increased significantly with increasing body fat, but not with age or
relative changes in the percentage of body fat. In another human study, the impact
of breastfeeding on the body burden of dioxin-like chemicals in Arctic Inuit
people was investigated. Toxicokinetic modeling revealed that breast feeding
strongly influences the body burden of TCDD during childhood but not after 20
years of age. In addition, liver and adipose tissue concentrations in adults greater
than 20 years of age appeared to be lower than those associated with cancer and
adverse reproductive effects in laboratory animals.

Using a physiologically based model that describes the distribution kinetics
of dioxin-like chemicals in various mammalian species, the kinetic profile of
TCDD was found to be similar in rats and humans, although the half-lives differ
considerably between species. The half-life of TCDD in rats and humans is
measured in weeks and years, respectively. Comparative studies of the systemic
absorption of TCDD in rats following oral and inhalation exposures indicate that
both exposures are significant routes of absorption—an observation that is of
relevance to humans given the similarities in kinetic profiles between rats and
humans. In addition, for a given body burden, the adipose tissue concentrations
have been found to vary in an inversely proportional manner to the mass of
adipose tissues. Despite similarities in the toxicokinetic profile of rats and hu-
mans, some data suggest that humans may bioaccumulate higher levels of certain
dioxins than mice due to interspecies metabolic differences.

Results from another model of the disposition of TCDD in the rat indicate
that TCDD increases the enzymatic activity of UDP-glucuronosyltransferase
(UGT) and the levels of blood thyroid-stimulating hormone (TSH). Calculated
increases in blood TSH levels are consistent with prolonged stimulation of the
thyroid and may represent an early stage in the induction of thyroid tumors
identified in previous two-year bioassays. This suggests that increases in UGT
activity may be a useful biomarker for tumorigenic changes in hormone levels
after TCDD exposure. However, certain noncancer end points may be more
significant in assessing human health risks to TCDD than cancer end points. For
instance, immune suppression and enzymatic induction have been found to occur
at lower doses and under conditions more relevant to general population exposure
conditions. In assessing the risk of humans to dioxins, it should also be noted that
recent data suggest that toxic equivalency factors (TEFs) derived from short-term
assays may not adequately predict the relative potencies of this class of com-
pounds following chronic exposure.
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Mechanisms of Toxic Action

The mechanisms of cellular toxicity of 2,4,5-T have been the focus of a
number of recent studies. One study presents compelling evidence that 2,4,5-T
interacts with choline to generate false cholinergic messengers that alter neuronal
and muscular function. Another study found that 2,4,5-T can induce mutations at
different germ cell stages. Finally, there is some evidence that 2,4,5-T modulates
cellular metabolism to alter the expression of membrane pumps and drug-
metabolizing enzymes involved in the disposition of chemical carcinogens.

Dimethylarsinic acid (cacodylic acid, DMA) is one of the major methylated
metabolites of ingested arsenicals in mammals. During the reference period,
toxicokinetic studies reported that the rates of in vitro dermal absorption of DMA
can be influenced by both the vehicle of administration and the duration of
exposure.

Scientific reports published during the past two years continue to focus on
the mechanism by which TCDD exerts its effects. Structural and functional stud-
ies of the AhR and Arnt indicate that both proteins are highly conserved, are
found in diverse vertebrate groups, and interact with a large number of proteins to
influence nuclear events. In vitro studies have confirmed in vivo findings regard-
ing the functional binding domains of mouse AhR that interact with the heat
shock protein (hsp90). Other results continue to support the view that TCDD
influences patterns of gene expression by modulating transcriptional and post-
transcriptional events. Such responses are often mediated by the AhR but exhibit
considerable tissue and cell specificity. From a toxicologic perspective, the de-
velopment of AhR knockout mice has been an important advance because it has
helped establish a definitive association between the AhR and TCDD-mediated
toxicities. Some studies suggest that specific patterns of Arnt expression differ in
certain tissues from those of the AhR and that Arnt may have roles in normal
embryonic development independent of the AhR. The recent discovery that the
oxygen-regulated transcription factor HIF-1α and the AhR share a common
heterodimerization partner Arnt (HIF-1β) has fueled intensive investigation into
the possible crosstalk between oxygen and dioxin signal transduction pathways.

Disease Outcomes

While disease outcomes associated with 2,4-D exposures continue to be
debated, neurotoxic effects have been reported in rats administered high acute
doses, possibly as a result of neuronal demyelination. Studies on rats continue to
support the view that the hepatotoxic effects of 2,4-D may involve disruption of
thiol homeostasis. Reports of kidney and muscle damage have also been pub-
lished. A case-control study of dogs exposed to 2,4-D in addition to other pesti-
cides used in yard work, reported an increase in lymphomas associated with
exposure. Although 2,4-D induced significant numbers of mutations in a Droso-

Copyright © National Academy of Sciences. All rights reserved.

Veterans and Agent Orange: Update 1998
http://www.nap.edu/catalog/6415.html

http://www.nap.edu/catalog/6415.html


TOXICOLOGY 39

phila cell line and increased mRNA levels of multidrug resistance (mdr) genes in
mouse liver, cancer bioassays show no carcinogenic effect. Results from chronic
and subchronic toxicity studies indicate that 2,4-D is relatively nontoxic.

Limited research has been conducted on the offspring of male animals ex-
posed to herbicides. A study of male mice fed varying concentrations of simu-
lated Agent Orange mixtures concluded there were no adverse effects in off-
spring. A statistically significant excess of fused sternebra in the offspring of the
two most highly exposed groups was attributed to an anomalously low rate of the
defect in controls. Another study reported an increase in the incidence of mal-
formed offspring of male mice exposed to subacute levels of a mixture of 2,4-D
and picloram in drinking water. However, the paternal toxicity observed in the
high dosage levels used and inconsistent dose–response pattern are of concern.

Limited evidence presented during the past two years suggests that DMA
acts as a promoter of urinary bladder, kidney, liver, and thyroid gland carcinogen-
esis in rats. DMA induces apoptosis and sensitizes DNA to oxidative injury.

TCDD has been shown to adversely affect a number of organ systems that
have been or may be linked to a variety of disease outcomes. TCDD lethality has
been associated with changes in brain serotonin metabolism. However, the wide
interspecies differences in TCDD-induced lethality cannot be explained by
changes in tryptophan metabolism or carbohydrate homeostasis.

A prominent symptom of the acute toxicity of TCDD is the loss of adipose
tissue and body weight, a phenomenon known as wasting syndrome. Several
mechanisms are under investigation including inhibition by TCDD of glucose
transport activity and hepatic phosphoenolpyruvate carboxykinase (PEPCK, the
rate-limiting enzyme of hepatic gluconeogenesis); the effects of TCDD on adipo-
cyte differentiation; and the effects of TCDD on epidermal growth factor receptor
and protein-tyrosine kinase. There is some evidence to suggest that gender differ-
ences exist in the response of cells to TCDD. Glucose uptake and lipoprotein
lipase activity were significantly decreased in adipose tissue in vitro after intra-
peritoneal (ip) injection of TCDD in male guinea pigs. No significant effect was
observed in females. In addition, radiolabeled-TCDD binding affinity studies in
adipose explant tissues showed that tissues from male guinea pigs and monkeys
had a higher binding capacity for TCDD than female tissues.

TCDD has been shown to induce differentiation in human keratinocytes,
which may be initiated by TCDD binding to the AhR. This effect is antagonized
by retinoids and may involve interactions between TCDD and retinoids in the
regulation of epithelial differentiation.

The mechanism by which TCDD induces hepatotoxicity is still under inves-
tigation. TCDD has been shown to inhibit hepatocyte DNA synthesis; decrease
hepatic plasma membrane epidermal growth factor receptor; inhibit hepatic pyru-
vate carboxylase activity as a consequence of a reduction in pyruvate carboxylase
mRNA levels (this effect was ten-fold greater than in congenic Ahb/b mice,
suggesting that a competent AhR is required); and induce cytochrome P4501A1
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(CYP1A1) in fish and chick embryo hepatocyte cultures, resulting in porphyrin
accumulation. Studies have been conducted to examine the short- and long-term
effects of TCDD on rat ethoxyresorufin o-deethylase (EROD) activity and liver
enzymes. Four days after oral dosing, EROD activity was considerably elevated.
Hepatic PEPCK and glutamyl transpeptidase activities were inhibited and stimu-
lated, respectively. Ninety days after dosing, liver EROD activity and PEPCK
activity revealed considerable reversibility, whereas glutamyl transpeptidase ac-
tivity remained elevated. Hepatomegaly has been shown to occur following high
subchronic doses.

Using Mardin Darvey canine kidney cells, TCDD has been shown to stimu-
late transcription of the PGHS-2 gene. It has been suggested that PGHS-2 expres-
sion may be involved in toxic reactions that involve inappropriate cellular growth,
such as tumor promotion.

Animal studies and in vitro mechanistic studies continue to emphasize the
importance of alterations in neurotransmitter systems as underlying mechanisms
of TCDD-induced behavioral dysfunction. Lethal doses of TCDD administered
to rats affect the metabolism of serotonin, a neurotransmitter in the brain able to
modulate food intake. This biochemical change is consistent with observations of
progressive weight loss and anorexia in experimental animals exposed to TCDD.
In primary cultures of rat hippocampal neuronal cells, there is evidence that
TCDD may increase the uptake of intracellular calcium. This concentration-
dependent increase in calcium is associated with a decrease in mitochondrial
membrane potentiation and activation of α-protein kinase C (α-PKC).

TCDD and structurally related halogenated aromatic hydrocarbons cause a
broad range of immunologic effects in experimental animals. Recent studies
support earlier data that TCDD decreases innate immunity and host resistance to
pathogenic microorganisms; impairs cell-mediated immune responses, such as
the generation and lytic activity of cytotoxic T cells; and suppresses humoral
immunity by inhibiting B-lymphocyte differentiation into antibody-producing
cells. Despite considerable laboratory research, the mechanisms underlying the
immunotoxic effects of TCDD are still unclear. TCDD immunotoxicity appears
to be mediated primarily through AhR-dependent processes, but some compo-
nents of immunosuppression have been shown to act independently of the AhR.

Low doses of TCDD administered to experimental animals alter reproduc-
tive development and fertility of the progeny. Studies in male rats and hamsters
have shown that decreased daily sperm production and cauda epididymal sperm
number are some of the most sensitive effects of in utero and lactational TCDD
exposure. However, in utero and lactational TCDD exposure does not appear to
alter radiolabeled sperm transit time through the whole epididymis. Studies have
been conducted to determine whether in utero and lactational TCDD exposure
decreases male rat accessory sex organ weights during postnatal development
and whether this effect involved decreases in testicular androgen production or
changes in peripheral androgen metabolism. Results suggest that in utero and
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lactational TCDD exposure selectively impairs rat prostate growth and develop-
ment without inhibiting testicular androgen production or consistently decreasing
prostate dihydrotestosterone (DHT) concentration. Male mice treated with a mix-
ture of 2,4-D, 2,4,5-T, and TCDD exhibited dose-related liver and thymus tox-
icity and reduced weight gain, although no significant effects were observed
on sperm function, reproductive outcomes, survival of offspring, or neonatal
development.

In female rats, a single dose of TCDD administered on gestational day (GD)
15 results in malformations of the external genitalia in Long Evans (LE) and
Holtzman rats. There was complete to partial clefting of the phallus. Treatment
on GD 8 was more effective in inducing functional reproductive alterations in
female progeny (e.g., decreased fertility rate, reduced fecundity, cystic endome-
trial hyperplasia, increased incidence of constant estrus).

TCDD administered by gastric intubation altered serum hormone levels in
immature female rats. Luteinizing hormone (LH), follicle-stimulating hormone
(FSH), and gonadotropin levels were increased. This effect is due partially to the
action of TCDD on the pituitary and is calcium dependent.

After water-borne exposure of newly fertilized eggs to TCDD, the toxicity
and histopathology of TCDD in zebrafish revealed that TCDD did not increase
egg mortality or affect time to hatching. However, pericardial edema and cranio-
facial malformations were observed in zebrafish larvae. Reports indicate that in
ovo TCDD exposure of the domestic chicken, domestic pigeon, and great blue
heron adversely affected the body and skeletal growth and hatchability of the
domestic pigeon but had no effect on the domestic chicken or great blue heron.

Studies involving human luteinizing granulose cells have shown that glucose
transporting activity can be used as a sensitive biomarker to detect the very early
response to TCDD in these steroid-producing cells and that the effect of TCDD
on progesterone is mediated through cyclic adenosine 5′-monophosphate (cAMP)-
dependent protein kinase.

TCDD-induced cleft palate and hydronephrosis involve mechanisms that are
AhR mediated. There are data to suggest that TCDD interacts with other signal-
ing pathways in inducing cleft palate. For example, cross-regulation of the recep-
tors is believed to be important in the synergistic interaction between TCDD and
hydrocortisone. When female mice are treated with TCDD and retinoic acid
simultaneously, palatal clefts can be observed in 100 percent of offspring at dose
levels far lower than those required for either agent to produce clefting if given
alone. This synergy suggests that the pathways controlled by these agents con-
verge at one or more points in cells of the developing palate.

The effects of TCDD on the estrogen-signaling system during fetal and
perinatal development of peripubertal female rats has been investigated. The
mechanism for the reduction in female fertility that accompanies in utero and
lactational exposure to TCDD remains unknown, although it could be linked to
estrogenic effects such as clefting of the phallus and hypospadias.
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Several reports published during the reference period describe developmen-
tal deficits in the cardiovascular system of TCDD-treated animals. Evidence
suggests that the endothelial lining of blood vessels is a primary target site of
TCDD-induced cardiovascular toxicity. CYP1A1 is induced in mammalian en-
dothelial cells in culture. The vascular endothelium in lake trout is also uniquely
sensitive to induction of CYP1A1 by TCDD in developing animals. CYP1A1
induction in the endothelium may be linked to early lesions that result in TCDD-
induced vascular derangements leading to the yolk sac, pericardial, and meningial
edema associated with lake trout sac fry mortality. CYP1A1 induction has also
been observed in adult quail aortic tissue.

The cardiotoxicity induced by TCDD was examined in chick embryo. The
spatial and temporal expression of AhR and Arnt suggests that the developing
myocardium and cardiac septa are potential targets of TCDD-induced teratoge-
nicity, and such targets are also consistent with cardiac hypertrophy and septal
defects observed following TCDD exposure.

DNA damage and consequent cell death in the embryonic vasculature are
key physiological mediators of TCDD-induced embryotoxicity in medaka (a small
Japanese freshwater fish [Oryzias latipes]). Treatment of TCDD-exposed medaka
embryos with an antioxidant provides significant protection against TCDD-
induced embryotoxicity and suggests that reactive oxygen species may partici-
pate in the teratogenic effects of TCDD.

TCDD has been shown to significantly induce CYP1A1 mRNA levels and
EROD activity in several human cancer cells. Experiments involving several
strains of mice provide evidence that a functional Ah receptor is required for
TCDD induction of CYP1A1 and liver tumor promotion. However, the AhR does
not appear to be exclusively responsible. CYP1A1 induction in various mice
strains was not directly related to the degree of tumor-promoting capability,
which suggests that other undefined genetic factors may play an important
role.

Studies comparing liver induction in TCDD-responsive (C57BL/6J) and less
responsive (DBA/2J) mice indicate that induction of CYP1B1 and CYP1A1
mRNA content is more pronounced in the former. CYP1A1 was more responsive
to TCDD that CYP1B1 in both strains, suggesting that CYP1B1 mRNA expres-
sion is less inducible by TCDD but that both genes are AhR regulated. Other
studies indicate that the expression of CYP1A1 and CYP1B1 is highly cell spe-
cific even though each is regulated through the AhR. However, each P450 exhib-
its a surprising similar pattern of hormonal regulation even though expressed in
different cell types.

Studies conducted to compare AhR in cultured fetal cells and adult liver
tumors from TCDD-responsive (C57BL/6J) and less responsive (DBA/2J) mice
indicate that the responsiveness of fetal cells is likely mediated by the AhR and is
not due to a different allelic form of AhR ligand binding subunit in fetal versus
adult cells.
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There is evidence that the mechanism by which TCDD induces tumor pro-
motion may involve oxygen radicals since scavengers of hydroxyl radicals or
antioxidants hinder the tumor-promoting effects of TCDD in transformed mice
fibroblasts. In support of this, other studies have shown that TCDD induction of
CYP1A1 in hepatoma 1c1c7 cells appears to lead to a release of oxygen radicals
and subsequent oxidative DNA damage that could result in mutation and cancer.
This is also evidence that tumor promotion by TCDD may be due to its ability to
interfere with gap junctional intercellular communications.

In human CYP1A1 genes from MCF-7 cells, there is some evidence for cell-
specific autoregulation of CYP1A1 tumor promotion. Other studies indicate that
topoisomerase I activity is necessary for the primary CYP1A1 induction response
and that the decreased expression of CYP1A1 in high-passage rat epidermal cells
may be mediated by altered negative regulatory DNA (NeRD) binding factors
present in these cells. TCDD induction of CYP1A1 in rainbow trout hepatocytes
does not appear to depend on protein kinase activity.

TOXICITY PROFILE UPDATES

This section updates the toxicity profiles of the five substances discussed in
VAO and Update 1996: (1) 2,4-D, (2) 2,4,5-T, (3) picloram, (4) cacodylic acid,
and (5) TCDD (dioxin). The chemical nature of these substances is discussed in
more detail in Chapter 6 of VAO.

Each profile update contains a review of experimental studies published
during 1995–1997. Information in this literature update is organized under the
topics (1) toxicokinetics, (2) mechanisms of toxic action, (3) disease outcomes,
and if applicable, (4) estimating potential health risks and factors influencing
toxicity.

Toxicity Profile Update of 2,4-D

Toxicokinetics

Kim et al. (1996) constructed a physiologically based pharmacokinetic (PBPK)
model describing the kinetics of 2,4-D in developing fetal rabbit brain. Pregnant
rabbits were administered 2,4-D intravenously (1, 10, or 40 mg/kg). The concen-
trations of 2,4-D in maternal and fetal brain, maternal and fetal plasma, and
amniotic fluid were examined over time. Results indicated that the uptake of
2,4-D was membrane limited by the blood–brain barrier, with saturable clearance
from the cerebrospinal fluid into the venous blood observed in both fetus and
mother. In related studies, Sandberg et al. (1996) measured the relationship be-
tween 2,4-D concentration in maternal and fetal tissues following intravenous
administration of radiolabeled 2,4-D (1, 10, and 40 mg/kg) to pregnant New
Zealand rabbits (GD 28–30). The highest levels of 2,4-D accumulated in mater-
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nal kidney and uterus and the lowest in maternal and fetal brain. At levels be-
tween 10 and 40 mg/kg, the maternal plasma binding capacity of 2,4-D became
saturated and fetal levels increased more than four-fold. The organic anion trans-
porter of the brain barrier system is functional in the late-gestational phase of the
fetal rabbit. But its development is probably not complete because higher brain
tissue-to-plasma ratios of 2,4-D were found in the fetus than in the dam.

At the cellular level, Bergesse and Balegro (1995) have shown that 2,4-D
influx into Chinese hamster ovary cells is an energy-dependent process. These
cells take up 2,4-D against a concentration gradient but do not metabolize its
undissociated form. The uptake process is inhibited by sodium azide and dinitro-
phenol, but not ouabain, indicating that (Na+/K+) adenosine triphosphatase (AT-
Pase) is not involved. Although pH less than 4.5 favors the occurrence of the
undissociated form of 2,4-D (pKa 2.9), a decrease in cellular uptake is observed
under these conditions. Alterations at the carrier level induced by changes in
electrical charge at the cell membrane are believed to favor movement of the
dissociated form of 2,4-D through the membrane.

Mechanisms of Toxic Action

Studies published since Update 1996 continue to support the view that the
mechanism of toxic action of 2,4-D involves disruption of thiol homeostasis.
Palmeira et al. (1995a) showed that the viability of freshly isolated rat hepato-
cytes decreases significantly when incubated with 10 mM 2,4-D for 60 minutes.
Basal calcium ion levels increased only slightly with concentrations of 2,4-D
ranging from 1 to 10 mM, suggesting that cell death in hepatocytes was not
related to early increases in calcium ion concentration. In a related study, Palmeira
et al. (1995b) demonstrated that the metabolism of 2,4-D rapidly depletes glu-
tathione (GSH) and protein thiols and induces lipid peroxidation, suggesting that
2,4-D is hepatotoxic by a mechanism related to disruption of GSH homeostasis.

Kale et al. (1995) evaluated the mutagenicity of several pesticides. 2,4-D
induced significant numbers of mutations in at least one of the cell types tested.
Because these results differed from earlier studies, it was hypothesized that dif-
ferent germ cell stages and treatment regimens might account for the observed
inconsistencies. Treatment with 2,4,5-T led to similar results which are reported
later in this chapter.

A recent report by Miranda et al. (1997) concluded that to a small extent, 2,4-
D increases mRNA levels of mdr genes in mouse liver. The study also reported
effects due to 2,4,5-T exposure, which are discussed later.

Disease Outcomes

Lethality In studies by Paulino et al. (1996), rats were exposed acutely (600
mg/kg), subchronically (200 mg/kg per day for 30 days), and chronically (200
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mg/kg per day for 180 days) to 2,4-D by the oral route. Macroscopic or histo-
pathological lesions were not observed following acute, subchronic, or chronic
exposures. However, acute exposure to 2,4-D was associated with decreased
locomotor activity and ataxia, sedation, muscular weakness (mainly of the hind
quarters), and gasping for breath; increased aspartate aminotransferase (AST),
alanine aminotransferase (ALT), lactate dehydrogenase (LDH), alkaline phos-
phatase (AP), and amylase activities and elevated creatine levels; decreased total
protein (TP) and glucose levels; and increased hematocrit values. Subchronic
herbicide exposure increased AST activity and albumin and hematocrit values.
Chronic exposure increased AST, AP, and LDH activities; decreased amylase
and glucose levels; but induced no change in hematocrit values. Chromatographic
analysis of the serum of chronically exposed rats suggested that 2,4-D does not
accumulate in the body.

In related studies, Paulino and Palermo-Neto (1995) evaluated the acute toxic-
ity of 2,4-D (100–600 mg/kg) in cattle by monitoring levels of serum AST, ALT,
AP, O-glutamyl transferase (O-GT), and creatine kinase (CK); LDH activity and
urea, creatinine, glucose, total protein, and albumin levels. The lowest dose (100
mg/kg) did not affect any of the biochemical parameters studied, whereas 300 mg/
kg decreased AST, O-GT, and CK activities and increased urea glucose levels.
Increased LDH and CK activities and protein, urea, creatine, and glucose levels
were observed in animals treated with 600 mg/kg. These changes were time and
dose dependent as well as reversible. Collectively, the results indicate that acute
2,4-D intoxication disrupts serum levels of several enzymes and blood components
that reflect kidney and muscle damage induced by this herbicide.

Charles et al. (1996c) conducted subchronic toxicity studies in dogs comparing
three forms of 2,4-D: (1) the parent form, 2,4-D acid; (2) 2,4-D dimethylamine salt;
and (3) 2,4-D 2-ethylhexyl ester. Groups of four dogs of each sex received in their
food, on an acid equivalent basis, either 0, 0.5 (parent form only), 1.0, 3.75, or 7.5
mg/kg daily for 13 weeks. The dogs exhibited reductions in body weight gain and
food consumption, and minor increases in blood urea nitrogen, creatinine, and ala-
nine aminotransferase as a function of chemical treatment. A no-observed-adverse-
effect-level (NOAEL) of 1.0 mg/kg per day was identified for all three forms
indicating the comparable and generally low toxicity of different forms of 2,4-D.

Charles et al. (1996b) reported that, in Fischer rats, 2,4-D decreases red cell
mass, 3,5,3′-triiodothyronine (T3) and 3,5,3′,5′-tetraiodothyronine (thyroxine, T4)
levels, and ovary and testes weights, and increases liver, kidney, and thyroid
weights, and cataracts and retinal degeneration (high-dose females). These data
suggest that the three forms of 2,4-D acid evaluated exert comparable low toxici-
ties and support a subchronic no-observed-effect level (NOEL) of 15 mg/kg per
day for all three forms.

Neurotoxicity Using a gas–liquid chromatographic method for determination of
2,4-D levels in serum and brain tissue of rats, Oliveira and Palermo-Neto (1995)
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showed that the toxic effects of 2,4-D in rats were observed within one-half hour
after its oral administration and correlated with signs and symptoms of central
nervous system (CNS) depression. The data were interpreted to suggest that the
toxic mechanism of 2,4-D is related to an action on the central nervous system.

According to Duffard et al. (1996), 2,4-D renders the developing rat nervous
system vulnerable by hindering the process of myelination in the brain. Investiga-
tors examined rat pups following 100 mg/kg administration of 2,4-D to dams
during the period of rapid demyelination (day 15 to 25 postnatal). Brains of both
male and female pups showed a significant diminution of myelin markers, such
as monohexosylceramide, phospholipids, and free fatty acids, and an increase of
cholesteryl esters.

Immunotoxicity Blakley (1997) reported that female CD-1 mice exposed to
Tordon 202C (a mixture of 2,4-D and picloram) in the drinking water for 26 days
at concentrations ranging from 0 to 0.42 mg/kg significantly reduced antibody
production in response to inoculation with sheep red blood cells. Although the
individual component responsible for this effect was not identified, it is important
to note that these levels of exposure are only marginally higher than the levels
encountered following recommended application of the herbicide.

Reproductive or Developmental Toxicity In 1980, Lamb et al. conducted
studies to evaluate the effects of a mixture of 2,4-D (20–40 mg/kg), 2,4,5-T (20–
40 mg/kg), and the herbicide contaminant TCDD (0.16–2.4 µg/kg) on the repro-
duction and fertility of male C57BL/6 mice. These mixtures were intended to
simulate Agent Orange. Dose-related liver and thymus toxicity and reduced
weight gain were observed in treated animals. No significant effects were ob-
served on sperm function (concentration, motility, or abnormalities) or reproduc-
tive outcomes (including litter size, number of dead fetuses, and sex ratio). Sur-
vival of offspring and neonatal development were unaffected by paternal exposure
to the mixture. No increase in most congenital anomalies was found. A statisti-
cally significant excess of fused sternebra in the offspring of the two most highly
exposed groups was observed, but this was attributed to an anomalously low rate
of the defect in the controls.

Blakley et al. (1989) exposed male CD-1 mice to Tordon 202C (a mixture of
2,4-D and picloram) in drinking water at concentrations of 0.21–0.84 mg/kg for
60 days prior to mating with untreated females. Symptoms of paternal toxicity
were observed in all exposure groups. Pregnancy failure was increased. Fetal
weight and crown–rump length were reduced in offspring of the highest-dosage
group, and various malformations (including ablepharon, cleft palate, unilateral
agenesis of the testes, extra ribs, and incomplete ossification) were observed in
the offspring of mice at all three dosage levels. However, the paternal toxicity
observed at the high dosage levels used and the inconsistent dose–response pat-
tern are of concern.
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Carcinogenicity Charles et al. (1996a) evaluated the carcinogenicity of 2,4-D
in a two-year rodent bioassay. Groups of 50 rats per sex per dose group re-
ceived varying doses (0, 5, 75, and 150 mg/kg per day) of 2,4-D for two years.
Groups of 50 mice per sex per dose group were administered 0, 5, 62.5, and
125 mg/kg of 2,4-D per day for two years. Clinical chemistry, hematology, and
urinalysis were performed at six month intervals in both species. No evidence
of astrocytomas was observed in rats or mice, even at concentrations equaling
the maximum tolerated dose. No other oncogenic effects were reported in either
test species.

Hayes et al. (1991, 1995) conducted a retrospective case-control study of
malignant lymphoma in dogs. Researchers gathered data from 492 dogs diag-
nosed with lymphomas from three veterinary medical teaching hospitals in Min-
nesota, Indiana, and Colorado. There were two control groups, dogs with cancers
other than lymphomas and dogs without cancer. Owners of the dogs were ques-
tioned about the frequency and duration of various pesticides used in yardwork.
The authors reported a statistically significant association between the risk of
canine malignant lymphoma and 2,4-D exposure. However, it must be empha-
sized that the dogs were concomittantly exposed to other pesticides in addition to
2,4-D.

Toxicity Profile Update of 2,4,5-T

Toxicokinetics

No toxicokinetic studies were identified for the reference period.

Mechanisms of Toxic Action

Sastry et al. (1997) examined the in vitro formation of 2,4,5-T-acetylco-
enzyme A by acetylcoenzyme A synthetase and 2,4,5-trichlorophenoxyacetyl-
choline (2,4,5-T-Ach) by human placental choline acetyltransferase. The mea-
sured reaction rates for both endogenous and exogenous substrates were
comparable. Low concentrations of synthetic 2,4,5-T-Ach decreased contraction
heights of the rat phrenic nerve hemidiaphragm when the nerve or muscle was
electrically stimulated. Collectively, these results suggest that 2,4,5-T can enter
cellular metabolic pathways involving acetylcoenzyme A, resulting in altered
metabolism and cholinergic transmission.

Kale et al. (1995) evaluated the mutagenicity of several pesticides. 2,4,5-T
induced significant numbers of mutations in at least one of the cell types tested.
Because these results differed from earlier studies, it was hypothesized that
different germ cell stages and treatment regimens may account for the observed
inconsistencies. Similar results were shown for 2,4-D treatment.

Miranda et al. (1997) concluded that 2,4,5-T increases mRNA levels of mdr
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genes in mouse liver. At the protein level, P-glycoprotein traffic ATPase content
increased in the canalicular domain of hepatocytes treated with 2,4,5-T. This
response appeared to be mediated at the transcriptional level. Similar results were
shown for 2,4-D treatment.

Voskoboinik et al. (1997) reported that the formation of DNA adducts by
cytochrome P450-derived metabolites of benzo[a]pyrene (BP) increased in he-
patocytes isolated from rats treated with 2,4,5-T for 14 days. The activity of
CYP1A1 was increased, whereas the activity of glutathione S-transferase (GST)
was decreased by the herbicide, suggesting that the increased formation of DNA
adducts, following carcinogen treatment of 2,4,5-T treated rats, is due to in-
creased metabolic activation to reactive intermediates coupled with reduced
detoxification. The latter effects are particularly interesting since they are strik-
ingly similar to those elicited by dioxin.

Disease Outcomes

Results from in vitro mechanistic studies suggest that 2,4,5-T may acutely
affect neuronal and muscular function by altering cellular metabolism and cho-
linergic transmission. Mechanistic studies also suggest that repeated exposures to
2,4,5-T may be associated with modulation of xenobiotic metabolizing enzymes
that alter the disposition of chemical carcinogens, such as BP. These alterations
coupled with the ability of 2,4,5-T to induce mutations under certain conditions
can influence the carcinogenic process.

Toxicity Profile Update of Cacodylic Acid

Toxicokinetics

Hughes et al. (1995) evaluated the in vitro dermal absorption of radiola-
beled DMA. Discs of preclipped dorsal skin were cut from adult female
B6C3F1 mice, mounted in flow-through diffusion cells, and then challenged
for 24 hours with DMA at doses of 10, 100, and 500 µg using solid compound
and aqueous solution (20, 100, and 250 µl) and soil (23 µg/cm2) as vehicles.
Absorption of the compound into the skin and receptor fluid ranged from < 1
to 40 percent in all exposure scenarios examined. The rank order of DMA
absorption into the skin was 20 µl water > 100 µl water > solid > 250 µl water
> soil. No dose or pH effects were observed. There was also no pH effect on
the partitioning of DMA between 1-octanol and buffer. Short-term (1-hour)
exposure of DMA in water followed by wash of the skin resulted in < 1 percent
of the dose being absorbed. Although the implications of this work for human
risk assessment remain to be established, the studies suggest that vehicles and
duration of exposure are important factors in the in vitro dermal absorption of
DMA.
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Mechanisms of Toxic Action

Ochi et al. (1996) investigated the ability of certain arsenic compounds,
including DMA, to induce apoptosis or programmed cell death in cultured human
HL-60 cells. Of the agents examined, DMA was the most potent inducer of
apoptosis. Depletion of cell glutathione following inhibition of γ-glutamylcys-
teine synthetase by L-buthionine-SR-sulfoximine enhanced the cytotoxicity of
arsenite, arsenate, and methylarsonic acid, but suppressed the toxicity of DMA.
The implications of these findings are not clear.

According to Rin et al. (1995), paraquat, a superoxide-generating agent,
enhances DMA-induced DNA single-strand breaks in cultured alveolar cells.
This enhancement occurs following washing of cells treated with DMA, suggest-
ing that DMA-induced DNA modifications are recognized by active forms of
oxygen leading to single-strand breaks. This interpretation is consistent with
ultraviolet (UV) irradiation and electron spin resonance studies showing that
superoxide produced by paraquat in DMA-exposed cells was more efficiently
consumed than in nonexposed cells. Collectively, DMA may induce DNA modi-
fications that sensitize it to free-radical injury.

DMA treatment (50, 100, 200, or 400 mg/kg) in the drinking water of male
rats initiated by sequential treatment with nitrosamines (diethylnitrosamine [100
mg/kg, i.p., single dose]; N-methyl-N-nitrosourea [20 mg/kg, i.p., four times, on
days 5, 8, 11, and 14]; 1,2-dimethylhydrazine [40 mg/kg, subcutaneously, 4
times, on days 18, 22, 26, and 30]; N-butyl-N-(4-hydroxybutyl)nitrosamine [0.05
mg/kg in drinking water, during weeks 1 and 2]; and N-bis(2-hydroxypropyl)-
nitrosamine [BBN; 0.1 mg/kg in drinking water, during weeks 3 and 4]) showed
that DMA significantly enhanced tumor induction in the urinary bladder, kidney,
liver, and thyroid gland (Yamamoto et al., 1997). Induction of preneoplastic
lesions as reflected by GST-positive foci in the liver and atypical tubules in the
kidney, respectively, was also significantly increased in animals treated with 100
or 400 parts per million (ppm) of DMA alone. Ornithine decarboxylase activity in
the kidneys of rats treated with 100 ppm DMA was significantly increased com-
pared to control values (p < .001). From these studies it was concluded that DMA
is a promoter of urinary bladder, kidney, liver, and thyroid gland carcinogenesis
in rats.

In related studies, Wanibuchi et al. (1996) examined the promotion potential
of DMA for rat urinary bladder carcinogenesis. Six-week-old male F344 rats
were treated with 0.05 mg/kg BBN for four weeks and then given DMA in their
drinking water (0, 2, 10, 25, 50, and 100 mg/kg) for 32 weeks. The development
of preneoplastic lesions and tumors (papillomas and carcinomas) in the urinary
bladder was enhanced by treatment with DMA in a dose-dependent manner. A
significant increase in the multiplicity of tumors (papillomas and carcinomas)
was observed even at a low concentration of DMA (10 mg/kg). On the other
hand, no preneoplastic lesions and tumors were observed in rats treated with
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DMA alone. Administration of DMA alone (0, 10, 25, and 100 ppm) in drinking
water for eight weeks without prior initiation was associated with a significant
increase in the 5-bromo-2′-deoxyuridine labeling index and alteration of the sur-
faces of urinary bladder epithelial cells. These results suggest that the potential of
DMA to promote rat urinary bladder carcinogenesis may be related to its ability
to stimulate cell proliferation in the urinary bladder epithelium.

Disease Outcomes

The limited evidence presented during the past two years suggests that DMA
acts as a multiorgan promoter of carcinogenesis.

Toxicity Profile Update of Picloram

No studies published since Update 1996 have reported on the toxicity of
picloram alone. As described earlier, Blakley (1997) reported that female CD-1
mice exposed to Tordon 202C (a mixture of 2,4-D and picloram) in the drinking
water for 26 days at concentrations ranging from 0 to 0.42 mg/kg significantly
reduced antibody production in response to sheep red blood cell inoculation.
Although the individual component responsible for this effect was not identified,
it is important to note that these levels of exposure are only marginally above the
levels encountered following recommended application of the herbicide.

Toxicity Profile Update of TCDD

Toxicokinetics

Michalek and coworkers (1996a, 1997) examined TCDD disposition in vet-
erans of Operation Ranch Hand, the Air Force unit responsible for aerial spraying
of Agent Orange in Vietnam. The half-life of TCDD in 213 veterans was esti-
mated based on multiple serum measurements collected over a 10-year period.
Researchers took into account the potential influence of age, percentage of body
fat, and changes in the percentage of body fat. In agreement with previous esti-
mates, the mean decay rate of TCDD for these veterans is 0.0812 per year; with
a corresponding half-life estimate of 8.532 years. Half-life increased significantly
with increasing body fat, but not with age or relative changes in percentage
of body fat. Investigators warned that serum dioxin measurements should not
be used when the first measurement exceeds 50 mg/kg due to low reliability
(Michalek et al., 1996b).

Ayotte et al. (1996) estimated the impact of breastfeeding on the body bur-
den of dioxin-like chemicals in Arctic Inuit people from birth to age 75. Toxi-
cokinetic modeling in the Inuit revealed that breastfeeding strongly influences
body burden during childhood but not after age 20. Liver and adipose tissue
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concentrations appeared to be lower than those associated with cancer and ad-
verse reproductive effects in laboratory rats. On the other hand, a substantial
proportion of Inuit women may have adipose tissue concentrations close to or
higher than those associated with increased incidence of endometriosis in rhesus
monkey.

Recent studies have also addressed the toxicokinetics of TCDD in experi-
mental animals. For example, Diliberto et al. (1996) compared the absorption,
tissue distribution, and elimination of TCDD in laboratory rats. Researchers ex-
posed male rats to radiolabeled-TCDD (0.32 mg/kg) through inhalation or oral
treatment. They also injected rats directly with TCDD because this exposure
route serves as a standard for evaluating the others. Injection eliminates problems
with absorption. Three days after exposure, fecal excretion accounted for 22, 26,
and 32 percent of the injected, inhaled, and orally administered doses, respec-
tively. Urinary excretion accounted for only 2.2, 1.3, and 1.4 percent, respec-
tively. Thus, 95 percent of the administered dose was absorbed by inhalation,
whereas 88 percent was absorbed after oral administration. After absorption, the
liver and fat serve as major TCDD depots. Following injection, 37 percent and 21
percent of the absorbed dose were distributed to the liver and fat, respectively.
After inhalation, the numbers were 35 percent and 16 percent. After oral treat-
ment, 28–30 percent of the absorbed dose was distributed to both liver and fat.
These results indicate that both the oral and the inhalation routes are important
for the systemic absorption of dioxins. Carrier et al. (1995 a,b) proposed a physi-
ologically based model that describes the distribution kinetics of polychlorinated
dibenzodioxins or polychlorinated dibenzofurans (PCDD/Fs) in various mamma-
lian species. Simulations were in agreement with published data on the distribu-
tion kinetics of PCDD/Fs in rodents, monkeys, and humans. The model takes into
account intercellular diffusion, PCDD/F–receptor and PCDD/F–protein binding,
and PCDD/F-dependent enzyme induction in the liver. Investigators formulated
nonlinear differential equations, with anatomically and biochemically relevant
parameters to predict functional dependencies between the fraction of total
PCDD/F body burden contained in liver and adipose tissues and the overall body
concentration at any time. The liver fraction of the total body burden decreases as
a function of the overall body concentration. Since elimination of these chemicals
occurs principally via the liver, this results in slower elimination rates and longer
half-lives. The kinetic profiles were also found to be similar for rats and humans.
However, the half-lives differed considerably, with rats calculated in weeks but
humans in years. For a given body burden, adipose tissue concentrations vary in
inverse proportion to the mass of adipose tissues, an observation that is relevant
to humans.

Aozasa et al. (1995) evaluated the EROD activity and liver accumulation of
dioxin-like chemicals (i.e., 2,3,7,8-chlorine substituted PCDD/F) in two species
of mice (C57BL/6 and DBA/2) administered these chemicals orally for 28 days.
The C57BL/6 mice with high EROD induction or DBA/2 mice with low EROD
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induction did not accumulate high levels of the chemicals. However, C57BL/6
mice accumulated larger amounts in their liver than DBA/2 mice. A remarkable
difference in congener levels was observed when comparing the ratios in human
tissue and in food. The tissue–food ratio of octachlorodibenzo-p-dioxin (OCDD)
level was 20 times higher than that of octachlorodibenzofuran (OCDF), despite
the same number of chlorine substituents in each compound. Taken collectively,
the finding that in humans, OCDD accumulates more readily than OCDF is
potentially significant because it suggests the possibility that the high bioaccumu-
lation of OCDD in humans may be caused by metabolic pathways different from
those in mice.

During the reference period, Kohn et al. (1996) extended a model of the
physiological disposition of TCDD in the rat (Kohn et al., 1993) to include the
distribution of blood among major vessels and tissue capillary beds; resorption of
TCDD released from the liver into the gut lumen as a consequence of cell lysis;
and compartments for thyroid and thyroxine-sensitive tissues (e.g., pituitary, kid-
ney, brown fat) that take into consideration secretion and tissue uptake of thyroid
hormones; the binding of T3 and T4 to proteins in blood and tissues; the deiodi-
nation of iodothyronines; and TCDD induction of T4 glucuronidation by hepatic
UGT. The extended model fit the observed dose–response of P450 isozymes and
Ah and estrogen receptors reported in the previous model after repeated oral
doses. The extended model provided a better fit with respect to liver and fat
TCDD levels after single and repeated oral and subcutaneous doses. Predicted
liver TCDD concentrations at very low doses were verified experimentally. In
addition, the model reproduced the responses observed for blood T3, T4, and
TSH after 31 weeks of biweekly oral dosing of rats with TCDD. The model also
predicted the responses of UGT mRNA and UGT enzymatic activity observed in
experiments with TCDD-treated rats. Based on the model, TCDD increases UGT
enzymatic activity and blood TSH levels. Calculated increases in blood TSH
levels are consistent with prolonged stimulation of the thyroid and may represent
an early stage in the induction of thyroid tumors identified in previous two-year
bioassays. This suggests that increases in UGT activity may be a useful biomarker
of tumorigenic changes in hormone levels following TCDD exposure.

Analysis of linear, sigmoid-Emax, and power law functions by McGrath et al.
(1995) suggests that the use of a wide dose range may bias the interpretation of
low-dose phenomena. This interpretation was based on the change in slope ob-
served from low- to high-dose subsets for thymic atrophy, immune suppression,
BP hydroxylase activity, and EROD activity. These investigators suggest that the
power law function can provide a more accurate and biologically relevant assess-
ment of risk and that noncancer end points may be more significant than cancer
end points in assessing human health risks from TCDD. For example, immune
suppression and enzyme induction occur at lower doses and under conditions
more relevant to general population exposure conditions.

DeVito and Birbaum (1995) studied the pharmacokinetic factors that can
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influence the relative potency of TCDD and tetrachorinated dibenzofuran (TCDF),
in vivo. TCDD and TCDF were administered to female B6C3F1 mice for 4 and
13 weeks and EROD activity, a useful marker of CYP1A1 gene expression, was
measured in liver and skin. Mice received either 150 ng TCDD/kg or 1,500 ng
TCDF/kg daily, 5 days per week, for either 4 or 13 weeks, a regimen designed to
provide equipotent doses. At four weeks, hepatic EROD was induced eleven- and
seven-fold by TCDD and TCDF, respectively, suggesting that published TEFs
accurately estimate the relative potency of TCDD and TCDF after four weeks of
treatment. In marked contrast, the induction of hepatic EROD after 13 weeks was
elevated 41- and 5-fold for TCDD and TCDF, respectively. Investigators sug-
gested that the inability of TEFs to predict the relative potency of these com-
pounds after 13 weeks of treatment may be due in part to differences in the
pharmacokinetic properties of each congener since the half-lives of TCDF and
TCDD are approximately 2 and 15 days, respectively. As such, steady-state
levels of TCDD were not attained by 4 weeks, which is reflected in the increase
in hepatic EROD between 4 and 13 weeks, whereas steady-state levels of TCDF
were reached within 4 weeks. Similar results were observed for skin EROD
activity. These findings are potentially significant since they suggest that TEFs
derived from short-term assays may not adequately predict the relative potencies
of this class of compounds following chronic exposure.

Mechanisms of Toxic Action

The biochemical and toxic effects of TCDD are in large measure mediated
by the AhR, a cytoplasmic protein that binds several classes of xenobiotics in-
cluding polycyclic aromatic hydrocarbons (PAHs), benzoflavones, heterocyclic
amines, and halogenated aromatic hydrocarbons. The AhR is ubiquitously ex-
pressed in almost every organ and cell in the body. The receptor is normally
found in association with two heat shock proteins (hsp90), which are thought to
aid in stabilization of the receptor protein. Ligand binding (e.g., with TCDD)
transforms the receptor to a form that exhibits increased DNA binding affinity
leading to translocation to the nucleus where it dimerizes with a partner protein,
Arnt. The AhR–Arnt complex binds to specific sequences in the regulatory re-
gion of target genes called aryl hydrocarbon-responsive elements (AhREs) to
influence patterns of gene expression. Based on extensive studies of the CYP1A1
gene, binding of the AhR to the promoter region alters chromatin structure,
leading to increases in the rate of gene transcription. Although several other
genes are known to be influenced via a comparable mechanism, the net influence
of AhR binding to DNA is dictated by the nature of the molecular interactions
governing the regulation of the particular gene. Scientific reports published dur-
ing the past two years have identified several genes that are involved in the
regulation of development, growth, and differentiation of mammalian tissues as
targets of TCDD action. As such, the ability of TCDD to influence the expression
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of these “target genes” may mediate at least in part the health outcomes associ-
ated with herbicide exposures. Other recent studies summarized below discuss
the structural and functional aspects of the AhR and Arnt, DNA binding and
transcriptional events, biological consequences associated with activation, sig-
nificant and insignificant interactions and interspecies, and interindividual differ-
ences in sensitivity. The section ends with a discussion of methods used to esti-
mate the potential health risk associated with exposure to TCDD and related
compounds.

Abbott et al. (1996) examined the disposition of TCDD in pregnant C57BL/
6N mice 24 hours after oral administration on GD 12. TCDD was detected in
maternal blood, liver, and fat and in the placenta, embryonic liver, and palate
within 30 minutes of dosing on GD 12. The levels peaked in blood and placenta
at 3 hours and in other tissues at 8 hours. The early peak level found in maternal
blood is in agreement with findings for distribution of this class of compounds in
adult rats and mice. In general, dioxins and furans are rapidly absorbed from the
gastrointestinal tract, and tissue distribution in the first hour parallels blood levels
and reflects blood flow and tissue size. During this period the embryo grows
rapidly (e.g., liver weight almost doubles from GD 12 to 13). This suggests that
although the embryo continues to accumulate TCDD, increasing mass results in a
relatively constant tissue concentration.

Structural and Functional Aspects of AhR and Arnt Both the AhR and Arnt
are members of the basic helix–loop–helix (bHLH) superfamily of gene regula-
tory proteins. A conserved domain of 200–350 amino acids, designated PAS
(Per, Arnt, AhR, Sim), defines this superfamily. The AhR is a highly conserved
protein found in diverse vertebrate groups. For example, in the PAS domain, the
N-terminus of human AhR shows 87 percent and 86 percent amino acid identity
with mouse and rat AhR, respectively. Recently, Hahn and Karchner (1995) have
shown that the amino acid sequence of the PAS domain of a teleost AhR is 62–64
percent identical to the PAS domains of mammalian AhR, and Brown et al.
(1995) detected the presence of two proteins (28 and 39 kDa) in the cytosols of
the hard-shell clam species, Mercenaria Mercenaria, that bind a chemical ana-
logue of TCDD. The latter studies reported that these proteins are homologous to
the AhR.

Arnt, like the AhR, also shows a high degree of conservation between verte-
brate groups. Two cDNAs encoding bHLH–PAS proteins with similarity to Arnt
protein have been isolated from RTG-2 rainbow trout gonad cells (Pollenz et al.,
1996). The deduced proteins, termed rtARNTa and rtARNTb, are identical over
the first 533 amino acids and contain a bHLH domain that is 100 percent identical
to human Arnt.

Both the AhR and Arnt have been shown to interact with a large number of
proteins to influence receptor function. Of particular significance from a bio-
chemical and toxicological perspective has been the recent demonstration that
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Arnt interacts in vivo with HIF-1α to form the active HIF-1 transcription factor
complex. This complex appears responsible for mediating the cellular response to
hypoxia by transcriptional regulation of genes such as erythropoietin and other
mediators of cellular oxygenation. Five new members of the PAS superfamily
that interact with the AhR or Arnt were identified by Hogenesch et al. (1997).
Two of these proteins (MOP1 and MOP2) dimerize with Arnt and form com-
plexes that are transcriptionally active, an interaction suggesting that cellular
pathways mediated by MOP1 and MOP2 may influence or respond to the dioxin
signaling pathway.

In general, the AhR and Arnt proteins appear to be coexpressed; however,
pronounced differences in relative expression levels exist between the two dimeric
partners in some tissues, suggesting that additional dimerization partners and
signaling pathways may be present. Arnt is able to homodimerize, as well as
heterodimerize, with Sim and Per. Identification of a human Sim homologue that
may play a causal role in Down’s syndrome (trisomy 21) has recently been
demonstrated. This human Sim protein is found in embryonic CNS and facial
tissues, where it may interact with Arnt or an Arnt-like protein to regulate impor-
tant developmental processes.

Abbott and Probst (1995) characterized the expression of Arnt in mouse
embryos during GDs 10–16. On GD 10–11, embryos showed the highest levels
of Arnt in neuroepithelial cells of the neural tube, visceral arches, otic and optic
placodes, and preganglionic complexes. The heart also had significant expression
of Arnt with strong nuclear localization. After GD 11, expression in heart and
brain declined. On GD 12–13, embryonic expression was highest in the liver,
where expression increased from GD 12 to 16. On GD 15–16, the highest levels
of Arnt occurred in adrenal gland and liver, although it was also detected in
submandibular gland, ectoderm, tongue, bone, and muscle. In all of these tissues,
Arnt was cytoplasmic as well as nuclear, except in some of the cortical adrenal
cells in which it was strongly cytoplasmic with little or no nuclear localization.
These specific patterns of Arnt expression differ in certain tissues from those of
the AhR, suggesting that Arnt may have roles in normal embryonic development
that are independent of the AhR. In Arnt-deficient cells, the AhR can still trans-
locate to the nucleus in vivo, a process therefore independent of Arnt.

The PAS domain of the AhR also harbors the contact region for association
with hsp90. Interestingly, this region colocalizes with a domain previously identi-
fied as a repression domain on AhR signaling (Dolwick et al., 1993). It has been
shown that in a purified system the AhR–hsp90 complex is not dissociated by the
addition of ligand (McGuire et al., 1994) and that addition of a cellular fraction
from Hepa cells, but not Arnt-deficient Hepa mutants, can promote hsp90 dissocia-
tion. These results suggest that the Arnt protein plays an active role in this process.

Studies by Coumailleau et al. (1995) defined a minimal ligand binding do-
main of the AhR within the central PAS region that interacts with hsp90 in vitro.
The minimal ligand binding domain maintains the quantitative and qualitative
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aspects of ligand binding exhibited by the full-length receptor. These studies are
consistent with in vitro findings by Whitelaw et al. (1995).

In contrast to the results of McGuire et al. (1994), Fukunaga et al. (1995)
found that ligand binding was localized to a region encompassing the PAS B
repeat. One hsp90 molecule appears to bind within the PAS region, whereas the
other appears to require interaction over the bHLH region. In addition, ligand-
mediated dissociation of AhR from hsp90 did not require Arnt. These results also
suggested that equivalent regions of the AhR and Arnt associate with each other
since both the first and the second helices of the bHLH motif and the PAS region
are required for dimerization. Finally, Fukunaga et al. (1995) suggested that the
carboxyl-terminal half of the AhR plays a more prominent role in transcriptional
activation of the CYP1A1 gene than the corresponding region of Arnt. Deletion
of the carboxyl-terminal half of AhR did not affect dimerization or AhRE bind-
ing, but did eliminate biological activity as assessed by an in vivo transcriptional
activation assay. Deletion of the carboxyl-terminal half of Arnt did not affect
biological activity in the same assay system.

In contrast to the findings of Fukunaga et al. (1995), Li et al. (1994) have
reported that the activation of an AhRE-driven reporter plasmid by AhR–Arnt is
dependent on the transactivation domain (TAD) of Arnt. In vivo, the TADs of the
AhR and Arnt may synergize, because removal of the Q-rich region of Arnt did
not impair AhR–Arnt dimerization but diminished transactivation of a AhRE-
driven CAT reporter gene in Arnt-defective Hepa cells.

The C-terminal 34 amino acids of Arnt harbor a TAD that functions indepen-
dently of other sequences in the AhR complex (Corton et al., 1996). The strength
of the Arnt TAD is cell-type specific since Arnt and herpes simplex virus VP16
TAD were equally strong in COS-1 cells, but the Arnt TAD had weak activity in
an Arnt-deficient mouse hepatoma cell line and was not needed for restoration of
CYP1A1 activation. These results imply that for CYP1A1 activation the AhR
provides the dominant activation function for the heterodimer in hepatoma cells.
This may not be the case for other genes or for different transcription factor
complexes.

Analyses of AhR cDNA deletion mutants from C57BL/6 mouse liver indi-
cate that the carboxyl half of AhR contains several TADs that function indepen-
dently of the domains that mediate TCDD recognition, DNA binding, and hetero-
dimerization with Arnt (Ma and Whitlock, 1996). The transactivation domains
function independently of each other, display different levels of activity, and act
synergistically when linked.

In addition to dimerizing with bHLH–PAS proteins, the AhR interacts with
other cellular proteins involved in the regulation of rabbit liver cell function.
Dunn et al. (1996) identified two active protein fractions in ranging in molecular
weight from 12 to 14 kDa that bind to the AhR. Of particular significance was the
identification of the protein histone H4, which is known to interact with transcrip-
tion factors in a variety of systems.
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In other studies, a yeast two-hybrid system was used to identify proteins that
interact with the AhR (Li and Dougherty, 1997). These investigators cloned a
mouse cDNA that encodes a novel 37 kDa protein that binds to the AhR. The
amino acid sequence of this protein exhibits homology with proteins required for
cell cycle control and RNA synthesis and is related to steroid receptor binding
immunophilins. The 37 kDa protein is thought to be cytoplasmic and to associate
with unliganded AhR and with hsp90. TCDD treatment disrupts the protein–
protein interaction, whereas overexpression of the AhR interacting protein aug-
ments the response of the CYP1A1 gene to TCDD.

The regulation of AhR gene expression has not been studied in as much
detail as other aspects of receptor function. To study tissue-specific regulation of
the mouse AhR gene, Fitzgerald et al. (1996) transfected chimeric deletion con-
structs containing the AhR 5′-flanking region and the firefly luciferase reporter
gene into five established mouse cell lines: Hepa 1c1c7 (derived from hepatoma),
JB6-C1 41-5a (epidermis), MLE-12 (lung epithelium), F9 (embryonal carci-
noma), and NIH/3T3 (fibroblasts). In all cell lines except F9 cells, maximal
constitutive expression occurred with constructs containing 78 base pairs of AhR
promoter sequences. This region includes several putative binding sites for the
transcription factor Sp1. It is interesting that in F9 cells, other transcription fac-
tors appear to be important in AhR gene expression since up to 174 promoter
sequences were required for induction. Results suggests that regulation of the
AhR gene occurs in a tissue- and cell-type specific manner.

Although the ability of TCDD to modulate gene expression often involves
transcriptional mechanisms, posttranscriptional events may also be important in
the regulation of gene expression (Gaido and Maness, 1995). Treatment of SCC-
12F cells with 10 nM TCDD increases urokinase-plasminogen activator (u-PA)
mRNA. Transcription of u-PA was not altered by TCDD; instead, induction of u-
PA occurred as a result of a stabilization of the u-PA mRNA. Tissue-plasminogen
activator and plasminogen activator inhibition (PAI-1) expression were not al-
tered by TCDD. Thus, TCDD acts through different mechanisms in SCC-12F
cells to induce both a plasminogen activator and a specific inhibitor of plasmino-
gen activation.

Of perhaps greatest significance during the past two years has been the
development of AhR-deficient mice (AhR-/-). Using gene targeting, Gonzalez
and coworkers (1995) developed AhR-deficient mice by inactivation of the first
exon of the AhR. In a separate study, Schmidt et al. (1996) used gene targeting to
delete exon 2, which encodes the bHLH DNA binding and dimerization domain.
These knockout mice do not express receptor protein, and as expected, transcrip-
tional activation of AhR target genes by TCDD is abolished. The results from
knockout experiments present compelling evidence that the AhR plays a funda-
mental role in cell and organ physiology and homeostasis. If ligand activation is
indeed required for receptor function, an endogenous ligand must be present in
most cells. From a toxicologic perspective, AhR knockout mice have been impor-
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tant since they helped establish a definitive association of the AhR with TCDD-
mediated toxicity.

Peters and Wiley (1995b) have shown that culturing embryos in medium
with an AhR antisense oligodeoxynucleotide reduces the incidence of blastocyst
formation as well as mean embryo cell number, suggesting that AhR may func-
tion in embryonic cell differentiation and proliferation independent of its known
function in mediating TCDD toxicity.

AhR-/- mice are relatively unaffected by doses of TCDD (2,000 mg/kg) ten-
fold higher than those found to induce severe toxic and pathologic effects in
littermates expressing a functional AhR. The resistance of AhR-/- mice to TCDD-
induced thymic atrophy and cortical lymphocyte depletion appears restricted to
processes involving AhR since the corticosteroid dexamethasone, which induces
thymic atrophy by a pathway unrelated to the AhR, rapidly and efficiently in-
duces cortical depletion in both AhR-/- and normal littermate control mice. It is
important to note, however, that at high doses of TCDD, AhR-/- mice display
limited vasculitis and scattered single-cell necrosis in lung and liver, respec-
tively. The mechanism(s) responsible for these apparently receptor-independent
processes remain unclear but may involve novel, alternative pathways for TCDD-
induced toxicity.

Evidence also continues to accumulate that ligand-independent events can
mediate activation of the receptor. Benzimidazole derivatives are potent CYP1A1
inducers in rabbit and human liver cells, but do not bind the AhR, suggesting that
ligand-independent mechanisms may activate the AhR. Lesca et al. (1995) showed
that benzimidazoles bind early and transiently to an unknown protein in rabbit
liver cells, causing a depletion of AhR in a time- and dose-dependent manner. In
contrast, benzimidazoles are unable to induce CYP1A1 mRNA in specific mouse
liver cells and to deplete the high-affinity AhR form from these cells. A signal
transduction pathway similar to that involved in the ligand-independent activa-
tion of steroid receptors may activate the low-affinity forms of AhR present in
rabbit and human cells, but not in mouse cells.

DNA Binding and Transcriptional Interference As described previously,
modulation of gene expression by TCDD is dependent on its ability to bind DNA
to influence transcriptional events. Recent studies have focused on characterizing
the nature of TCDD-induced ligand binding (e.g., transactivation domains) and
transcriptional events (e.g., conformational characteristics and protein–DNA
complexes).

Weiss et al. (1996) evaluated transient and stable AhR expression in AhR-
deficient clones. The AhR that was transiently expressed into receptor-deficient
variants exhibited high basal transactivation activity on promoters containing
AhR binding sites compared to wild-type cells. Hybrid receptors also showed
high basal activity in the absence of exogenous TCDD in AhR-deficient variant
cells, indicating that endogenous AhR activating signal acts directly on the recep-
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tor. Stable expression of AhR in variant cell clones fully reconstituted TCDD
responsiveness, including target gene induction and delay of cell cycle progres-
sion. These AhR-reconstituted cells, like wild-type cells that contain AhR, showed
low basal activity of the transiently expressed AhR hybrid. The increased basal
activity in AhR-deficient cells suggests a negative feedback control of AhR activ-
ity compatible with the existence of an endogenous AhR ligand.

Bacsi et al. (1995) completed studies to evaluate TCDD-induced binding of
AhR–Arnt to the asymmetric AhRE in nuclear extracts of Hepa 1c1c7 cells.
Covalent cross-linking analysis and immunoprecipitation with antibodies spe-
cific for AhR or Arnt demonstrated that Arnt directly contacts the 3′-most thym-
ine position, the AhR directly contacts the second thymine position, and neither
protein contacts the 5′-most thymine position. The thymine position contacted by
Arnt lies within a three-nucleotide sequence (5′-GTG-3′) identical to a half-site
of an E-box element (5′-CACGTG-3′) recognized by other bHLH transcription
factors, whereas AhR binds to a portion of the AhRE that does not resemble an E-
box. In this study, evidence was also presented that neither protein loops over to
contact residues located beyond the other’s binding site.

In studies to characterize the binding of transformed guinea pig hepatic AhR
to DNA, Bank et al. (1995) identified two distinct TCDD-inducible protein–
AhRE complexes, but only a single high-affinity binding site. The formation
of both DNA–binding complexes exhibited nucleotide specificity for the AhR
complex.

Santostefano and Safe (1996) investigated ligand-dependent differences in
molecular properties of the transformed cytosolic and nuclear AhR. For several
different AhR ligands including TCDD, TCDF, 1,2,7,8-TCDF, and α-naphtho-
flavone, the pattern of proteolytic protein–DNA products using transformed cyto-
solic or nuclear AhR complexes was comparable. In contrast, significant differ-
ences were observed in the pattern of degraded protein–DNA products using
nuclear AhR complexes derived from mouse Hepa 1c1c7 cells treated with TCDD
or 6-methyl-1,3,8-trichlorodibenzofuran (MCDF). Such differences may be re-
lated to conformational characteristics induced by TCDD, a potent AhR agonist,
relative to MCDF, a partial AhR agonist and antagonist.

Yamaguchi and Kuo (1995) have demonstrated that ligand-free AhR has no
transactivating properties in yeast. However, the C-terminal portion (amino acid
residues 580–797) of the AhR, including the Q-rich domain, confers trans-
activation activity in the same system, suggesting that the N-terminal portion
of the AhR contains transcription repression properties. In contrast, the 75 C-
terminal amino acids of Arnt, including the Q-rich domain, exhibited full trans-
activation function in yeast and mammalian cells, suggesting that structural orga-
nizations of the transactivation properties differ between AhR and Arnt, although
both contain transactivation domains at the C-termini.

Lindebro et al. (1995) have shown that Arnt interacts with the AhR via the
PAS domain. The PAS domain of Per could dimerize with both AhR and Arnt in
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vitro and disrupt the ability of these subunits to form a DNA binding heterodimer.
Ectopic expression of Per blocked dioxin signaling in mammalian cells. Thus, the
PAS domains of the dioxin receptor and Arnt are novel dimerizing regions criti-
cal in the formation of a functional AhR–Arnt complex, whereas the PAS domain
in Per is a potential negative regulator of bHLH–PAS function. Evidence was
also presented that hsp90 may modulate dioxin receptor function by directing
correct folding of the ligand binding domain, interference with Arnt hetero-
dimerization, and folding of a DNA binding conformation of the bHLH domain.

Swanson et al. (1995) examined the DNA recognition and pairing of several
bHLH–PAS families of proteins. The AhR–Arnt complex exhibits a preference
for the sequence commonly found in dioxin-responsive enhancers in vivo
(GCGTG). As discussed previously, the Arnt protein is capable of forming a
homodimer with a binding preference for the palindromic E-box sequence
(CACGTG). These studies revealed that Arnt has a broader range of interactions
than other members of the bHLH–PAS proteins.

Dioxin-induced binding of the AhR–Arnt heterodimer to enhancer chroma-
tin is associated with a localized alteration in chromatin structure is manifest by
increased accessibility of the DNA (Okino and Whitlock, 1995). These changes
likely reflect disruption of a nucleosome by AhR–Arnt. However, in the CYP1A1
promoter, such changes must occur by a different, more indirect mechanism
because they are induced from a distance and do not reflect a local effect of AhR–
Arnt binding. Dose–response experiments indicate that changes in chromatin
structure at the enhancer and promoter are graded and correlated with the graded
induction of CYP1A1 transcription by dioxin. Thus, TCDD induces a shift in
equilibrium between nucleosomal and nonnucleosomal chromatin configurations.

Certain ellipticine derivatives have been reported to bind the AhR and inhibit
the ability of TCDD to transform it to a form that recognizes an AhRE upstream
of the CYP1A1 gene. Gasiewicz et al. (1996) examined more than 30 ellipticine
derivatives and structurally related compounds for their ability to bind the AhR,
activate it to a dioxin response element (DRE) binding form, induce the luciferase
gene under the control of a DRE containing enhancer, and block activation of the
AhR by TCDD. The ability of ellipticine derivatives to inhibit TCDD-elicited
DRE binding and TCDD-induced luciferase activity was inversely related to their
ability to stimulate these responses. Their antagonistic activity was related to
their binding affinity for the AhR as predicted by their van der Waals dimensions
and the presence of an electron-rich ring nitrogen at or near a relatively unsub-
stituted x-axis terminal position.

The dioxin-inducible transcriptional control mechanism for the mouse CYP1A1
gene in its native chromosomal context was recently evaluated by Ko et al.
(1996). The C-terminal segment of the AhR was shown to contain latent trans-
activation capability and to communicate the induction signal from enhancer to
promoter. Heterodimerization activates the latent transactivation function of the
AhR and silences that of Arnt since removal of Arnt’s transactivation domain
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does not affect dioxin-induced CYP1A1 transcription in vivo. Dioxin-induced
changes in chromatin structure at the CYP1A1 enhancer and promoter may occur
by unique mechanisms.

Rowlands et al. (1996) used a series of fusion proteins with a heterologous
DNA binding domain to study the trans activating function of the human AhR
and Arnt proteins in yeast. The results of these studies confirmed that human
AhR and Arnt both contain carboxyl-terminal TADs. The AhR has a complex
TAD composed of multiple segments that function independently, exhibit vary-
ing levels of activation, and cooperate to induce synergistic activation of tran-
scription. In the absence of a DNA binding domain, the AhR and Arnt TAD
probably inhibit activated and basal transcription because of selective binding of
basal transcription factors, the TATA-binding protein and TFIIF. Thus, activa-
tion of target gene expression by AhR–Arnt may involve direct interactions with
basal transcription factors. However, Henry et al. (1997a) published data suggest-
ing that a purified TCDD–AhR complex retains both specific DNA binding and
transcriptional activities in the absence of other factors. Purified and partially
purified receptors gave a similar footprint of interaction with G-residues within
the AhRE consensus sequence and were able to stimulate transcription from a
AhRE-containing template in a cell-free system in the presence of HeLa cell
nuclear extract.

Biological Consequences of Activation The ability of TCDD to influence
patterns of gene expression involves modulation of transcriptional and posttran-
scriptional events. Such responses are often mediated by the AhR and thus ex-
hibit considerable tissue and cell specificity. However, evidence continues to
accumulate to suggest that some actions of TCDD may be independent of the
AhR. Hoffer et al. (1996) examined mouse hepatoma Hepa-1 cells to analyze the
mechanism of fos/jun activation by TCDD. Their results suggested that TCDD
induces expression of the immediate early-response genes fos and jun by activa-
tion of three separate signal transduction pathways, at least one of which does not
require a functional AhR complex. The serum response elements (SRE) mediate
the response of c-fos to TCDD in serum in a dose-dependent manner independent
of the AhR. The SRE also mediates c-fos induction by growth factors, cytokines,
UV irradiation, oxidants, and other stimuli that activate mitogen-activated pro-
tein kinases (MAPKs). It was proposed that activation of the SRE ternary com-
plex by TCDD may be initiated by a signal triggered at the cell surface that
precedes binding of TCDD to the cytosolic AhR.

Selmin et al. (1996) used the differential display technique to identify genes
regulated by TCDD. Sequencing of one of the differentially expressed clones
showed 71 percent homology with the transmembrane domain of the precursor
for the interleukin-6 receptor and a conserved consensus sequence found in the
cytokine growth factor–prolactin receptor superfamily, respectively. TCDD ap-
pears to modulate cytokine expression and function in multiple systems and with
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some degree of selectivity. The effect of TCDD on a series of TGF-β2 (transform-
ing growth factor β2) gene promoter deletions ranging from 1,391 to 64 base pairs
upstream of the transcription start site was investigated by Lee et al. (1996) to
identify the region necessary for down-regulation by TCDD. The effect appears
to be localized to the TATA box and is dose dependent, with saturation kinetics
maximal by 10 nM and complete by 24 hours. TCDD can modulate gene tran-
scription by acting on the transcription initiation complex via a tyrosine kinase-
dependent pathway. These data support an alternative mechanism by which
TCDD can alter gene expression, an indirect route mediated by the AhR complex
through a tyrosine kinase-dependent pathway affecting the transcription initiation
complex. Signaling interactions between AhR and other growth pathways are
described below.

Ma and Whitlock (1996) reported that AhR-deficient Hepa 1c1c7 cells ex-
hibited a different morphology, decreased albumin synthesis, and a prolonged
doubling time relative to wild-type counterparts. Introduction of AhR cDNA into
deficient cells by stable transfection induced acquisition of the wild-type pheno-
type. Conversely, introduction of antisense AhR cDNA into wild-type cells in-
duced the AhR-deficient phenotype. Flow cytometric and biochemical analyses
suggest that the slow growth rate of AhR-deficient cells reflects prolongation of
G1, suggesting a link between AhR and the G1 phase of the Hepa 1c1c7 cell cycle.
Also of significance was the fact that the effects of AhR occurred in the absence
of TCDD and thus may represent responses to an endogenous AhR ligand.

AhR Signaling Interactions Evidence has continued to accumulate during the
past two years that AhR interactions with other signal transduction pathways are
complex and often redundant in nature. The complexity of AhR signaling interac-
tions in evident from the large number of proteins that interact with the AhR to
influence growth and differentiation, redox signaling, modulation of kinase ac-
tivities, and estrogen receptor signaling. New data with respect to these areas are
discussed below.

Growth and Differentiation Signaling During the reference period, evi-
dence continued to lend support to the fact that the AhR signal transduction
pathway is involved in the regulation of development and growth. Enan and
Matsamura (1996) described the ability of TCDD to increase protein-tyrosine
kinase activity in the cytosol of male guinea pig adipose tissue, an effect believed
to be AhR dependent. The protooncogene c-Src, involved in growth control, was
reported to be associated with the AhR–protein complex in cytosol from adipose
tissue as well as in liver of guinea pig and C57BL/6J mice and NIH 3T3 mouse
fibroblasts. The c-Src protein is functionally attached to the AhR and specifically
activated on ligand binding.

Wanner et al. (1996) have shown that the transcript levels of the AhR and
Arnt increase as a function of differentiation in a human keratinocyte cell line. In
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situ hybridization studies established that in normal human skin, AhR expression
is absent in proliferating basal cells and increases in the upper cell layers as
differentiation progresses. In agreement with these correlations, AhR expression
in differentiation-deficient hyperproliferative psoriatic skin is markedly de-
creased. When keratinocytes were continuously treated with retinoic acid (RA),
the upregulation of AhR and Arnt mRNA levels was inhibited as was keratin 4
expression, a marker of keratinocyte differentiation. In contrast, treatment of
already differentiated cells with RA did not down-regulate transcript levels. The
mRNA levels of retinoic acid receptors in keratinocytes, RAR gamma and RXR
α, were not influenced by the process of differentiation or by the addition of RA.
These data suggest that the regulation of AhR, Arnt, and keratin 4 expression by
RA is mediated via an indirect mechanism. To examine interactions between
retinoid and AhR signaling, Fiorella et al. (1995) evaluated RA metabolism in
microsomes from four retinoid-responsive tissues in male Sprague-Dawley rats
three days after a single exposure to TCDD (80 µg/kg, i.p.). Microsomes from all
four tissues catalyzed increased rates of RA metabolism, with a rank order of
induction of liver > lung = kidney = testis. These data were interpreted to suggest
that one aspect of TCDD toxicity involves alterations in the metabolism of RA.

Significant interactions between TCDD and TGF-β1 have been described by
several investigators. Dohr et al. (1997) reported that basal mRNA expression of
CYP1A1, CYP1B1, and AhR, as well as inducible CYP1A1 expression, is down-
regulated by TGF-β1 in cells treated with TCDD. In contrast, mRNA expression
of the AhR partner protein Arnt was not influenced. Treatment of cells with
cycloheximide led to superinduction of TCDD-induced CYP1A1 and CYP1B1
mRNA expression and abolished the inhibitory effect of TGF-β1 on basal as well
as TCDD-induced CYP1 and AhR mRNA expression. These results suggest that
TGF-β1 induces rapid transcription and translation of an as-yet-unknown nega-
tive regulatory factor or factors that may directly regulate expression of the AhR
and genes of the Ah gene battery at the transcriptional level.

TCDD and related chemicals also interact with insulin, a hormone involved
in the growth regulation of several cells. Lu et al. (1996b) reported that TCDD
and TCDF inhibit insulin-induced cell proliferation and DNA synthesis in MCF-7
cells, a response blocked by α-naphthoflavone, a partial AhR antagonist. TCDD
alone did not affect Kd and Bmax values for binding of insulin to the receptor.
However, the insulin-induced Kd value for insulin receptor ligand binding was
decreased and the Bmax value was increased by TCDD cotreatment. TCDD el-
evated insulin receptor mRNA levels and inhibited several other insulin-induced
responses including c-fos protooncogene expression, phosphorylation of the in-
sulin receptor, and a 185 kDa protein in MCF-7 cells.

Redox Signaling The discovery that the oxygen-regulated transcription
factor HIF-1α and the AhR share a common heterodimerization partner Arnt
(HIF-1β) has fueled intensive investigation into the possible cross-talk between
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oxygen and dioxin signal transduction pathways. HIF-1α is activated following
changes in O2 concentration and translocates to the nucleus to form a heterodimer
with Arnt. This complex activates gene expression by binding to a hypoxia-
responsive element. All of these transcription factors (HIF-1α AhR, Arnt–HIF-
1β) share an N-terminal bHLH region followed by a PAS domain, as described
previously for the AhR and Arnt. Gradin et al. (1996) demonstrated that HIF-1α
required Arnt for DNA binding in vitro and functional activity in vivo. Both the
bHLH and the PAS motifs of Arnt were critical for dimerization with HIF-1α.
Strikingly, HIF-1α exhibited very high affinity for Arnt in coimmunoprecipitation
assays in vitro, resulting in competition with the ligand-activated AhR for recruit-
ment of Arnt. These findings have implications for risk assessment in that TCDD
itself may induce alterations in the redox status of cells.

Consistent with these observations, activation of HIF-1α function in vivo or
overexpression of HIF-1α inhibited ligand-dependent induction of DNA binding
activity and AhR function on minimal reporter gene constructs. However, HIF-
1α- and AhR-mediated signaling pathways were not mutually exclusive since
activation of AhR did not impair HIF-1α-dependent induction of target gene
expression. Both HIF-1α and Arnt mRNAs are expressed constitutively in a large
number of human tissues and cell lines, and steady-state expression levels is not
affected by exposure to hypoxia. HIF-1α is associated with hsp90. Given the
critical role of hsp90 for ligand binding activity and activation of the AhR, it is
therefore possible that HIF-1α is regulated by a similar mechanism, possibly by
binding an as-yet-unknown class of ligands.

Gassmann et al. (1997) showed that Arnt is indispensable for hypoxia-
inducible HIF-1 DNA binding as well as for oxygen-regulated reporter gene
activity medicated by the hypoxia response element present in the 3′ enhancer of
the erythropoietin gene (EPO 3′). Hypoxic induction of the vascular endothelial
growth factor (VEGF) gene, however, was only partially abrogated in Hepa 1C4
cells, suggesting that an HIF-1-independent oxygen signaling pathway is present.
De novo translation, phosphorylation, and redox processes seem to be involved in
hypoxic HIF-1α and probably also Arnt activation.

Yao et al. (1995) studied the effect of TCDD and BP on the transient expres-
sion of a chloramphenicol acetyltransferase (CAT) reporter gene linked to the
promoter sequences in the long terminal repeat (LTR) of human immunodefi-
ciency virus type 1 (HIV-1). Induction of a functional CYP1A1 monooxygenase
by TCDD stimulates a pathway that generates thiol-sensitive reactive oxygen
intermediates, which in turn are responsible for the TCDD-dependent activation
of genes linked to the LTR. NFκB and an adjacent AhRE are required for TCDD-
dependent CAT expression. In addition, mutation of the NFAT/AP-1 binding
sites in the negative regulatory region of the promoter increases the magnitude of
the TCDD effect. In related studies, the inducibility of three phase II genes in the
mouse dioxin-inducible Ah battery: Nmo1 [encoding reduced nicotinamide–
adenine dinucleotide [NAD(P)H]: menadione oxidoreductase], Ahd4 (encoding
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the cytosolic aldehyde dehydrogenase ALDH3c), and Ugt1*06 (encoding UGT)
were evaluated by Vasiliou et al. (1996). Increases in Ah phase II gene expression
in the 14CoS/14CoS mouse correlated with the electrophile response element
(EpRE) found in the 5′-flanking regulatory regions of these genes. Gel mobility
shift assays with a synthetic oligonucleotide probe corresponding to the EpRE
showed that EpRE binding proteins are more than twice as abundant in 14CoS/
14CoS than in the wild-type ch/ch nuclear extracts. Competition studies of EpRE-
specific binding with an excess of EpRE, mutated EpRE, AP-1, AhRE3, mutated
AhRE3, and C/EBP α-oligonucleotides suggest that several common transcrip-
tional factors bind to the EpRE and AhRE3 motifs. Two monospecific antibodies
to the AhR protein block formation of an EpRE-specific complex on gel mobility
electrophoresis, suggesting that AhR or an AhR-related protein might be an
integral part of the EpRE binding transcriptional complex associated with the
oxidative stress response.

Protein Kinases Reports linking TCDD to the modulation of kinase ac-
tivities continued to appear during the reference period. These interactions are
reciprocal since evidence was also published that various kinases directly modu-
late AhR function. Enan and Matsamura (1995b) reported that TCDD stimulates
nuclear protein phosphorylation in explant tissue cultures within 10 minutes, a
response that is followed by a substantial decrease in the level of total protein
phosphorylation activity. Manganese-stimulated protein kinase was found to be
the predominant type of nuclear protein phosphorylating activity affected by
TCDD, with 60 percent of the total activity due to heparin-sensitive casein kinase
II (CK II). TCDD was also found to increase protein-kinase C and microtubule-
associated protein 2 kinase activities as early as 15 minutes after treatment in
isolated adipose tissue in culture. Changes in kinase activities are of biological
significance since DNA binding activity of the transcriptional factor AP-1 in-
creases, while c-Myc DNA binding activity decreases. Genistein, a specific
protein-tyrosine kinase inhibitor, abolished the stimulatory effect of TCDD on
the AP-1 binding activity, but not the DNA binding activity of c-Myc. Although
TPA (12-O-tetradecanoylphorbol 13-acetate), a phorbol ester, increased the bind-
ing activity of AP-1 and c-Myc, TCDD in combination with TPA caused a slight
reduction in the binding activity of both transcriptional factors. In the presence of
forskolin, the stimulatory effect of TCDD on AP-1 binding and the inhibitory
effect on c-Myc were still apparent. Okadaic acid almost abolished the binding
activity of c-Myc, whereas in combination with TCDD a stimulatory effect was
found. Thus, TCDD regulates the DNA binding activity of AP-1 and c-Myc by
modulating their phosphorylation status through alterations in protein kinase and
phosphatase activities. Incubation of a nuclear-free subcellular homogenate of
guinea pig adipose tissue with TCDD results in a significant elevation of protein
kinase activity within 1–10 minutes (Enan and Matsamura, 1995b). The kinetics
of this response is not consistent with the classic transcriptional mechanism of
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action for TCDD, but interestingly, the actions of TCDD were blocked by AhR
blockers. TCDD-induced increases in protein phosphorylation occurred mainly
in cytosolic preparations devoid of nucleus, microsomes, and plasma membranes
and were still observed in the presence of inhibitors of protein phosphatases.
Furthermore, TCDD caused a rise in protein-tyrosine kinase activity in a purified
AhR preparation, as well as in an isolated hsp complex preparation containing the
AhR. This activation is unrelated to de novo protein synthesis. Evidence was also
presented that this action of TCDD triggers the protein kinase-mediated growth
factor signal transduction pathway (e.g., stimulation of mitogen-activated protein
kinase 2 and tyrosine kinase activity). These results support the view that the
TCDD-induced activation of protein kinases operates via a mechanism different
from its conventional pathway involving changes in gene transcription in the
nucleus. Finally, the association of c-Src protein kinase with AhR was described
earlier (Enan and Matsamura, 1996).

Several earlier studies suggested that AhR phosphorylation may be critical in
activation of the AhR to a DNA binding state. To further evaluate the functional
role of AhR phosphorylation, Mahon and Gasiewicz (1995) investigated whether
TCDD binding altered total AhR phosphorylation and identified phosphorylated
regions in the receptor based on chemical cleavage patterns. The total level of
AhR phosphorylation was not affected by ligand binding. The shortest regions of
overlap determined by the chemical cleavage patterns localized phosphorylation
sites to two regions in the C-terminal half of the AhR. One region was centrally
located between amino acids 368 and 605 and within or adjacent to a DNA
binding repressor domain. The other region was located at the glutamine-rich
carboxyl terminus between amino acids 636 and 759. These data suggest that
total AhR phosphorylation is not altered by ligand-induced transformation of the
receptor, but that phosphorylation nevertheless plays an important role in the
ability of an active AhR–Arnt complex to associate with cis-acting regulatory
elements. This interpretation is consistent with studies showing that the activity
of the AhR–Arnt dimer can be decreased by treatments that cause the down-
regulation of protein kinase C and decrease nuclear accumulation of the receptor.

A reporter plasmid containing two xenobiotic responsive elements (XREs)
was used to investigate the effects of phosphatase inhibitors on TCDD-dependent
transcription by the Hepa-1 mouse liver cell line (Li and Dougherty, 1997). The
inhibitors calyculin A and okadaic acid caused two- to threefold increases in
TCDD-dependent transcription at concentrations capable of selectively inhibit-
ing protein phosphatase 1 and protein phosphatase 2A. The inhibitor cyclosporin
A doubled TCDD-dependent transcription at a concentration capable of selec-
tively inhibiting protein phosphatase 2B. All three of the phosphatase inhibitors
increased TCDD-dependent transcription without affecting transcription in the
absence of TCDD. Nuclear extracts were prepared from cells treated with con-
centrations of okadaic acid or cyclosporin A that substantially stimulated TCDD-
dependent transcription. Neither of the inhibitors significantly increased the level
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of TCDD-dependent XRE binding in extracts. GAL4–Arnt fusion proteins were
used to further investigate whether the phosphatase inhibitors affected a step
other than DNA binding. Okadaic acid treatment specifically increased the ability
of a GAL4 fusion protein containing the Arnt–PAS and transactivation domains
to stimulate transcription. These results suggest that serine- or threonine-specific
protein phosphatases can act at a level subsequent to XRE binding to inhibit the
ability of the AhR–Arnt dimer to stimulate transcription.

Chen and Tukey (1996) examined the effects of phorbol 12-myristate 13-
acetate (PMA), a potent activator of protein kinase C, on the ligand-induced
transcriptional activation of the CYP1A1 gene and cellular function of the AhR
in human HepG2 101L cells. Pretreatment of cells with PMA enhanced ligand-
induced CYP1A1 gene expression two- to threefold. Inhibition of PKC activity
blocked the transcriptional activation and transactivation of the CYP1A1 gene,
indicating a role for PKC in the AhR-mediated transcriptional activation process.
However, DNA binding activities of the in vitro activated and the induced nuclear
AhR were not affected when CYP1A1 transcription was inhibited, indicating that
the action of PKC is a nuclear event that works in concert with or precedes AhR
binding to the gene. The effects of TCDD on growth factor-coupled activation of
nuclear protein kinase C (nPKC) and on the subcellular distribution of PKC
activity in rat splenocytes were investigated by Zorn et al. (1995). Seven days
after a single injection of TCDD (50 fg/kg body weight), cytosolic and particulate
PKC activities were elevated in splenocytes from TCDD-treated rats or pair-fed
control rats compared to ad libitum-fed animals. Growth factor-stimulated nPKC
activation was attenuated in splenic nuclei from TCDD-treated rats compared to
vehicle-treated controls. Thus, TCDD may uncouple growth factor receptors
linked to PKC activation at the level of the nucleus.

Estrogen Receptor Signaling Considerable research activity during the
past two years has focused on reciprocal interactions between estrogen receptor
signal transduction pathways and the AhR. These studies were fueled in part by
the early observation that TCDD is a more potent hepatocarcinogen in female
than in male or ovariectomized rats. Measurement of 8-oxodeoxyguanosine (8-
oxo-dG), a marker for oxidative DNA damage, in livers of intact and ovariecto-
mized Sprague-Dawley rats chronically treated with TCDD (125 ng/kg per day)
with or without diethylnitrosamine as an initiator showed elevated levels of 8-
oxo-dG in intact compared to ovariectomized TCDD-treated rats (Tritscher et al.,
1996). Expression of CYP1B1 mRNA, a newly identified cytochrome P450 with
estrogen hydroxylase activity, was highly induced in these animals by TCDD,
suggesting that the increased metabolism of endogenous estrogens to catechols
caused by TCDD-induced enzymes may lead to increased oxidative DNA dam-
age and hepatocarcinogenicity in female rats.

TCDD and related hydrocarbons have also been identified as potent anti-
estrogens, and this effect involves reciprocal interactions between the estrogen
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and the AhR signal transduction pathway. For instance, Kharat and Saatcioglu
(1996) have shown that the TCDD-mediated decrease in estradiol-inducible gene
products, such as the cathepsin D gene (cat D), is due to a decline in mRNA
accumulation despite changes in estrogen receptor (ER) mRNA levels. The de-
cline in cat D mRNA levels likely involves decreased transcription rates since
TCDD blocks the ability of ER to bind DNA and transactivate from an estrogen
response element. Interestingly, TCDD does not function as an antiestrogen in
mutant cells lacking a functional AhR. Likewise, estradiol treatment blocked
TCDD-induced accumulation of CYP1A1 mRNA and AhR-mediated activation
of the CYP1A1 promoter, due to the ability of liganded ER to interfere with the
binding of AhR to the xenobiotic response element. Liu and Safe (1996) and Lu
et al. (1996b) have shown that treatment of MCF-7 human breast cancer cells
with TCDD decreases prolactin receptor (PRLR) mRNA levels within 12 hours
after treatment, and for up to 48 hours, while PRLR binding is not affected. The
effects of TCDD on PRLR mRNA levels were inhibited by the AhR antagonist
α-naphthoflavone and were not observed in Ah-nonresponsive MCF-7 cells.
TCDD antagonizes 17β-estradiol-induced increases in PRLR mRNA levels. Us-
ing MCF-7 or mouse Hepa 1c1c7 cells transiently transfected with E2-responsive
Vit A2 gene 5′-promoter constructs, Nodland et al. (1997) showed that there was
a correlation between the antiestrogenic activity of AhR ligands in MCF-7 cells
and their rank order binding affinity for the AhR. A role for the AhR is suggested
by the finding that α-naphthoflavone inhibited the antiestrogenic activity of
TCDD in MCF-7 cells and TCDD inhibited E2-induced CAT activity in Ah-
responsive wild-type, but not in Ah-nonresponsive, class 2 mutant Hepa 1c1c7
cells. The antiestrogenic activity of TCDD was also observed in cells that tran-
siently overexpressed human ER, suggesting that the mechanism does not in-
volve down-regulation of the ER by TCDD. In other studies, Krishnan et al.
(1995) presented compelling evidence that AhR-mediated inhibition of estrogen-
induced cat D gene expression is affected by disruption of the ER–Sp1 complex
by targeted interaction with an overlapping XRE.

The interaction between TCDD and estrogen was evaluated by White et al.
(1995) in weanling females Sprague-Dawley rats. Estrogen (10 µg/kg per day at
days 21 and 22) increased relative uterine weight and induced keratinization of
the vaginal epithelium. Estrogen reduced uterine ER protein levels and serum
FSH levels. None of these parameters were affected by pretreatment with 20, 40,
or 80 µg/kg TCDD on day 19. Given that other signs of TCDD toxicity were
reproducibly observed in these rats, it was concluded that weanling female
Sprague-Dawley rats are not sensitive to the antiestrogenic effects of TCDD at
doses that cause overt toxicity. Collectively, these data suggest that the antiestro-
genic effects of TCDD are species, strain, and age dependent.

Dohr et al. (1995) reported that TCDD inhibits cell growth and induces
CYP1A1-associated EROD activity in MCF-7 cells that express the ER, but not
in ER-negative MDA-MB 231 cells. Transcripts of CYP1B1 were detected in
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both cell lines, and mRNA content was enhanced eight- and thirtyfold in MCF-7
and MDA-MB 231 cells treated with TCDD, respectively. In the gel mobility
shift assay, a stronger signal of DNA binding AhR was observed in MDA-MB
231 than in MCF-7 cells treated with TCDD. A fortyfold higher AhR mRNA
content was observed in untreated MDA-MB 231 than in MCF-7 cells, while the
mRNA of the AhR nuclear translocator was expressed in a similar range of
magnitude. Treatment of cells with TCDD did not change mRNA expression of
either gene. Analysis of NADPH:quinone oxidoreductase (NMO-1) and PAI-2
mRNA expression revealed a dose-dependent induction of both genes in MDA-
MB 231 cells after TCDD treatment. These studies strengthened the view that
AhR-mediated transactivation is not impaired in ER-negative cells, but expres-
sion of ER is important for regulation of CYP1A1 induction after TCDD treat-
ment in these human breast cancer cell lines. It was interesting to note, however,
that ER does not appear to have a function in TCDD-induced mRNA expression
of CYP1B1, NMO-1, and PAI-2 in MDA-MB 231 cells.

In summary, evidence published during the past two years indicates that the
mechanisms of interaction between the TCDD- and E2-induced signaling path-
ways are highly complex. Some of the inhibitory effects of TCDD may involve
5′-flanking inhibitory AhREs present in target genes.

Significant Interactions Recent data suggest that TCDD and related hydrocar-
bons are not the only ubiquitous AhR agonists encountered by human popula-
tions. Several AhR agonists of dietary origin have been identified. For example,
Kleman and Gustafsson (1996) described the formation of procarcinogenic het-
erocyclic aromatic amines, following cooking of protein-rich foods, capable of
activating the AhR to a form that interacts with AhRE in vitro. Another group of
putative dioxin receptor ligands of dietary origin involves the indolocarbazoles,
produced in vivo from precursor molecules in cruciferous plants. Indolocarbazoles
are potent regulators of the expression of a reporter gene driven by a minimal
AhRE in both mouse and human hepatoma cells. The indolocarbazole-induced
human receptor appeared to form more stable complexes with AhRE in vitro
relative to those generated by the dioxin-activated receptor. Indolo-3-carbinol
(I3C), a major component of Brassica vegetables, and its metabolite diindolyl-
methane (DIM) have been identified as partial AhR antagonists (Chen et al.,
1996). Both compounds competitively bind to the AhR with low affinity. In Ah-
responsive T47D human breast cancer cells, I3C and DIM do not induce EROD
activity or CYP1A1 mRNA levels. However, cotreatment with TCDD plus dif-
ferent concentrations of I3C or DIM reduced the TCDD-induced response at high
concentrations. In T47D cells cotreated with TCDD alone or in combination with
I3C or DIM, there was a marked reduction in the formation of the nuclear AhR.

The induction kinetics and CYP1A1 mRNA half-life by the diet-derived
indole derivative, indolo[3,2-b]carbazole (ICZ) are concentration dependent and
transient due to rapid clearance of ICZ (Chen et al., 1995). TCDD and ICZ
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displayed equal efficacies in the activation of a TCDD-responsive CAT (chloram-
phenicol acetyltransferase) reporter construct in Hepa 1 cells. ICZ is also a potent
and selective noncompetitive inhibitor of EROD activity.

Significant interactions between TCDD-related AhR signaling and other en-
vironmental chemicals have long been described. In a recent study, the mecha-
nism by which an ambient level of aged and diluted sidestream cigarette smoke
(ADSS) induces CYP1A1 was investigated in C57BL/6N and DBA/2N mice,
strains that exhibit high- and low-affinity forms of the AhR, respectively (Gebre-
michael et al., 1996). Induction of CYP1A1-associated EROD activity was ob-
served in the lungs of C57BL/6N mice, whereas no induction occurred in DBA/
2N mice. ADSS also induced EROD in wild-type mouse hepatoma (Hepa 1c1c7)
cells (Hepa 1), but not in variant Hepa 1 cells defective in the Arnt protein. ADSS
exposure of recombinant Hepa 1 cells stably transfected with a reporter plasmid
containing the luciferase gene under the control of several dioxin-responsive
enhancers resulted in a time- and exposure-dependent induction of luciferase
activity. ADSS-mediated induction of luciferase activity was inhibited by
α-naphthoflavone, an AhR antagonist. Exposure to ADSS induced transforma-
tion and DNA binding of the AhR complex. Collectively, these results indicate a
role for the AhR in mediating the induction of CYP1A1 by ADSS and suggest
that environmentally relevant levels of ADSS contain AhR ligands at sufficient
concentrations to activate gene expression in an AhR-dependent manner.

Using 1- and 2-aminonaphthalene as model substrates, the influence of a
second amino group on mutagenicity, binding to the cytosolic AhR, and CYP1A
inducibility relative to the effects of 3,3′-diaminobenzidine and 1-naphthylethyl-
enediamine were examined by Cheung et al. (1997). 1,5- and 1,8-Diaminonaph-
thalene were effective inducers of CYP1A activity and more potent than 1-
aminonaphthalene. 2,3-Diaminonaphthalene was also an inducer of CYP1A, but
the effect was similar to that elicited by 2-aminonaphthalene. In contrast, 3,3′-
diaminobenzidine and 1-naphthylethylenediamine did not induce CYP1A activ-
ity. All aminonaphthalenes displaced radiolabeled-TCDD from the AhR, whereas
3,3′-diaminobenzidine and 1-naphthylethylenediamine failed to do so. The latter
two compounds did not elicit a mutagenic response in the Ames test. Introduction
of a second amino group at the 3-position of 2-aminonaphthalene did not modu-
late its mutagenicity. In the case of the nonmutagenic 1-aminonaphthalene, intro-
duction of a second amino group at position 5 had no effect, but when it was
incorporated at position 8, mutagenic potential was conferred on the molecule.
The ability of substituted flavones to modulate AhR signal transduction in MCF-
7 human breast cancer cells was evaluated by Lu et al. (1996b). The 4′-methoxy-
3′-nitro- and 3′-amino-4′-methoxyflavones were characterized as AhR agonists
and inducers of CYP1A1 gene expression, whereas the 3-methoxy-substituted
flavones (3′-methoxy-4′-nitro- and 4′-amino-3′-methoxy-) were inactive. All four
compounds inhibited induction of EROD activity by TCDD. These results were
interpreted to suggest that two forms of the nuclear AhR complex exist in MCF-
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7 cells and that 3-methoxy-substituted flavones inhibit nuclear uptake of the
transcriptionally active form.

Disease Outcomes

Lethality TCDD lethality has been associated with changes in brain serotonin
(5-HT) metabolism (Unkila et al., 1995b). This response was recently examined
in the most TCDD-susceptible and TCDD-resistant species, guinea pigs and
hamsters, respectively. Body weight gain of guinea pigs exposed to TCDD (0.2–
2.7 µg/kg) diminished dose dependently, while the effect was marginal in ham-
sters (900–4,600 µg/kg). 5-Hydroxyindoleacetic acid (the primary metabolite of
5-HT), brain tryptophan (the precursor amino acid of 5-HT), and plasma-free and
total tryptophan were not affected at any dose in guinea pigs. In contrast, four
days after exposure, the levels of plasma-free and total tryptophan were increased
in hamsters and, along with brain tryptophan, remained elevated ten days after
exposure. TCDD did not affect plasma glucose level in either species. Liver
glycogen was decreased in a dose-dependent manner in TCDD-treated guinea
pigs, as well as in their pair-fed controls, on day 10. There was no change in liver
glycogen in hamsters. The activity of the gluconeogenic enzyme phospho-
enolpyruvate carboxykinase was depressed only in hamsters by all doses of
TCDD. Changes in tryptophan metabolism or in carbohydrate homeostasis can-
not explain the wide interspecies differences in susceptibility to the acute lethal-
ity of TCDD, although they may correlate with some aspects of its toxicity in
certain species.

Cells harvested six to eight days after TCDD intubation from pair-fed rats
contained significantly more fat and higher levels of glycerol-3-phosphate dehy-
drogenase (GPDH) enzyme activity. The mRNA for lipoprotein lipase (LPL) and
GPDH genes was also higher for cells from pair-fed rats, suggesting that TCDD
inhibits the differentiation of fat cells (Brodie et al., 1996). TCDD treatment in
vivo inhibits the increase of mRNA for the PPAR (2, aP2 and C/EBP) during
differentiation of isolated preadipocytes. C/EBPβ and CHOP mRNAs were unaf-
fected. 3T3-L1 cells appear to provide a good model to study adipogenesis and
the inhibition of this process by TCDD (Brodie et al., 1997).

Fan and Rozman (1995) completed studies to examine short- and long-term
effects of TCDD in female LE rats. Female rats were dosed orally with either 5.3,
12, 18, and 60 µg TCDD/kg and sacrificed four days after dosing or 27, 40, and
60 µg TCDD/kg and sacrificed 90 days after dosing. Four days after dosing,
EROD activity was fully induced at all doses studied, hepatic PEPCK and
γ-glutamyl transpeptidase activities were reduced dose dependently, and hepatic
tryptophan 2,3-dioxygenase (TdO) activity was stimulated at low doses but de-
creased at high doses. Serum total T4 (TT4) levels were dose dependently de-
creased, whereas serum total T3 (TT3) and tryptophan levels were unaffected.
The short-term effects of TCDD examined indicate only small differences in the
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response to TCDD of female LE rats compared to males. Ninety days after
dosing, liver EROD activity revealed considerable reversibility although it was
still elevated compared to controls. Hepatic PEPCK activity at this time was no
different from controls. In contrast to four days after dosing, serum TT3, TT4,
and hepatic glutamyl transpeptidase activity were elevated dose dependently at
90 days.

Male Sprague-Dawley rats were administered orally a total dose of 0, 0.2,
2.3, 11.5, 35, 70, or 115 µg/kg of TCDD over 10 weeks at 4 ml/kg of vehicle.
Results show that dose–responses for the induction of EROD activity and the
reduction of serum TT4 occurred at much lower doses than those for decreased
TdO and PEPCK activities or elevated tryptophan levels and mortality. After a
six-week recovery period, PEPCK and TdO activities in liver, as well as tryp-
tophan in serum, returned to near-control values, whereas EROD activity and
serum TT4 still displayed a dose-dependent induction and reduction, respec-
tively, albeit both shifted to the right in accordance with toxicokinetics. These
data support the interpretation that subchronic dose–responses of TCDD are simi-
lar to acute dose–responses when corrected for toxicokinetics and that at least
some TCDD-induced effects are reversible (Li and Rozman, 1995).

In male mice treated with TCDD, body weights and feed intake were not
much affected until day 8 after exposure (Weber et al., 1995). Hepatomegaly
developed at doses greater than 3 and 97.5 µg/kg in C57 and DBA mice, respec-
tively. EROD activity was induced in liver with a median effective dose (ED50)
of 1.1 and 16 µg/kg, and in kidney with an ED50 of 65 and 380 µg/kg in C57 and
DBA mice, respectively. The PEPCK in livers of both mouse strains was reduced
over the entire dose range, displaying a plateau in the dose response at the onset
of acute toxicity of TCDD. This enzyme activity was decreased by as much as 80
percent at the respective lethal doses. PEPCK activity in kidney was not affected.
Glucose-6-phosphatase activity (G-6-Pase) in liver was altered only in the lethal
dose range, with a maximum reduction of about 50 percent. Serum glucose con-
centration was reduced over the entire dose range, but the reduction was signifi-
cant only at doses in which G-6-Pase activity was affected, reaching levels as low
as 3 mmol per liter in DBA mice. Tryptophan-2,3,-dioxygenase activity was not
lowered at any dose of TCDD in either mouse strain, and no increase in serum
tryptophan levels was observed. Serum levels of T4 and T3 were decreased dose
dependently over most of the dose range administered, with T3 levels exactly
paralleling T4 levels in both mouse strains. These data were interpreted to sug-
gest that TCDD causes acute toxicity in male C57 and DBA mice by a severe
reduction of gluconeogenesis but, in contrast to rats, does not affect tryptophan
homeostasis. After administration of TCDD, serum T3 levels in the mouse appear
to correlate with T4 levels, whereas in the rat they are independent of each other.

Li et al. (1997) examined the effect of single doses (0.03–30 µg/kg) of
TCDD administered orally by gastric intubation on serum hormone levels in
female rats (22 days old). Two distinct peaks for LH and FSH were detected, the
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first of which was seen at 1 hour and appeared to be a nonspecific response to the
vehicle, and a second at 24 hours that appeared to be induced by TCDD. Gona-
dotropin levels in these animals were dose dependently elevated. In cultured
pituitary halves and primary pituitary cell cultures exposed to gonadotropin-
releasing hormone (GnRH) and/or TCDD, TCDD caused a dose-dependent re-
lease of LH from pituitary halves with an ED50 of about 0.1 nM. This effect was
abolished in calcium-free medium but was not attenuated by a GnRH antagonist.
In primary pituitary cell cultures, although the cells responded to GnRH, no
effect of up to 100 nM TCDD on the release of gonadotropins was detected.
These results suggest that TCDD dose dependently induces a brief release of
gonadotropins in immature female rats. This effect is at least partially due to an
effect of TCDD on the pituitary. Increased release of gonadotropins as a result of
TCDD treatment depends on the action of calcium but does not occur via activa-
tion of GnRH receptors. However, cells in a primary pituitary culture do not
respond to TCDD with increased release of gonadotropins, suggesting that the
effect of TCDD in the pituitary is mediated by a factor present in pituitary halves
but not in primary cell culture.

Dermal Toxicity Wanner et al. (1995) reported on the relative levels of AhR
mRNA and TCDD-induced CYP1A1 mRNA and their modulation by retinoic
acid in the human keratinocyte cell line HaCaT. AhR mRNA was present already
in proliferating keratinocytes and increased eightfold in the course of differentia-
tion. Addition of 10 nM TCDD did not alter the level of AhR transcripts. In
contrast, addition of 1 µM retinoic acid (RA) maintained the amount of AhR
mRNA at the basal level only in proliferating keratinocytes. The transcription of
CYP1A1 was dependent on TCDD-treatment and increased fivefold in more
differentiated cells compared to proliferating cells. Simultaneous addition of RA
revealed only a twofold increase. These results indicate that expression of the
AhR depends on the state of differentiation of keratinocytes and seems to be
affected by retinoic acid.

As discussed previously, TCDD strongly induces a switch from proliferation
to terminal differentiation in keratinocytes, which can be antagonized effectively
by retinoic acid and retinol. As parameters for differentiation, the [35S]methionine
incorporation into cross-linked envelopes (revealing the total CLE) was quanti-
fied by. TCDD is a potent inducer of both CLE biomass and number with an EC50
of 1.4 nM. Both effects were dependent on Ca2+ and increased with elevated cell
density, being optimal in postconfluent cultures. Retinoic acid dose dependently
decreased the effect of 10–8 M TCDD, 10–6M having a nearly complete antago-
nistic action. Retinyl palmitate and etretinate were not effective as TCDD antago-
nists. Supplementation of hydrocortisone suppressed TCDD-induced keratinocyte
differentiation (REF). Reduced increase in cell number and diminished cell bio-
mass are the result of early withdrawal of proliferating cells from the cell cycle
due to premature and accelerated induction of differentiation. TCDD-induced
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differentiation in human keratinocytes may be initiated by TCDD binding to the
AhR. The exact nature of the interaction between retinoids and TCDD is not
clear, but may involve interactions in the regulation of epithelial differentiation.

Cardiovascular Toxicity Several reports appeared during the reference period
describing developmental deficits in the cardiovascular system of TCDD-treated
animals. Endothelium is a single-cell layer lining that could be a primary site of
chemical effects in the cardiovasculature and systemically.

CYP1A expression and activity in cultured porcine aortic endothelial cells
(PAEC) exposed to the AhR agonists TCDD, 3,3′,4,4′-tetrachlorobiphenyl
(TCB), BP, or β-naphthoflavone (BNF) were evaluated by Stegeman et al. (1995).
CYP1A1 was induced in cultures exposed to TCDD, TCB, BP, or BNF. Gene
induction was observed at intermediate concentrations (0.1 or 1.0 µM) of TCB,
BP, or BNF but inhibited at higher concentrations. The suppression response was
not due to generalized cytotoxicity. Immunohistochemical analysis showed that
CYP1A1 induction in PAEC was not present in all cells. PAEC exhibited a
typical complement of microsomal electron transport components. NADPH–
cytochrome P450 reductase showed comparable rates in induced and control
cultures, and the addition of purified rat reductase to PAEC microsomes in-
creased EROD rates threefold. EROD rates in intact cells maximally induced by
BP, TCB, or TCDD ranged from 15 to 30 pmol/mg per minute of whole-cell
protein. Methoxyresorufin O-demethylase activity induced by TCDD was 2 pmol/
mg per minute (i.e., <10 percent of EROD activity). In cultures in which CYP1A1
was strongly induced, CYP1A2 was not detectably expressed. The CYP1A2
inducer acenaphthylene did not induce EROD or methoxyresorufin O-
demethylase in intact cells. Results show that CYP1A1 but not CYP1A2 is
strongly induced in mammalian endothelial cells in culture and that CYP1A1 is
active in intact cells, although the catalytic rates are low.

A recent study by Guiney et al. (1997) examined CYP1A induction in endo-
thelium and its possible association with mortality due to the edema and vascular
effects of TCDD in lake trout early life stages. Lake trout eggs were injected at
24–50 hours postfertilization with 0.2 µl of 50 mM phosphatidylcholine lipo-
somes or liposomes containing TCDD to give seven doses ranging from 11 to 176
pg TCDD/g egg. Doses of TCDD greater than 44 pg/g egg elicited hemorrhages;
yolk sac, pericardial, and meningial edema; craniofacial malformations; regional
ischemia; growth retardation; and mortality at the sac fry stage of development.
Expression of CYP1A was assessed at four developmental stages, by immunohis-
tochemical analysis of serial sections of individual fish with monoclonal anti-
body 1-12-3 to teleost CYP1A. CYP1A staining occurred in endothelial cells of
many organs of TCDD-exposed but not vehicle-exposed embryos at one week
prehatch and sac fry at two weeks posthatch. Earlier developmental stages exam-
ined were negative for CYP1A expression at any dose of TCDD. The strongest
response occurred in sac fry at TCDD doses greater than 88 pg TCDD/g egg but
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was detected at doses as low as 22 pg TCDD/g egg. CYP1A staining in endothe-
lium appeared at lower doses and was stronger than in other cell types in both
prehatch embryos and posthatch sac fry. Thus, the vascular system is a major
initial site affected by TCDD in lake trout early life stages, and the vascular
endothelium is a cell type uniquely sensitive to induction of CYP1A in these
developing animals. Based on an index of immunohistochemical staining of
CYP1A, endothelial CYP1A induction in sac fry by TCDD occurred with an
ED50 of 64–69 pg TCDD/g egg, similar to the dose–response for mortality occur-
ring during the sac fry stage of development (LD50 [median lethal dose] = 47 pg
TCDD/g egg). These correlations suggest that CYP1A or AhR in the endothe-
lium may be linked to early lesions that result in TCDD-induced vascular de-
rangements leading to yolk sac, pericardial, and meningial edema associated with
lake trout sac fry mortality, but the precise mechanism remains to be determined.

Cantrell et al. (1996) characterized embryotoxicity in medaka (Oryzias
latipes) by TCDD. DNA degradation in cells of the embryonic vasculature and
loss of functional integrity of the medial yolk vein were demonstrated in TCDD-
exposed embryos. Piperonyl butoxide inhibited TCDD-induced DNA degrada-
tion, restored the functional integrity of the medial yolk vein, and protected
against the embryotoxicity of TCDD. Treatment of TCDD-exposed embryos
with the antioxidant N-acetylcysteine also provided significant protection against
the embryotoxicity of TCDD. These results demonstrate that DNA damage and
consequent cell death in the embryonic vasculature are key physiological media-
tors of TCDD-induced embryotoxicity and implicate oxidative mechanisms in
this response.

Celander and colleagues (1997) examined CYP1A1 induction in cultures of
porcine aortic endothelial cells and human aortic endothelial cells exposed to
TCDD with or without the glucocorticoid receptor (GR) agonist cortisol or dex-
amethasone. In porcine cells exposed to 0.1 nM TCDD and 10 µM cortisol, the
level of CYP1A1 protein and the degree of EROD activity induction were two- to
threefold higher than with 0.1 nM TCDD alone. A similar enhancement of EROD
induction was obtained when 0.1 or 1 nM TCDD was added together with 0.1, 1,
or 10 M dexamethasone in the media. Human cell counterparts also showed
potentiated EROD induction when 1 nM TCDD was coadministered with 10 µM
dexamethasone. This potentiation caused by dexamethasone was abolished by
the addition of 10 µM of the GR antagonist RU-38486, suggesting that potentia-
tion of CYP1A1 induction in endothelial cells proceeds by a GR-dependent
mechanism. The implications of these data have not been fully defined but dem-
onstrate that vascular cells are responsive to TCDD.

Renal Toxicity Kraemer and colleagues (1996) examined the molecular mecha-
nisms for TCDD-stimulated prostaglandin synthesis in Mardin Darvey canine
kidney (MDCK) cells. TCDD stimulated prostaglandin synthesis in these cells, at
least in part by elevation of prostaglandin endoperoxide H2 synthase-2 (PGHS-2)
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levels. TCDD-stimulated transcription of the PGHS-2 gene was maximal (six-
fold) within two hours and resulted in a hundredfold increase in PGHS-2 mRNA
and a twenty-five-fold increase in PGHS-2 protein levels by four hours. Transient
transfection experiments using luciferase-reporter plasmids demonstrated that
the control element(s) responsible for TCDD activation of the murine PGHS-2
promoter in MDCK cells are located in the first 965 nucleotides upstream from
the PGHS-2 transcriptional initiation site. A canonical xenobiotic response ele-
ment, similar to those that control transcription of other well-known TCDD-
sensitive genes, is present at position −157, but does not appear to be sufficient
for halogenated aromatic hydrocarbon activation of the PGHS-2 promoter. TCDD
failed to stimulate transcription from the PGHS-2 promoter when reporter plas-
mids were transfected into Hepa 1c1c7 cells, a line that contains the functional
AhR. It seems likely that inappropriate expression of PGHS-2 may contribute to
the toxic effects of TCDD and other halogenated aromatic hydrocarbons (HAHs).
In particular, PGHS-2 expression may affect those toxic reactions that involve
inappropriate cellular growth, such as dermal hyperplasia and tumor formation. It
is also likely that elevated synthesis of prostaglandins, which are potent regula-
tors of immune function, could play a role in the immunotoxicity associated with
HAH exposure.

Hepatotoxicity Schuetz et al. (1995) conducted studies to determine if aro-
matic hydrocarbons induce the mdr gene product P-glycoprotein and whether this
induction involves the AhR. Induction of mdr mRNA was compared to the induc-
tion of CYP1A1 mRNA in Ah-treated cultures of primary human hepatocytes.
Hepatocytes from all 15 individuals tested responded to 3-methylcholanthrene
(MC) or TCDD with induction of CYP1A1 mRNA. However, only 62 percent
and 55 percent of the preparations responded to treatment with MC and TCDD,
respectively, with induction of mdr mRNA. Indeed, in some individuals, mdr
mRNA was suppressed by MC and TCDD despite robust CYP1A1 induction.
These studies suggest not only that individual variations exist in mdr induction by
AH but that aryl hydrocarbons regulate mdr in humans by a novel mechanism
distinguishable from the classical AhR pathway.

In a 13-week feeding study in female Sprague-Dawley rats by Van Birgelen
et al. (1995), diets were supplemented with 0, 0.2, 0.4, 0.7, 5, or 20 fg TCDD/kg
diet. The estimated daily intakes were calculated to be 0, 14, 26, 47, 320, or 1,024
ng TCDD/kg body weight per day. The lowest estimated daily intake associated
with increased liver weights was 320 ng TCDD/kg, while a daily intake of 47 ng
TCDD/kg resulted in decreased plasma thyroid hormone concentrations and de-
creased body weight gain. Decreases in relative thymus weights, loss of hepatic
retinoids, and induction of CYP1A1 and CYP1A2 activities were found at 14 ng/
kg, the lowest dose used. For increases in CYP1A1 and CYP1A2 activities, the
right critical values for the 95 percent confidence intervals for the no effect levels
(CNELs) ranged from 0.7 to 4 ng TCDD/kg per day. Based on hepatic TCDD
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residue levels, these right critical values for CNELs ranged from 0.06 to 0.4 ng
TCDD/g liver (wet weight). The CNELs in this study are consistent with the
NOAELs reported before in chronic and reproductive studies with rats and TCDD
(i.e., 1 ng/kg per day).

The basis for the regional specificity of TCDD in the modulation of hepato-
cyte proliferation that results in enhanced proliferation in the periportal region,
but reduced proliferation in the remainder of the hepatic lobule, is not known.
Hushka and Greenlee (1995) have shown that TCDD caused a dose-dependent
inhibition of DNA synthesis in primary hepatocytes isolated from either male or
female Sprague-Dawley rats in the presence or absence of known hepatocyte
mitogens (epidermal growth factor [EGF], hepatocyte growth factor, and TGF-α).
No change in DNA synthesis was observed at TCDD concentrations less than 1
pM. Initial characterization of the EGF response system in these cells revealed
that TCDD did not alter the specific binding of EGF, or the levels of EGF
receptor protein measured in intact cells or cell lysates. TCDD-dependent inhibi-
tion of DNA synthesis occurred independently of the suppression observed with
TGF-β1. Estradiol did not alter DNA synthesis in the presence or absence of
TCDD. Taken together, these findings indicate that TCDD suppresses DNA syn-
thesis via a novel pathway that is nonresponsive to estradiol, independent of
TGF-β, and does not involve a decreased ability of hepatocytes to recognize
(bind) EGF, a prototype mitogen.

Zhao and Ramos (1995) arrived at the same conclusions using primary cul-
tured rat hepatocytes. Scheduled DNA synthesis in control cultures peaked at 64
hours and was negligible by 72 hours after initial seeding of freshly isolated
hepatocytes. A concentration-dependent inhibition of DNA synthesis was ob-
served in one-day-old hepatocyte cultures treated with BP (0.3–30 µM) for up to
28 hours, and comparable inhibitory responses were observed in cultures treated
for 24 hours with TCDD (0.01 nM) or TCDF (0.01–1 nM) but not in cultures
treated with perylene (0.01–100 nM) or benzo[e]pyrene (1–1,000 nM). EROD
activity was highly inducible in hepatocytes challenged for 24 hours with BP
(0.3–3 µM) or TCDD (0.1–100 nM), with peak induction at 12 or 36 hours after
chemical challenge, respectively. To assess the role of the AhR in this response,
the interactions of α-naphthoflavone (α-NF) and ellipticine (ET) with BP and
TCDD in this cell system were evaluated. Pretreatment with α-NF (10 nM) for 24
hours prevented the inhibitory effects of both BP (3 µM) and TCDD (1 nM),
whereas ET (0.01 nM) pretreatment selectively antagonized the effects of BP (3
µM). Pretreatment of hepatocytes with TCDD or TCDF (1 nM) for 24 hours
before the onset of DNA synthesis, followed by challenge with BP (3 µM),
partially antagonized the inhibitory response to BP. These data implicate AhR-
related signal transduction in the inhibition of hepatocyte DNA synthesis by BP
and related agents, and suggest that in the case of BP, metabolism by cytochrome
P450 to toxic intermediates contributes to the inhibitory response.

Administration of TCDD to rats results in a dose-dependent decrease in
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hepatic plasma membrane epidermal growth factor receptor (EGFR). Sewall et
al. (1995a) monitored alterations in hepatic EGFR levels in female Sprague-
Dawley rats seven days after a single oral gavage dose of TCDD (0, 1, 5, 25, and
50 fg/kg). The level of hepatic EGFR was significantly decreased at a dose of
TCDD as low as 1 fg/kg. Thus, TCDD decreased total EGFR protein and maxi-
mum binding capacity without altering ligand binding affinity (Kd). The results
demonstrated that ligand-induced autophosphorylation capacity and basal phos-
photyrosine residues of plasma membrane EGFR both decreased parallel with the
decrease in EGFR protein, suggesting no TCDD-related alteration in the inherent
functional ability of the receptor to undergo activation. Furthermore, it was found
that the dose–response curve for EGFR protein level determined by Western blot
analysis was similar for both male and female Sprague-Dawley rats.

In other studies, Ilian et al. (1996) observed that day 8 post-TCDD treatment
is associated with a dose-dependent reduction of hepatic pyruvate carboxylase
(PC) mRNA levels in Ahb/b mice. This response was tenfold greater than in
congenic Ahb/b mice, suggesting that previously reported reduction in PC activ-
ity by TCDD treatment of mice is a consequence of a reduction in PC mRNA
levels and that the effect requires a competent AhR. TCDD inhibits normal
accumulation of vitamin A in hepatic stellate cells, the main storage site for
vitamin A. TCDD-induced inhibition of hepatic vitamin A accumulation does not
seem to involve a reduction in the number of stellate cells or cell transformation
(Hanberg et al., 1996). TCDD acts as a promoter of lesions initiated either spon-
taneously or by vinyl carbamate. TCDD overrides the intrinsic resistance of both
male and female C57BL/6 mice to liver tumor formation (Watson et al., 1995).

Xiao et al. (1995) tested the effects of glucocorticoids on the expression of a
number of genes under the control of the AhR in cultured primary rat hepato-
cytes. Treatment of cultured hepatocytes with 1.0 µM dexamethasone potentiated
the induction of CYP1A1, glutathione S-transferase Ya subunit (GSTYa), and
UDP-glucuronosyltransferase gene expression by polycyclic aromatic hydrocar-
bons, whereas the glucocorticoid agonist suppressed PAH induction of NAD(P)H:
quinone oxidoreductase (QOR) subunit and aldehyde dehydrogenase 3C gene
expression. Two of these rat genes, GSTYa and QOR are also induced by electro-
philic agents, such as tert-butylhydroquinone. In the presence of tert-butyl
hydroquinone, dexamethasone caused a similar level of potentiation of GSTYa
subunit expression and suppression of QOR subunit expression as observed with
the PAH 1,2-benzanthracene. Studies using the glucocorticoid receptor antago-
nist RU-38486 demonstrated that the modulation of PAH induction by glucocor-
ticoids of CYP1A1 and QOR activity apparently depends on the action of the
glucocorticoid receptor. These results suggest that the positive and negative
changes observed are the result of specific alterations in the rates of transcription
of these genes because of the action of the glucocorticoid receptor, thereby af-
fecting regulation of GSTYa and QOR by both AhR-dependent and AhR-
independent mechanisms.
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Although hepatic uroporphyria is induced by HAHs in mammalian and avian
systems, attempts to produce uroporphyria in vertebrate (mammalian) hepatoma
lines have been unsuccessful. Dose-dependent accumulation of porphyrins was
observed in cells treated for 48 hours with TCDD or 3,3′,4,4′-tetrachlorobiphenyl
when the heme precursor δ-aminolevulinic acid (ALA) was present during the
last 5 hours of treatment (Hahn and Chandran, 1996). Uroporphyria did not occur
in cells treated with TCDD or TCB in the absence of added ALA. ALA-depen-
dent porphyrin accumulation was also seen following treatment of PLHC-1 cells
with TCDF or with the non-ortho-substituted chlorobiphenyls 3,4,4′,5-tetrachlo-
robiphenyl and 3,3′,4,4′,5-pentachlorobiphenyl. The EC50 values for porphyrin
accumulation were similar to, or slightly higher than, the concentrations at which
peak EROD activities were obtained, suggesting a relationship between the de-
cline in EROD activity and enhanced porphyrin accumulation. α-Naphthofla-
vone inhibited TCDD-induced EROD activity and porphyrin accumulation, pro-
viding further evidence for the involvement of a fish CYP1A in the mechanism of
this porphyria. Addition of TCB to TCDD-treated cells also inhibited EROD
activity, but enhanced porphyrin accumulation, suggesting that an interaction
between the halogenated inducer and the induced CYP1A is necessary for the
porphyrogenic response.

Lorenzen et al. (1997) observed concentration-dependent induction of CYP1A
and intracellular porphyrin accumulation following treatment of chicken embryo
hepatocyte cultures with TCDD and related chemicals. Maximal CYP1A activity
(measured as EROD activity) and immunodetectable protein were observed at
concentrations coincident with those at which porphyrin accumulation became
evident. These results are consistent with a role of CYP1A induction and/or
AhR activation in porphyrin accumulation mediated by HAHs with a planar
configuration.

Münzel et al. (1996) studied the modulation of DNA synthesis by TCDD in
primary cultures of hepatocytes and rat liver epithelial cells (WB-F344). In hepa-
tocytes, TCDD either positively or negatively modulated EGF-stimulated DNA
synthesis. In the presence of ethinylestradiol, 10–12 M TCDD moderately in-
creased EGF-stimulated DNA synthesis (approximately 30 percent). In contrast,
in the absence of ethinylestradiols 10–9 M TCDD decreased DNA synthesis (ap-
proximately 30 percent). The response of “early genes” of the jun/fos family and
the corresponding proteins was also studied under these two conditions. In agree-
ment with DNA synthesis data, the level of c-Jun was increased or decreased in
nuclear extracts. Furthermore, DNA binding of Jun/Fos proteins, including c-Jun
and Fra-1, was decreased under conditions of mitoinhibition, while the level of
Fra-1 in nuclear extracts was increased. In WB-F344 cells, TCDD treatment for
44 hours increased DNA synthesis two- to threefold compared to controls, based
on measuring radiolabeled thymidine incorporation into DNA or on determining
the nuclear labeling index with bromodeoxyuridine. This effect is probably due
to the inhibition of high-density growth arrest by TCDD.
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Wasting Syndrome A prominent symptom of the acute toxicity of TCDD is
the loss of adipose tissue and body weight, a phenomenon known as the wasting
syndrome. The effect of TCDD on glucose transport in mice was examined by
Liu and Matsamura (1995). A single i.p. dose of TCDD (116 µg/kg) resulted in a
time-dependent decrease in transport activity in adipose tissue and brains of
C57BL/6 mice. Reduction of transport occurred within 24 hours in both tissues.
In adipose tissue, a slight recovery was observed by 30 days, but in the brains of
treated animals, glucose transport was significantly decreased even at the latest
time. A comparison of dose–response relationships for several tissues between
C57BL/6 (TCDD responsive) and DBA/2J (TCDD-nonresponsive) mice resulted
in parallel curves, with C57BL/6 animals showing a ten- to twentyfold greater
sensitivity. The estimated ED50 values for reduction of transport in adipose tissue
were 50 and 800 µg/kg for the C57BL/6 and DBA/2J strains, respectively.
Immunoblotting for the adipose-type (type 4) glucose transporter (GLUT) showed
a 40 percent decrease in the membrane fraction of adipose tissue from C57BL/6
mice treated with 116 µg/kg TCDD for 40 hours. A similar decrease in brain-type
GLUT1 was observed in the plasma membrane fraction of brain tissues isolated
from the same animals. Analysis of RNA for the corresponding GLUT4 and
GLUT1 genes showed a dramatic decrease in GLUT4 mRNA as early as 24 hours
after treatment. In contrast, the level of GLUT1 mRNA increased slightly in the
brains of treated mice. Based on these data it was concluded that regulation by
TCDD of glucose transport activity in mice is an AhR-dependent process and that
adipose-type GLUT4 appears to be regulated at the mRNA level, whereas brain-
type GLUT1 is affected mainly at the protein level.

Enan and colleagues (1996) investigated the involvement of the EGFR and
protein-tyrosine kinase (PTK) in TCDD-induced toxicity. Up-regulation in
radiolabeled EGF binding to EGFR was measured after 24 hours of TCDD
treatment, whereas down-regulation in EGFR binding was measured after 72
hours of TCDD treatment. Up-regulation of EGFR binding was associated with
a significant decrease in postnuclear (7,000 × g supernatant) PTK activity, but
this activity was stimulated after 72 hours of TCDD treatment. TCDD altered
the level of tyrosine phosphorylation in proteins with molecular weights of
34, 40, 43, 45, 60, and > 205 kDa. TCDD caused a significant increase in
postnuclear cAMP-dependent protein kinase A (PKA) after 24 hours of treat-
ment. The action of TCDD on protein kinases was partially blocked by the
protein synthesis inhibitor cycloheximide. TCDD increased nuclear PTK and
decreased nuclear PKA activity. Estradiol (E2) inhibited the postnuclear and
nuclear activity of both PTK and PKA in control samples, but did not affect the
action of TCDD on either postnuclear or nuclear PTK activity. However, E2
abolished the stimulatory effect of TCDD on PKA activity in postnuclear pro-
tein. In the presence of insulin, TCDD did not induce any additional changes in
postnuclear or nuclear PTK. Forskolin alone inhibited postnuclear PTK activity
and stimulated its nuclear activity. Addition of TCDD 20 minutes after forskolin
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resulted in an increase in postnuclear PTK, but there was little change in nuclear
PTK compared to the effect of forskolin alone. The stimulatory effect of TCDD
on postnuclear PKA activity was enhanced by insulin, and TCDD reversed the
negative effect of forskolin, but there was no effect of either insulin or forskolin
on the inhibition by TCDD of nuclear PKA activity. TCDD decreased the
activity of MAP2 kinase and reduced the binding activity of AP-1 DNA when
given alone; it also blocked E2 stimulation of MAP2K. These findings suggest
that TCDD may interrupt the endocrine function of human luteinized granulosa
cells through the blockage of the mitotic signal directly or indirectly through
the interaction of PTK-MAP2K and PKA signaling.

It had been reported that TCDD dose dependently reduces the activity of
PEPCK, the rate-limiting enzyme of hepatic gluconeogenesis. To further investi-
gate the mechanism by which TCDD decreases PEPCK activity, Stahl (1995)
investigated the effect of TCDD on PEPCK activity in primary cultured rat hepa-
tocytes. Cells were pretreated with dexamethasone (100 nM) 8 hours before
PEPCK induction was initiated by the addition of glucagon (10 nM) and concur-
rent withdrawal of insulin. This hormonal treatment induced twofold elevation of
PEPCK activity in control cells within 8 hours. Using this induction regimen,
experiments were conducted in which rats were pretreated with TCDD (125 µg/
kg in corn oil by gastric intubation) four days prior to isolation of primary rat
hepatocytes (PRH). This resulted in a complete block of the glucagon-dependent
induction of PEPCK in PRH from TCDD-pretreated animals. In another experi-
ment, TCDD (100 nM) was added directly to the PRH either 24 or 48 hours prior
to the induction regimen. Incubation of PRG with TCDD 24 hours prior to initia-
tion of the induction regimen resulted in a slight decrease in the degree of PEPCK
induction compared to controls. However, treatment of PRH with TCDD 48
hours prior to initiation of the induction regimen almost completely blocked
PEPCK induction. It is, therefore, suggested that the effect of TCDD on liver
PEPCK activity is due to a direct effect on liver cells and is not mediated by
factors outside the liver.

Viluksela et al. (1995) analyzed the toxicological significance of reduced
gluconeogenesis by studying dose–responses and time courses of effects of TCDD
on the activity of PEPCK in liver and two other tissues with high specific activity,
kidney and brown adipose tissue. Liver PEPCK activity was significantly de-
creased from 1 to 32 days after oral dosing (60 µg/kg). A clear dose–response
was present 8 days after dosing, beginning at a dose of 1 µg/kg. In contrast to
liver, TCDD treatment increased PEPCK activity in kidney and brown adipose
tissue, but only at the two highest doses administered (30 and 60 µg/kg). PEPCK
activity in kidney began to increase slowly, reaching a maximum on day 16 and
declining thereafter, whereas in brown adipose tissue the activity was signifi-
cantly increased on day 1 and maximally day 4 after dosing. A likely explanation
for these tissue-specific effects is related partly to toxicokinetics and partly to
homeostatic responses of the organism to the toxic insult of TCDD. High concen-
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trations of TCDD in liver and brown adipose tissue combined with early re-
sponses (one day after dosing) suggest a direct effect in these organ or tissues,
whereas very low concentrations and delayed responses in kidney indicate an
indirect effect. This interesting enzymatic constellation suggests that the reduc-
tion in gluconeogenesis due to decreased PEPCK activity in liver is partially
counterbalanced by increased gluconeogenesis in kidney as a result of induction
of PEPCK in this organ. Induction of PEPCK in brown adipose tissue (BAT),
where it is a glyceroneogenic enzyme, provides for the first time a plausible
explanation for the initial accumulation of fat in brown adipose tissue of TCDD-
treated rats.

Tuomisto et al. (1995) performed portocaval anastomosis and vagotomy in
LE and Han/Wistar (HW) rats to elucidate the mechanism of anorexia induced by
TCDD. TCDD-sensitive LE rats were given a sublethal (5 µg/kg) or lethal (20
µg/kg) dose by gavage five to eight weeks after portacaval anastomosis. TCDD-
resistant HW rats were given a nonlethal dose (500 or 7,200 µg/kg). The shunt
operation did not reduce the lethality of TCDD. The effect on wasting of the
marginally toxic dose of 5 µg/kg in LE rats was potentiated by the portacaval
operation, and the lethal dose was effective in both shunted and sham-operated
LE rats. TCDD failed to decrease food intake and body weight in shunted HW
rats at either dose level although it did so in sham-operated controls. The absence
of an effect may be due to the already reduced weight of shunted rats at the time
of TCDD dosing. TCDD anorexia was not explained by changes in histamine or
serotonin turnover in the brain. Vagotomy did not influence the lethality of
TCDD, although reduction in food intake was somewhat blunted in HW rats. The
results were interpreted to suggest that the anorectic effect of TCDD is modified
when portal blood bypasses the liver. The results are not consistent with the
suggestion that the liver plays a role as the major initiator of TCDD anorexia.
Little evidence was found to support a crucial role of vagal afferent input.

The fact that TCDD toxicity in adipose tissue causes severe wasting suggests
that TCDD could have effects on adipocyte differentiation. Using 3T3-L1, cells
Phillips et al. (1995) demonstrated that when cells were treated with 10 nM
TCDD before differentiation or during the first two days of induction in the
presence of dexamethasone and isobutylmethylxanthine (IBMX), the number of
fat cell colonies measured seven to ten days later decreased. Researchers ob-
served an accompanying reduction in the amounts of mRNA encoding several
adipocyte markers. In contrast, when TCDD was added after differentiation, it
had no effect on maintenance of the adipose phenotype. Dose–response and
structure–activity relationships were consistent with a process mediated by the
interaction of TCDD with the AhR. TCDD did not interfere with glucocorticoid-
inducible transcription. Treatment of cells with TCDD augmented the increase in
protein kinase A activity elicited by either IBMX or forskolin, suggesting that if
TCDD disrupts the cAMP signaling pathway, interference occurs after activation
of PKA.
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Enan et al. (1996c) presented evidence that gender differences in the response
of nonreproductive cells to TCDD exist and that some of these differences in-
volve differential effects in the cytoplasmic and nuclear compartments of the cell.
Glucose uptake by adipose tissue in vitro was decreased significantly in male
guinea pigs within 1 day of i.p. injection of TCDD, but there was no significant
effect in females, even 28 days after treatment. A similar difference between
male and female guinea pigs was detected in the effect of TCDD on lipoprotein
lipase (LPL) activity, except that a significant decrease in LPL activity was
observed 28 days after treatment. Experiments with adipose tissue explants from
untreated guinea pigs and macaques revealed similar gender differences in the
effect of TCDD in vitro on glucose uptake and LPL activity. Both time course
and dose–response studies with TCDD in vitro confirmed the greater sensitivity
of male tissues to TCDD toxicity. TCDD induced lipid peroxidation in the adi-
pose tissues of male guinea pigs, but had no effect on females. Radiolabeled-
TCDD binding affinity studies in adipose explant tissues showed that tissues
from male guinea pigs and monkeys had a higher binding capacity for TCDD
than female tissues. TCDD induced a significant reduction in nuclear protein
phosphorylation and an increase in cytosolic protein phosphorylation in adipose
tissue from male guinea pigs; the effects in female tissues were the opposite:
nuclear protein phosphorylation increased and cytosolic protein phosphorylation
decreased. In a cell-free system in the absence of the nucleus, adipose tissues
from male guinea pigs and monkeys responded to TCDD with a rapid stimulation
of tyrosine kinase activity, but female tissues from both species had a signifi-
cantly lower and slower response. TCDD induced the DNA binding of AP-1 in
adipose tissues of male guinea pigs, but in female tissues, TCDD reduced the
DNA binding of AP-1.

Endocrine Effects Sewall et al. (1995b) reported follicular hyperplasia and
hypertrophy of the thyroid gland in rats administered 0.1–125 ng/kg TCDD per
day via oral gavage biweekly for 30 weeks. TCDD induction of UGT1 resulted in
increased excretion of T3 glucuronide. The observed hyperplasia and hypertro-
phy are consistent with elevated TSH levels. Results suggest that TCDD induces
alterations in thyroid hormone function, probably as a result of chronic perturba-
tions of the liver–pituitary–thyroid axis.

Enan and colleagues (1996a) examined the effects of TCDD on cellular
glucose uptake, cAMP-dependent PKA, and progesterone production in human
luteinizing granulosa cells (LGCs) in culture. Treatment of human LGCs with
TCDD produced a time- and dose-dependent decrease in cellular uptake of glu-
cose. The Vmax and Km of glucose transport were decreased by TCDD treatment.
Furthermore, cytochalasin B, a specific inhibitor of facilitative glucose trans-
porter proteins, totally abolished the portion of glucose transport activity that is
sensitive to TCDD. Pretreatment of cells with the AhR blockers 4,7-phenanthro-
line and α-naphthoflavone antagonized the effect of TCDD on [3H]Me-glucose
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uptake. Structure–activity relationship studies with TCDD and three dioxin con-
geners revealed a rank order that is consistent with their previously determined
biological activity. Treatment of cells for 48 hours with 10 nM TCDD substan-
tially reduced PKA and progesterone production. The inhibitory effect of TCDD
on progesterone production was more pronounced in the presence of insulin (10
µg/ml) and D-glucose (13.3 µM). However, cytochalasin B abolished the effect
of TCDD on progesterone production. Forskolin (an adenylate cyclase activator)
abolished the effect of TCDD on glucose uptake and progesterone production but
did not alter its effect on PKA activity. A relationship between glucose transport-
ing activity and progesterone production in human LGCs treated with TCDD is
suggested by the finding that cytochalasin B down-regulated glucose transporting
activity and progesterone production, insulin plus D-glucose down-regulated glu-
cose uptake and amplified the negative effect of TCDD on progesterone produc-
tion, and forskolin abolished the negative effect of TCDD on glucose transport-
ing activity and on progesterone production. From these data it was concluded
that glucose transporting activity can be used as a sensitive biomarker to detect
the very early response to TCDD in human steroid-producing cells and that the
effect of TCDD on steroid production is mediated through the cAMP-dependent
protein kinase.

Neurotoxicity The behavioral signs exhibited by animals exposed to TCDD
(progressive anorexia and loss of body weight) suggest a role for the CNS in
TCDD toxicity. At lethal doses, TCDD affects the metabolism of serotonin, a
neurotransmitter that can modulate food intake in the brain, and this effect is
associated with elevated concentrations of free tryptophan in the plasma (Unkila
et al., 1995a). No major changes in catecholaminergic neurotransmitter systems
were observed in TCDD-treated rats. Cytochrome P450-related enzyme activities
are induced by TCDD in the brain. As in the liver, this induction does not
correlate with susceptibility to TCDD lethality in rats.

Hanneman et al. (1996) examined the effects of TCDD and related com-
pounds on the uptake of intracellular calcium in primary cultures of rat hippo-
campal neuronal cells. Treatment of cell cultures with 2,3,7,8-TCDD (10–100
nM) resulted in a rapid, concentration-dependent increase in calcium associated
with a decrease in mitochondrial membrane potential and activation of α-protein
kinase C. In contrast, 1,2,3,4-TCDD, a weak AhR agonist, had no effect on
calcium at concentrations as high as 10 µM, and similar results were observed
with TCB. Maximal calcium concentrations were observed within 30 seconds
after addition of 2,3,7,8-TCDD and remained elevated above resting levels for
the duration of the experiment. This rapid increase in calcium was blocked by
addition of ethylenediamine tetraacetic acid (EDTA) (2 µM) to the external
medium or by pretreatment of cells with the calcium channel antagonist nifedipine
(10 µM). However, the pretreatment of cells with 100 µM cycloheximide failed
to block calcium uptake in neuronal cells. These data indicate that rat hippocam-
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pal neuronal cells are responsive to 2,3,7,8-TCDD; however, the mechanism is
not associated with altered gene transcription and may involve cellular targets.
Animal studies and in vitro mechanistic studies continue to emphasize the impor-
tance of alterations in neurotransmitter systems and thyroid function as underly-
ing mechanisms of behavioral dysfunction caused by TCDD and related chemi-
cals (Golub and Jacobson, 1995).

Immunotoxicity TCDD and structurally related halogenated aromatic hydro-
carbons have a broad range of immunologic effects in experimental animals,
including effects on host resistance and innate, cell-mediated, and humoral im-
mune responses (Kerkvliet, 1995). As discussed in VAO and Update 1996, thy-
mic atrophy is the most consistent biological effect found in laboratory animals
treated with TCDD and is believed to be mediated primarily through the T-cell
arm of the immune system. TCDD prevents the maturation of thymocytes to
mature T cells by inducing differentiation of thymic epithelial cells. Suppression
of humoral immunity by TCDD results in an inhibition of B-lymphocyte differ-
entiation into antibody-producing cells. Summarized below are recent studies
that support and expand on these findings.

The thymus plays an important role in generating the ability of the immune
system to distinguish self from nonself, thereby avoiding autoimmune responses.
The potential of TCDD to disrupt self–nonself discrimination was evaluated
using the popliteal lymph node (PLN) assay (Fan et al. 1995). Male Sprague-
Dawley rats were injected subcutaneously with either 10 µg/kg TCDD or 5 mg
per 50 µl chlorpromazine (CPZ), a structural analogue of TCDD (dissolved in
dimethylsulfoxide), into the right hind footpad. Vehicle was injected into the
contralateral footpad of treated animals, as well as into both hind footpads of
control rats. When the animals were sacrificed on day 7, the weight ratio of right
PLN over left PLN was significantly higher in both CPZ- and TCDD-treated rats
than in controls. Mild follicular hyperplasia of the PLN with no evidence of an
acute inflammatory response was found in both groups. These results indicate
that TCDD has the potential to induce or exacerbate autoimmune-like reactions.

Fan et al. (1996) studied the effect of TCDD on delayed-type hypersensitiv-
ity reaction as a measure of cell-mediated immunity in Sprague-Dawley rats. A
time-course evaluation demonstrated that the greatest effect on cell-mediated
immunity occurred when TCDD treatments were administered five days before
immunization with the antigen keyhole limpet hemocyanin (KLH). A dose–
response experiment of the effect of 1, 3, 10, 20, 30, 40, and 90 µg/kg TCDD on
delayed-type hypersensitivity to KLH showed an inverted U-shaped dose–
response curve, indicating that low doses enhanced and high doses suppressed
this immune function.

The effects of TCDD on another measure of cell-mediated immunity, cyto-
toxic T-lymphocyte (CTL) activity, has also been evaluated (De Krey and Kerk-
vliet, 1995). When mice were administered single oral doses of 2.5–40 µg/kg
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TCDD, a dose-dependent suppression of CTL activity was observed. In contrast,
plasma corticosterone (CS) levels were not significantly altered at doses lower
than 40 µg/kg TCDD, suggesting that TCDD-induced CTL suppression is not
dependent on CS elevation. The direct effect of TCDD on CTL generation was
tested in vitro by adding 10–13 to 10–9 M TCDD to cultures of mixed lymphocyte–
tumor cells. No alteration of CTL activity was observed after five days of culture
at any of the doses tested. In contrast, CS alone significantly suppressed CTL
activity. CS-induced CTL suppression in vitro was neither enhanced nor inhib-
ited by the presence of TCDD, which suggests that TCDD causes CTL suppres-
sion in vivo by a mechanism that does not involve CS.

In a study with nonhuman primates, Neubert et al. (1995) vaccinated marmo-
sets with tetanus toxoid and administered a second booster in conjunction with
100 ng/kg TCDD. The proliferative response of lymphocytes to recall antigen
was measured in vitro in blood samples. No reduction in lymphocyte response
was observed, but when the ratio of the responses between the first and second
booster was compared, a slight but statistically significant increase in this ratio
was observed in the lymphocytes of TCDD-treated marmosets compared to
controls.

Based on the observed suppressive effects of TCDD on T-cell activity, re-
ports of increased susceptibility of laboratory animals to pathogenic microorgan-
isms that interact primarily with cell-mediated immunity are not surprising. Re-
cently, Burleson et al. (1996) found that a single oral dose of 0.01, 0.05, or 0.10
µg/kg TCDD increased mortality in mice when they were subsequently infected
with influenza A/Hong Kong/8/68 (H3N2) virus. There was no effect on the
virus-enhanced increase in lung weight-to-body ratio or the virus-induced de-
crease in thymus weight. Thus, TCDD-augmented mortality did not appear to be
due to additive or synergistic effects of TCDD and virus on pulmonary edema or
thymic atrophy. However, another study reported minimal effects of TCDD on
Trichinella spiralis infection in rats (Luebke et al., 1995), which was markedly
different from the increased persistence of infection observed in an earlier study
with mice (Luebke et al., 1994). Researchers suggested that this difference was a
clear indication of differential species sensitivity and underscored the need to
determine which species more closely reflects the potential outcome of human
exposure to TCDD (Luebke et al., 1995).

The toxic action of TCDD on the thymus of rats and humans has been
compared by treating Wistar rats and SCID-ra and SCID-hu mice (engrafted with
fetal rat or human thymus, respectively) with 1, 5, or 25 µg/kg TCDD (de Heer et
al., 1995a). Four days after exposure, the thymuses were removed, weighed, and
examined histopathologically. There was a dose-dependent decrease in the rela-
tive size of the cortex of both normal rat thymus and grafted human thymus; the
decrease was significant in the highest-dose group. Only limited data were ob-
tained from grafted rat thymus because of a cutaneous graft-versus-host reaction,
but they were consistent with those in normal rat and grafted human thymus.
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TCDD tissue concentrations in normal rat thymus and grafted human thymus
were similar. Thus, it appears that the human thymus and the Wistar rat thymus
display a comparable sensitivity to the toxic action of TCDD.

To determine if TCDD interferes with intrathymic negative selection pro-
cesses, de Heer et al. (1995b) exposed M1s-1a DBA/2 mice to a single thymotoxic
dose of 75 or 225 µg/kg TCDD and evaluated the emergence of Vβ6+ cells in
thymus, spleen, and mesenteric lymph nodes during the subsequent recovery of
TCDD-induced thymic atrophy. In addition, the extrathymic differentiation of T
lymphocytes in the liver was studied. TCDD exposure resulted in severe thymic
atrophy and an increase in hepatic mononuclear cells. However, no evidence of
potentially autoreactive Vβ6+ cells, differentiated either intrathymically or extra-
thymically, in TCDD-exposed DBA/2 mice was observed.

Fan et al. (1996) examined the effects of TCDD primary antibody re-
sponse to sheep red blood cells (SRBCs), as an end point of the effects of
TCDD on humoral immunity, in studies with male rats. At doses of 10, 20, and
40 µg/kg TCDD, enzyme-linked immunosorbent assay (ELISA) revealed that
serum immunoglobulin M (IgM) levels measured seven or fourteen days after
immunization were not affected by TCDD compared to controls. In contrast,
serum IgG levels were elevated in a dose-dependent manner at both times. In
a related study, the involvement of cytokines (interleukin 1 [IL-1] and tumor
necrosis factor [TNF]) in mediating the enhanced IgG response and delayed-
type hypersensitivity reaction to 1, 2, 10, 30, and 90 µg/kg TCDD was inves-
tigated (Fan et al., 1997). Levels of mRNA for IL-1β were elevated in all dose
groups, with a fivefold increase above controls in the 90 µg/kg TCDD group.
The mRNA levels of TNF were also significantly elevated, beginning at 30 µg/
kg TCDD. These results suggest that at low doses of TCDD, increased levels
of IL-1β may account for immune function stimulation, whereas at high doses,
greatly elevated TNF and IL-1β levels might exacerbate or mediate acute
toxicity such as immune suppression and related biochemical effects. A time
course study using 60 µg/kg TCDD without immunization indicated that mRNA
levels of TNF in the liver were significantly elevated starting at 24 hours, and
reached a maximum at 48 hours. This change was accompanied by a transient
increase in mRNA levels of IL-1β at day 4. Thus, TCDD alone and without
immunization can cause transient increases in mRNA levels of TNF and IL-1β
in liver.

Smialowicz et al. (1996) studied the effect of TCDD on the antibody plaque-
forming cell (PFC) response to the T-cell-independent antigen trinitrophenyl-
lipopolysaccharide (TNP-LPS) in female B6C3F1 mice and F344 rats. The ani-
mals were injected i.p. with a single dose of 1–30 µg/kg TCDD seven days prior
to immunization with TNP-LPS. In mice, thymus weights were decreased at 10
and 30 µg/kg TCDD, whereas spleen weights were decreased and liver weights
increased at 3, 10, and 30 µg/kg. Mice treated with 10 and 30 µg/kg TCDD also
had suppressed PFC responses and serum hemagglutination titers. In rats, thymus
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weights were decreased and liver weights increased at 3, 10, and 30 µg/kg TCDD;
however, the PFC response and serum hemagglutination titers to TNP-LPS were
suppressed only at 30 µg/kg. No effects on splenic lymphocyte subsets were
observed. Collectively, these data suggest that TCDD suppresses the T-cell-
independent antibody response to TNP-LPS in both B6C3F1 mice and F344 rats
and that mice are more sensitive to immune suppression by TCDD than rats.

In addition to immune suppression, TCDD has been shown to promote in-
flammatory responses. This effect could be a result of upregulation of the pro-
duction of inflammatory cytokines, such as TNF and IL-1. Recently, Moos and
Kerkvliet (1995) examined the effects of exogenous TNF and the effects of
blocking TNF activity with a soluble TNF receptor (rhuTNFR:Fc) on antibody
production to SRBCs in control and TCDD-exposed C57BL/6 mice. Their results
indicated that increased TNF can suppress antibody production to SRBC, but that
TNF itself does not appear to mediate TCDD-induced antibody suppression.

Investigation into the effect of TCDD on cytokine production was conducted
using a novel in vitro model based on injection of hamster monoclonal antibody
to the CD3 epsilon portion of the mouse T-cell receptor (Prell et al., 1995). T-cell
activation resulted in the release of several cytokines, including TNF, interferon
(IFN), IL-2, IL-3, IL-6, and granulocyte-macrophage colony-stimulating factor
(GM-CSF). In an in vivo study, administration of 15 µg/kg TCDD to mice fol-
lowed by an injection of anti-CD3 two days later significantly reduced plasma
levels of IFN and elevated plasma levels of IL-6 and GM-CSF, suggesting that
increased IL-6 and GM-CSF contributed to the toxic effects of TCDD.

Kerkvliet et al. (1996) characterized changes in CTL, alloantibody, and
cytokine responses to the P815 tumor allograft in mice treated with 15 µg/kg
TCDD. TCDD suppressed CTL activity as well as cytotoxic antibody responses,
and suppression correlated with a reduced percentage of CD8+ T cells. The
cytokine profile of TCDD-treated rats was markedly different from that of con-
trol animals, which showed increases in IL-1 and TNF on day 5 and IL-2 on day
6, followed by peak induction of IL-6, IL-7, IL-2, IFN, TNF, and IL-1 on subse-
quent days. In contrast, cytokine production in TCDD-treated mice showed early
increases in IFN, IL-2, and TNF up to day 5 but failed to increase normally
thereafter; the production of IL-1, IL-4, or IL-6 was unaffected by TCDD. This
differential effect of TCDD on cytokine production was reflected in the degree of
suppression of cytotoxic antibody isotypes. TCDD abrogated the production of
IgG2a (generally associated with IFN production) but had much less effect on the
level of IgG (associated with IL-4).

The effects of TCDD on the production of cytokines IL-1 and IL-2 were
evaluated by Badesha et al. (1995). Young adult male Leeds rats fed a total dose
of 3 µg/kg TCDD showed a duration-dependent reduction of in vitro lipopoly-
saccharide-induced production of IL-1 by splenic macrophages within 30 days of
exposure. A prolonged, 180-day exposure was required before a significant sup-
pression in the generation of IL-2 by activated splenic T cells was measured.
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Thymic atrophy has been shown to be influenced by prostanoid metabolites
of arachidonic acid. Olnes et al. (1996) reported that TCDD inhibits prostaglan-
din G/H synthase, one of the important enzymes in the cyclooxygenase pathway
from arachidonic acid to prostaglandin H2. It was reported that incubation of
thymocytes with TCDD resulted in inhibition of synthase gene expression in a
concentration-dependent manner.

Kraemer et al. (1996) studied TCDD-stimulated prostaglandin synthesis in
canine kidney cell cultures. TCDD stimulated prostaglandin synthesis in these
cells, at least in part, by elevating PGHS-2 levels. This enzyme is believed to be
responsible for producing inflammatory prostaglandins and, indirectly, to modu-
late cytokines such as TGF and IL-1β. Results suggest that inappropriate expres-
sion of synthase may contribute to the diverse immunotoxic effects of TCDD.

Despite extensive laboratory research, the mechanism of TCDD-mediated
immunotoxicity remains uncertain. This is due, in part, to unsuccessful attempts
to demonstrate a direct effect of TCDD on immune function in vitro. As dis-
cussed in earlier reports, the immunotoxic effects of TCDD and related sub-
stances appear to be mediated predominantly through binding to the Ah receptor.
However, AhR-independent mechanisms also appear to be involved.

Recently, Fernandez-Salguero et al. (1995) demonstrated that AhR-deficient
mice are relatively unaffected by 2,000 µg/kg TCDD, a dose that is tenfold higher
than that found to cause severe pathologic effects on the thymus of littermates
expressing the functional receptor. These results suggest that thymic involution
by TCDD is mediated entirely by the AhR. However, a number of other patho-
logical effects, such as vasculitis and scattered single cell necrosis of the lung and
liver, were present in receptor-deficient mice, suggesting that some effects of
TCDD may be AhR-independent.

Thymic atrophy is a prominent effect of TCDD exposure. In the presence of
TCDD, the distribution of CD4/CD8 thymocyte subsets is strongly skewed to-
ward CD4-CD8+ single positives. The primary target of TCDD action appears to
be stroma cells, which have an important role in thymocyte maturation and in the
selection of thymocytes bearing T-cell receptors specific for foreign antigen in
the context of self. Using staphylococcus enterotoxin B as a superantigen, Kremer
et al. (1995) investigated whether the effects of TCDD on thymocyte differentia-
tion and maturation had further consequences for the selection process by analyz-
ing the repertoire of Vβ genes as a measure of negative selection and the expres-
sion of CD69 and bcl-2 by thymocytes as a measure of positive selection. TCDD
had no effect on negative selection but did increase the parameters for positive
selection. Researchers suggested that these effects on thymocyte maturation are
mediated through the action of TCDD on the thymus stroma via the AhR. This
hypothesis is strengthened by the results of Germolec et al. (1996), who reported
an increased expression of CYP1A1 in thymus cells from rats exposed to TCDD.
This pattern of induction was related to the expression of the AhR on macro-
phages or other stromal cells of the thymus.
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The role of the AhR in the immunosuppressive effect of TCDD on B lym-
phocytes has also been investigated. In order to identify the genes potentially
regulated by TCDD in B lymphocytes, Masten and Shiverick (1995) searched the
published data on genes important in B-cell function for DNA sequences that
have homology to the consensus AhR binding site. This approach identified a
subset of DNA binding sites for the transcription factor B-cell lineage-specific
activator protein (BSAP), which resembles the consensus binding site of the
receptor. BSAP expression is essential for B-cell development, and DNA binding
sites for BSAP occur in regulatory regions of the immunoglobulin heavy-chain
gene locus. The BSAP binding sites were localized in the promoter region of the
CD19 gene. CD19 is a cell surface signal-transducing protein expressed exclu-
sively on B lymphocytes at early stages of development. This evidence, there-
fore, suggests a role for BSAP in the regulation of CD19 gene expression and
further suggests that binding of TCDD to the AhR could interfere with transcrip-
tion by competing with BSAP for binding to this site.

Masten and Shiverick (1996) also compared TCDD responsiveness and AhR
complex formation in a cultured human hepatoma cell line and two human B-cell
lines. The B lymphocytes were found to express the AhR as well as the Arnt, and
gel mobility shift analysis demonstrated that the AhR complex in B cells was
functional with respect to TCDD activity. Furthermore, TCDD treatment induced
CYP1A1 activity in one of the two B-cell lines. The lack of response in the other
B-cell line was probably due to a relatively low level of AhR expression.

AhR-independent responses have been reported in certain strains of mice
immunized with SRBCs and exposed to TCDD or polychlorinated biphenyls.
These results, however, may have been due to the particular method of cultivat-
ing B cells in vitro using fetal bovine serum. Using a standard in vitro culture
method for spleen cells of B6C3F1 female mice, Harper et al. (1995) reported
that B lymphocytes cultured with mouse serum showed a dose-dependent sup-
pression of plaque-forming activity when exposed to TCDD. There was, further-
more, excellent correlation between the immunosuppressive activity of a number
of halogenated aromatic hydrocarbons and their binding affinity for the AhR.
These results support the role of the AhR in mediating TCDD-induced humoral
immunosuppression.

Macrophages are important cellular components of the innate immune re-
sponse. Although TCDD exerts profound immunosuppressive effects on B and T
lymphocytes, it appears to have much less activity against macrophages. TCDD
does not alter macrophage-mediated antigen presentation, phagocytosis, or tumor
cytolysis and cytostasis. However, there is some evidence suggesting that TCDD
treatment may stimulate macrophage-generated inflammatory cytokines and re-
active oxygen species. The toxic effects of TCDD and related compounds may
require activation to toxic metabolites by drug-metabolizing enzymes, such as
CYP1A1 and alcohol dehydrogenase (ALDH). Germolec et al. (1995) compared
the induction of these enzymes in various macrophage populations following
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treatment of F344 rats with TCDD. Kupfer cells, alveolar macrophages, and
splenic macrophages from TCDD-treated animals expressed elevated levels of
inducible CYP1A1 compared to other macrophage subpopulations or to cells
from control rats. In contrast, CYP1A1 induction was not detectable in resident
peritoneal macrophages or peripheral blood monocytes. Examination of AhR
levels in macrophage populations indicated that the ability of TCDD to induce
metabolic enzymes in specific cell types correlated well with AhR expression. In
a related study, Germolec et al. (1996) followed the induction of CYP1A1 and
ALDH in various lymphoid tissues from F344 rats exposed to TCDD. They
found that macrophages of the spleen and liver were the primary sites for genera-
tion of the metabolic enzymes. Other cells, such as thymocytes, showed enzyme
induction only if previously stimulated by mitogens. These effects correlated
with increased expression of the AhR and indicate that TCDD-induced increases
in these enzymes are related to the level of expression of the AhR in different
populations of immune cells.

Evidence for AhR-independent immunologic effects is supported by a recent
study in which the distribution and behavior of the AhR in isolated spleen T
lymphocytes and T-cell clones derived from Ah-responsive mouse strains were
evaluated (Lawrence et al., 1996). Western immunoblot were used to determine
the presence of the AhR in whole-cell extracts of resting and activated splenic
lymphocytes and T-cell clones. Increased EROD activity was observed in T-cell
clones and spleen cells, and the level of induction was about a hundredfold less
than in Hepa cells. The AhR was detected in all cell types examined, but the it
translocated to the nucleus only in activated, TCDD-treated T cells. Whereas
AhR derived from TCDD-treated wild-type Hepa cells bound specifically to a
dioxin response element, no binding was detected when an identical amount of
AhR obtained from activated T cells was used. The inability to detect binding of
the T-cell nuclear AhR complex to a consensus response element, combined with
difficulties of reproducing in vivo immunotoxic effects of TCDD in vitro sug-
gests that T cells may lack one or more factors required for AhR binding to a
DRE or may contain a suppressor factor that inhibits AhR binding to DNA.
Based on these data, it was suggested that TCDD affects T-cell function via an
indirect mechanism.

Rhile et al. (1996) studied the role of Fas (CD95), an important molecule
involved in the induction of apoptosis, and major histocompatibility complex
(MHC) genes in TCDD-mediated immunotoxicity. When TCDD was orally ad-
ministered to different strains of C57B1 mice at doses of 0.1, 1.0, or 5.0 µg/kg for
11 days, it was less toxic to thymocytes from C57BL/6 lpr/lpr mice (Ah respon-
sive, Fas-) than to those from C57BL/6+/+ mice (Ah responsive, Fas+). Similar
results were obtained when peripheral T-cell responsiveness to antigenic chal-
lenge with conalbumin was studied in these mice. When mice that differ only at
the MHC were compared for immunotoxic effects of TCDD, it was noted that
B10.D2 mice (Ah responsive H-2d) were more sensitive to TCDD-mediated ef-
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fects than B10.A mice (Ah responsive H-2b). In all TCDD-sensitive strains tested,
thymic atrophy was accompanied by a uniform depletion in all four subsets of T
cells (CD4+, CD4+CD8+, CD4-CD8-, and CD8+) and the proportion of the
subsets was not altered. In these strains, TCDD suppressed the antigen-specific
peripheral T-cell responsiveness, but not the responsiveness of naive resting T
cells to mitogens. It was also demonstrated that TCDD directly affected T cells
responding to conalbumin, but not antigen-presenting cells. Thus, although the
Ah locus has the primary role in determining the toxicity of TCDD to T cells,
secondary factors such as the expression of Fas or the MHC phenotype might also
play an important role in TCDD-mediated immunotoxicity.

The effects of TCDD on the expression of costimulatory molecules B7-1 and
B7-2 in P815 allograft immunity were evaluated in C57BL/6 mice (Prell and
Kerkvliet, 1997). Expression of B7-2, but not B7-1, was up-regulated in splenic
B220+ and Mac-1+ cells in P815-challenged mice. Exposure to TCDD signifi-
cantly decreased the expression of B7-2 on B220+ and Mac-1+ cells in P815-
challenged mice. Providing exogenous B7-mediated costimulation, in the form of
B7-transfected P815 tumor cells, induced CTL activity in TCDD-treated mice by a
mechanism that was independent of CD4+ T cells. In contrast, B7-transfected P815
cells did not restore the cytotoxic alloantibody response in TCDD-treated mice.
Based on these results, it was suggested that MHC class II B7-transfected P815
tumor cells can directly activate CD8+ CTL precursors, but cannot directly stimu-
late CD4+ T-helper cells required for B-cell activation. In addition, these results
demonstrated that CTL precursors in TCDD-treated mice are functional and able to
differentiate into effector CTL provided they receive adequate costimulation via
B7. Thus, defective costimulation, through reduced B7-2 expression, may play a
role in TCDD-induced immunotoxicity. In support of this hypothesis, evidence was
presented that blocking B7-2/CD28 interactions, and to a lesser degree B7-1/CD28
interactions, suppressed the alloimmune responses to P815 tumor cells.

To determine the basis for TCDD-induced suppression of the humoral immune
response, Karras et al. (1996) examined the effects of TCDD using in vitro models
of T-independent (antibody directed against surface IgM) and T-dependent (acti-
vated T-helper cells bearing CD40 ligand) B-cell maturation. TCDD suppressed
murine B-cell IgM secretion induced by anti-IgM, but did not affect IgM secretion
stimulated by activated T cells through the CD40 pathway. Because mobilization of
calcium has been shown to be an integral event in the stimulation of proliferation
via the antigen receptor in B cells, the effect of TCDD exposure on B-cell intracel-
lular calcium concentration and mobilization was examined. TCDD suppressed
calcium mobilization in B cells, whereas stimulation by activated T cells was
unaffected. The results support a role for the disruption of calcium homeostasis as
another AhR-independent mechanism for TCDD toxicity.

Reproductive or Developmental Toxicity The effects of TCDD on reproduc-
tive development and fertility of the progeny have been investigated in a number
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of studies. Results are presented below for male and female mammals (specifi-
cally rodents) and for other nonmammalian species (i.e., fish and birds).

Low doses of TCDD in pregnant rats alter the reproductive development and
fertility of the progeny. In comparative reproductive studies, Gray et al. (1995)
administered TCDD to LE hooded rats and pregnant Syrian hamsters, a species
relatively insensitive to the lethal effects of TCDD. When the rats and hamsters
were dosed on GDs 15 and 11, respectively, puberty was delayed by about three
days, ejaculated sperm counts were reduced by at least 58 percent and epididymal
sperm storage was reduced by 38 percent. Testicular sperm production was less
affected. The accessory sex glands were also reduced in size in rat offspring
treated on GD 15 despite the fact that serum testosterone (T), T production by the
testis in vitro, and androgen receptor (AR) levels were not reduced. Some repro-
ductive measures, such as anogenital distance and male sex behavior, were al-
tered by TCDD treatment in rat but not hamster offspring. Since T and AR levels
appeared normal in the accessory sex glands and the epididymis following peri-
natal TCDD exposure, alterations in these tissues are not likely to have resulted
from an alteration of the androgenic status of the male offspring.

Roman et al. (1995) recently completed studies to determine whether in
utero and lactational TCDD exposure decreases male rat accessory sex organ
weights during postnatal development and whether this effect involves decreases
in testicular androgen production or changes in peripheral androgen metabolism.
Pregnant rats were administered a single dose of TCDD on GD 15, and offspring
were exposed via placental and subsequent lactational transfer until weaning on
postnatal day (PND) 21. No significant differences were observed between PNDs
21 and 63 in circulating androgen concentrations and intratesticular androgen
content. In vitro human chorionic gonadotropin-stimulated testosterone produc-
tion from TCDD-exposed animals did not differ from control, although 5-andros-
tane-3,17α-diol production was decreased on PNDs 32 and 49 and increased on
PND 63. Thus, in utero and lactational TCDD exposure can cause subtle de-
creases in testicular androgen production. These observed reductions, however,
do not correlate temporally with one another or with decreases in androgen-
dependent male accessory sex organ weights. Of the male accessory sex organs,
the ventral prostate (VP) and dorsolateral prostate (DLP) were the most severely
affected. Between PNDs 21 and 63, relative VP and DLP weights were decreased
to 65–84 percent and 57–80 percent of control, respectively, and the magnitude
of observed decreases was greatest at early times. In contrast, relative weights of
the seminal vesicle and coagulating gland ranged from 80 to 104 percent of
control, and the magnitude of observed decreases was greatest at later times. The
sensitivity of the prostate to TCDD could not be explained by tissue-specific
decreases in dihydrotestosterone concentrations. Although VP DHT concentra-
tion was decreased to 63 percent of control on PND 21, DHT concentration was
not decreased in the VP between PNDs 32 and 63 or in the DLP at any time.
These results suggest that in utero and lactational TCDD exposure selectively
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impairs rat prostate growth and development without inhibiting testicular andro-
gen production or consistently decreasing prostate DHT concentration.

Decreased daily sperm production (DSP) and cauda epididymal sperm num-
ber are some of the most sensitive effects of in utero and lactational TCDD
exposure. To determine if TCDD exposure increases the rate of sperm transit
through the excurrent duct system, thereby decreasing the number of sperm in the
system at any given time, pregnant Holtzman rats were administered a single
dose of TCDD (1.0 fg/kg, p.o.) on GD 15 and offspring were weaned on PND 21
(Sommer et al., 1996). On PND 50, testicular sperm were labeled with radiola-
beled thymidine in five males per litter from control and TCDD-exposed litters.
On PNDs 92–93, TCDD exposure significantly decreased DSP and testis, corpus
and cauda epididymis, vas deferens, and ejaculated sperm numbers by 28, 30, 36,
39, and 46 percent, respectively. Decreases in sperm number in the distal excur-
rent duct system were greater than the decrease in DSP, consistent with the
hypothesis that TCDD exposure has an effect other than decreased DSP that
reduces epididymal and ejaculated sperm numbers. However, in utero and lacta-
tional TCDD exposure did not alter radiolabeled sperm transit time through the
whole epididymis (15 days). With TCDD exposure causing no obvious alteration
in sperm transit rate, a plausible explanation for sperm loss is an increase in
sperm phagocytosis in the excurrent duct system.

The reproductive alterations in female progeny after gestational administra-
tion of TCDD were evaluated by Gray et al. (1995). In these experiments, LE
hooded rats were given a single dose of 1 fg TCDD/kg by gavage on GD 8 (i.e.,
a period that includes major organogenesis) or GD 15 (i.e., a period prior to sex
differentiation and a dosing regime that alters sex differentiation of the male LE
rat). In a second experiment, Holtzman rats were dosed with TCDD at 1 fg/kg on
GD 15 to determine if the progeny of this strain displayed malformations of the
external genitalia and vaginal orifice as did LE rats. TCDD-treated female LE
offspring displayed a number of unusual reproductive alterations. In the GD 15
group, puberty was delayed, more than 65 percent of the female offspring dis-
played complete to partial clefting of the phallus, and 80 percent displayed a
permanent thread of tissue across the opening of the vagina. In the GD 8 treat-
ment group, 25 percent displayed partially cleft phallus and 14 percent had a
vaginal thread. GD 15 TCDD administration also induced a high incidence of
malformations in Holtzman female progeny (100 percent clefting and 83 percent
with a vaginal thread). At necropsy (>550 days old), ovarian weight was signifi-
cantly reduced by 23 percent in both rat strains. In the LE rat, vaginal and
behavioral estrous cyclicity, estrous cycle-mediated running wheel activity, and
female sexual behavior at proestrus (darting and lordosis to mount ratios) were
not affected by GD 15 TCDD treatment. However, untreated stud males had
difficulty attaining intromission and took longer to ejaculate, and vaginal bleed-
ing was displayed during mating by GD 15 TCDD-exposed female offspring. GD
8 TCDD-treated female offspring displayed enhanced incidences of constant
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estrus (CE) (47 percent CE versus 16 percent CE in the control and GD 15 groups
at middle age) and cystic endometrial hyperplasia. In addition, in the GD 8 group
fertility rate declined significantly faster than in controls and fecundity was re-
duced by 38 percent. These data suggest that administration of a single dose of
1 fg TCDD/kg on GD 15 results in malformations of the external genitalia in
female LE and Holtzman rats. Although treatment on GD 15 is generally more
toxic to the offspring than treatment on GD 8 with respect to growth, viability,
male reproductive effects, and malformations of the external genitalia in female
progeny, treatment on GD 8 is more effective in inducing functional reproductive
alterations in female progeny.

Twenty-one days prior to induction of surgery to produce endometriosis,
female Sprague-Dawley rats and B6C3F1 mice were pretreated with at 0, 3, or
10 fg TCDD/kg. Animals were treated again at the time of surgery and at three,
six, and nine weeks following surgery. TCDD produced a dose-dependent in-
crease in endometriotic site diameter when all time points were pooled within
each dose in rats and a dramatic increase in site diameter in mice at 9 and 12
weeks (Cummings et al., 1996). In rats but not mice, ovarian weight was de-
creased at 9 and 12 weeks. The occurrence of persistent vaginal estrus was
increased at these times, and histological evaluation of the ovaries revealed ovu-
latory arrest at 12 weeks. In both species, thymic atrophy and hepatomegaly were
also observed. Histological evaluations of endometriotic sites revealed fibrosis in
control rats, necrotic and inflammatory changes in sites from TCDD-treated rats,
and predominantly fibrotic changes in sites from TCDD-treated mice. Differ-
ences observed between rat and mouse with respect to the magnitude of changes
in endometrial site diameter (rat < mice), ovarian function (rat > mice) and
immune response suggest that the mechanisms mediating the promotion of en-
dometriosis by TCDD are complex and may differ in rats and mice. Endometrio-
sis in the rhesus monkey, which bears a close parallel to the human disease, is
exacerbated by TCDD (Rier et al., 1993).

Treatment of pregnant female Sprague-Dawley rats on GD 15 with a single
oral dose of TCDD (0.5, 1.0, or 2.0 µg /kg) or indole-3-carbinol (I3C; 1.0 or 100
µg/kg), an AhR agonist found in cruciferous vegetables, resulted in reproductive
abnormalities in male offspring (Wilker et al., 1996). Anogenital distance and
crown-to-rump length were altered by both compounds; however, the timing of
the effects (day 1 or 5) was variable and the responses were not necessarily dose
dependent. In 62-day-old offspring, seminal vesicle, prostate, testicular paren-
chymal, and epididymal weight were decreased by one or more doses of TCDD.
The total number of sperm in the epididymis was significantly decreased in rats
perinatally exposed to TCDD due to a decreased number of sperm in the tail of
the epididymis. Perinatal exposure to I3C did not affect any of these parameters.
TCDD did not affect the transit time of sperm through the complete epididymis at
any doses (0.5–2.0 fg/kg). However, at the two highest doses (1.0 and 2.0 fg/kg),
TCDD increased the transit rate of sperm through the tail of the epididymis. In
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contrast, primarily due to the decreased transit rate of sperm through the head
plus body of the epididymis, I3C (1 mg/kg) significantly increased total epididy-
mal transit time by 31 percent. The authors concluded that perinatal exposure of
pregnant rats to I3C causes reproductive abnormalities in male offspring but that,
relative to TCDD, both common and different responses are present.

After water-borne exposure of newly fertilized eggs to TCDD (35–2,100 ng
per liter), Henry et al. (1997b) characterized the toxicity and histopathology of
TCDD in zebrafish during early life stages from 12 to 240 hours postfertilization
(hpf). TCDD did not increase egg mortality (0–48 hpf), nor did it affect time to
hatching (48–96 hpf). Eggs exposed to 1.5 ng or more of radiolabeled TCDD per
gram of egg elicited toxic responses in zebrafish larvae. Pericardial edema and
craniofacial malformations were first observed at 72 hpf, followed by the onset of
yolk sac edema (96 hpf) and mortality (132 hpf). The LD50, determined at 240
hpf, was 2.5 ng TCDD/g egg. Severe hemodynamic changes, observed as slowed
blood flow in vascular beds of the trunk, head, and gills and decreased heart rate,
occurred in TCDD-treated zebrafish prior to or coincident with the onset of gross
signs of toxicity. Histological examination of TCDD-treated zebrafish revealed a
variety of epithelial tissue lesions including arrested gill development and bal-
looning degeneration and/or necrosis of the renal tubules, hepatocytes, pancreas,
and all major brain regions. Mesenchymal tissue lesions included subcutaneous
edema in the head, trunk, and yolk sac; edema of the pericardium and skeletal
muscle; and underdevelopment of the swim bladder.

Using a TCDD photoaffinity analogue, Brown et al. (1995) detected the
presence of two proteins (28 and 39 kDa) in the cytosol of the hard-shell clam,
Mercenaria Mercenaria that bind to this chemical. Expression of these proteins
is tissue dependent, with the highest concentrations observed in gill and gonadal
tissue. Gonadal tissue also exhibited gender-specific expression, with female
clams exhibiting higher levels of the 39 kDa protein. The varying concentrations
in different tissues suggest that these proteins are not proteolytic fragments of a
larger precursor, although they could be homologous to the AhR.

Janz and Bellward (1996a) evaluated the effects of in ovo TCDD exposure
on perinatal plasma thyroid hormone concentrations (total T3, total T4) and body
and skeletal growth in the domestic chicken, domestic pigeon, and great blue
heron. EROD activity in the liver was employed as an enzymatic marker of
CYP1A1 induction by TCDD. Although the EROD activity was induced 13 to 43
times above control values in chickens treated with TCDD, there was no effect on
hatchability, body growth, subcutaneous edema, or plasma thyroid hormone lev-
els. In pigeons exposed to TCDD, EROD was induced significantly, hatchability
was decreased, liver-to-body weight ratio was elevated, and body and skeletal
growth decreased (p < .01); however, there was no effect on plasma thyroid
hormone levels. In heron, EROD activity was induced two- to threefold above
control birds; however, no effect was observed on plasma thyroid hormone levels
or body growth. Thus, in ovo TCDD exposure adversely affected the body and
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skeletal growth, and hatchability of the domestic pigeon, but had no effect on the
domestic chicken or great blue heron. Collectively, these results suggest that
perinatal plasma thyroid hormone levels cannot be used as a relatively nonin-
vasive biomarker of TCDD exposure during embryonic development in these
species.

In another set of experiments, Janz and Bellward (1996b) reported no effect
of in ovo TCDD exposure on liver ER levels or plasma estradiol concentrations in
female chickens and pigeons exposed early in incubation. In female pigeons
exposed during the latter third part of incubation to a TCDD dose that would
cause high embryo lethality if injected early in incubation, hepatic ER concentra-
tions were elevated (p < .001) and plasma estradiol concentrations were de-
creased (p < .01) at hatch. There was no effect of TCDD exposure on plasma
estradiol levels in male pigeons. In herons, TCDD exposure had no effect on
hepatic ER levels or plasma estradiol and testosterone concentrations at either
time. Based on these results it was concluded that in chicken, pigeon, and great
blue heron hatchlings exposed early in incubation to low doses of TCDD, hepatic
ER levels and plasma estradiol concentrations are not altered.

Several studies have been published during the reference period on the de-
velopmental effects of TCDD in mice, rats, chicks, and medaka. These are dis-
cussed below. Effects discussed include cleft palate, hydronephrosis, cardio-
toxicity, and angiogenesis. Advances in the understanding of the mechanisms
underlying these effects are also discussed.

Developing mice seem to be sensitive to TCDD, which acts to alter the
proliferation and differentiation of epithelial, as well as mesenchymal cells. A
mouse line deficient in TGF-β3 exhibits cleft palate remarkably similar to that
seen with TCDD, suggesting that the AhR may be involved, directly or indirectly,
in the regulation of TGF-β3 in developing palate. TCDD exposure would increase
the formation AhR–Arnt dimers, decreasing the amount of Arnt available for
other interactions and resulting in decreased TGF-β3 expression. Decreased con-
centrations of free Arnt owing to recruitment by liganded AhR may shift the
balance of this general dimeric partner away from HIF-1α or other partners.

Structural defects following dioxin exposure have been reported in the mouse
at doses that do not cause either maternal or fetal toxicity, the best described of
which is cleft palate. There is a critical window for the induction of this defect,
with peak incidence following exposure on day 11 or 12 of gestation (Couture et
al., 1990a). In contrast, the induction of hydronephrosis does not appear to have
a peak window of sensitivity during organogenesis and can even be induced
lactationally (Couture et al., 1990b). Interestingly, hydronephrosis is a more
sensitive response to TCDD than cleft palate.

When EGF, TGF-α, EGFR, and the TGF-βs are considered as a combinato-
rial, interacting set of regulators, TCDD and the synthetic glococorticoid hydro-
cortisone (HC) each produce a unique pattern of increased and/or decreased
expression of these genes (Abbott, 1995). HC in combination with TCDD pro-
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duced increased expression of both receptors; this pattern would produce HC-like
clefts since the GR-mediated responses would result in small palatal shelves. The
observed cross-regulation of the receptors is believed to be important in the
synergistic interaction between TCDD and HC for the induction of cleft palate.

Peters and Wiley (1995a) investigated the developmental expression of Arnt
mRNA with the goal of identifying the mechanisms by which AhR functions
during preimplantation embryo development. Blastocyst-stage preimplantation
mouse embryos were collected after 72 hours of in vitro culture. Hepa 1c1c7 cells
served as a positive control. Arnt was detected in blastocyst-stage embryos as
well as in positive controls. Southern analysis with a human Arnt cDNA probe
confirmed that the detected reverse transcription (RT) polymerase chain reaction
(PCR) product in blastocysts was similar in sequence to human Arnt mRNA.
These data suggest that the AhR–Arnt pathway may function during embryonic
development. When mice are treated with TCDD and RA simultaneously, palatal
clefts can be observed in 100 percent of offspring of mothers at dose levels far
lower than those required for either agent to produce clefting if given alone
(Weston et al., 1995). This synergy suggests that the pathways controlled by
these agents converge at one or more points in cells of the developing palate. The
effects of TCDD on induction of the type II cellular RA binding protein and the
RA receptor β by RA in murine embryonic palate mesenchymal cells were also
examined. Although TCDD alone had no effect on basal levels of expression of
either gene, the induction of both genes by RA was strongly inhibited by TCDD.
These results represent the first evidence for a direct molecular interaction be-
tween the RA and TCDD-mediated signaling pathways.

Recent reports have investigated TCDD-induced cardiotoxicity. Walker et al.
(1997) injected chicken eggs with TCDD (1.0 pmol/g) prior to incubation and
collected them after cardiac development was complete. Relative to controls, TCDD
increased heart wet weight (27.2 ± 0.5 mg versus 36.6 ± 1.3 mg, p < .001) and dry
weight (2.7 ± 0.1 mg versus 3.1 ± 0.1 mg, p < .01) and tended to increase heart
myosin content (3.5 ± 0.6 µg versus 6.3 ± 2.5 µg, p < .07), suggesting an increase
in cardiac muscle mass and edema. Histologic and morphometric analyses revealed
that TCDD-exposed hearts exhibited enlarged right and left ventricles, thickened
ventricular septum, and a thinner left ventricular wall with increased trabeculation,
and some exhibited ventricular septal defects compared to controls. The AhR was
expressed ubiquitously in cardiac myocytes, whereas Arnt expression was restricted
to myocytes overlying developing septa: the atrioventricular canal, outflow tract,
and atrial and ventricular septa. Both proteins were absent from endocardium and
endocardial-derived mesenchyme. In addition, cardiac expression of an AhR–Arnt
target CYP1A1 was restricted to myocardium coexpressing AhR and Arnt. Thus,
the spatial and temporal expression of AhR and Arnt suggests that the developing
myocardium and cardiac septa are potential targets of TCDD-induced teratogenic-
ity, and such targets are also consistent with cardiac hypertrophy and septal defects
observed after TCDD exposure.
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Hassoun et al. (1995) exposed pregnant mice to TCDD (30 µg/kg) on the
twelfth day of gestation and observed 1.8- and 2.3-fold increases in DNA single-
strand breaks in fetal and placental nuclei, respectively. They also observed
increases in lipid peroxidation in placental and fetal tissues. TCDD administra-
tion produced increases in amniotic fluid levels of the lipid metabolites malondi-
aldehyde, formaldehyde, acetaldehyde, and acetone. Altogether, reactive oxygen
species may participate in the teratogenic effects of TCDD.

TCDD produces dose-dependent decreases in fetal weight, fetal thymic
weight, and placental weight, and dose-dependent increases in fetolethality, cleft
palate formation, and hydronephrosis at doses of 10–30 and 30–60 µg/kg body
weight in C57BL/6J and DBA/2J mice, respectively (Hassoun and Stohs, 1996).
Based on these response patterns it has been suggested that TCDD-induced cleft
plate and hydronephrosis involve mechanisms that are AhR mediated. However,
the fetotoxic effects appear to involve mechanisms not related to the AhR since
endrin and lindane exhibited comparable responses. Finally, it has been shown
that high levels of PCBs, PCDDs, and PCDFs in breast milk were related to
reduced neonatal neurological optimality. These results are consistent with the
suggestion of the neurotoxic effects of these compounds on the developing brain
of newborn infants (Huisman et al., 1995a).

Chaffin et al. (1996) investigated the effects of TCDD exposure during fetal
and perinatal development on the estrogen-signaling system in peripubertal fe-
male rats. Pregnant rats were given 1 µg/kg TCDD on GD 15. Body weights were
reduced, although not significantly, on postnatal day 21. Estrogen receptor mRNA
increased in the hypothalamus, uterus, and ovary and decreased in the pituitary.
The results of DNA binding assays paralleled the mRNA profile of the uterus,
whereas DNA binding activity was decreased in the hypothalamus and unchanged
in ovarian protein extracts. Circulating concentrations of estrogen were signifi-
cantly lower in TCDD-exposed rats, suggesting that the decrease in serum estro-
gen may be a cause of the alterations in ER mRNA. However, changes in ER
DNA binding activity are suggestive of alterations in translation or posttransla-
tional events. The mechanism of the reduction in female fertility that accompa-
nies in utero and lactational exposure to TCDD remains unknown, although it
could be linked to the estrogenic effects observed by Gray and Ostby (1995),
such as clefting of the phallus and hypospadias.

In 1988, Henshel et al. (1995) started to cull wild heron eggs from contami-
nated areas of British Columbia and hatch them in the laboratory. Hatchling
brains exhibited a high frequency of intercerebral asymmetry, which decreased in
subsequent years as TCDD levels decreased. This frequency correlated with the
level of TCDD and TCDD toxicity equivalence factors (TEQs) in eggs taken
from the same nest. The yolk-free body weight correlated negatively and the
brain somatic index correlated positively with TCDD levels in such pair-matched
eggs. These results indicate that gross brain morphology, and specifically interce-
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rebral asymmetry, may be useful as a biomarker for the developmental neuro-
toxic effects of PCDDs and related chemicals.

Carcinogenicity During the reference period, studies were conducted to ex-
amine the role of the AhR in TCDD enzyme induction and tumor promotion.
The mechanism by which TCDD induces tumor promotion was also under
investigation.

Wang et al. (1995) determined the Ah responsiveness of numerous human
cancer cell lines (T-47D, Hep G2, LS180, MCF-7, A431, C-4II, and MDA-MB-
231) on induction of CYP1A1 mRNA levels and EROD activity. With the excep-
tion of the MDA-MB-231 breast cancer cell line, TCDD significantly induced
CYP1A1 mRNA levels and EROD activity in the remaining six cell lines. How-
ever, EC50 values for EROD induction in all cell lines were not consistent for the
nuclear AhR complex. The nuclear AhR complex varied from 175 kDa (for the
MDA-MB-231 cells) to 221 kDa. Altogether, the molecular properties and levels
of the nuclear AhR complex from seven different human cancer cell lines do not
predict Ah responsiveness.

Males of the C57BL/6, DBA/2, or F1 strain were initiated with a single i.p.
dose of N-nitrosodiethylamine (14, 21, and 21 percent respectively) (Beebe et al.,
1995). Although TCDD did not induce CYP1A or promote liver tumors in DBA/
2 mice, in all other strains results indicate that a functional Ah receptor is required
for liver tumor promotion. However, CYP1A1 induction was not directly related
to the degree of tumor-promoting capability, suggesting that other genetic factors
must play a role in mediating the final tumor outcome.

Abel et al. (1996) studied the dose–response relationship of cytochrome
P4501B1 (CYP1B1) and CYP1A1 induction in livers of two strains of TCDD-
treated female mice (C57BL/6J and DBA/2J). For both strains, CYP1B1 and
CYP1A1 mRNA content increased after TCDD exposure (24 hours) in a dose-
dependent manner (0.001–50 µg/kg). These effects were more pronounced in
TCDD-responsive C57BL/6J mice than in the less responsive DBA/2J mice.
CYP1A1 was more responsive to TCDD than CYP1B1 in both strains, suggest-
ing that CYP1B1 mRNA expression is less inducible by TCDD than CYP1A1
but that both genes are highly AhR regulated.

Huang et al. (1995) conducted studies to compare AhR in cultured fetal cells
and adult livers from TCDD-responsive (C57BL/6J) and nonresponsive (DBA/
2J) mice. In each strain, the molecular mass of the AhR from fetal cells is
identical to that from adult liver. The AhR in DBA/2J fetal cells was able to
activate a transfected chloramphenicol acetyltransferase linked to a dioxin-
responsive element nucleotide sequence. These data suggest that the responsive-
ness of fetal cells from “nonresponsive” mice is likely mediated by the AhR but
is not due to expression of a different allelic form of AhR ligand binding subunit
in fetal cells versus adult liver.
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Hakkola and colleagues (1997) studied the expression of the AhR-regulated
CYP1B1 gene in human adult and fetal tissues and cell cultures. In adults,
CYP1B1 mRNA was detected in lymphocytes and cells of bronchoalveolar lav-
age, uterine endometrium, and liver, but not lung. The level of expression was
very low in adult liver, and only three of six fetal livers expressed CYP1B1. Fetal
tissue other than the liver, especially brain and kidney, expressed high levels of
CYP1B1. CYP1B1 mRNA was detected at a low level in first-trimester and full-
term placental samples. CYP1B1 mRNA was not induced in placenta by mater-
nal cigarette smoking.

The group also studied the inducibility of CYP1B1 by TCDD in primary
fibroblasts and a carcinoma cell line (JEG-3) having different CYP1A1 induction
properties. The inducibility of CYP1B1 was found to be regulated independently
of CYP1A1. In carcinoma cells, CYP1A1 mRNA was induced up to 9,000-fold,
while the expression of CYP1B1 was not affected. Expression of the AhR and
Arnt was determined in human placenta and in the carcinoma cell line. Expres-
sion of these transcription factors was found to be neither coregulated nor af-
fected by AhR ligands. This study provides evidence that in addition to the AhR
complex, other cell-specific factors modulate the response of CYP1B1 and CYP1A1
to AhR ligands. The level of complexity of CYP gene induction continues to
increase.

The exposure of two hepatoma cell lines Hep G2 and Hepa-1 to moderate
hydrodynamic shear, in microcarrier-attached suspension cultures, resulted in the
transient induction of CYP1A1 (Mufti et al., 1995). Both cell lines have been
characterized with respect to their AhR concentrations and induce CYP1A1 in
response to exposure to xenobiotics such as TCDD. Using an AhR antagonist, α-
naphthoflavone, and a protein kinase C inhibitor, staurosporine (ST), in the Hep
G2 cell line, the induced CYP1A1 activity was modulated in the same manner as
when cells were coexposed to TCDD and either α-NF or ST. Exposure of the Hep
G2 cell line to TCDD and shear resulted in enhancement of both the induced
CYP1A1 activity and a competitive response. Finally, using wild-type and AhR-
defective Hepa-1 cell lines, it was demonstrated that a functional AhR was re-
quired for shear-induced CYP1A1 expression. The data obtained in three cell
lines indicate a role for the AhR in the induction of CYP1A1 by shear in agitated
microcarrier cultures.

Gilday et al. (1996) reported the cloning and sequencing of cDNAs for two
catalytically distinct TCDD-induced CYP enzymes in chick embryo liver. One
mediates classic CYP1A1 activities, whereas the other has some CYP1A2-like
activity and is also responsible for TCDD-induced arachidonic acid epoxygena-
tion. Amino acid sequence analysis shows that although each chick enzyme can
be classified in the CYP1A family, both are more like CYP1A1 than CYP1A2,
and neither can be said to be directly orthologous to CYP1A1 or CYP1A2.
Phylogenetic analysis shows that the two chick enzymes form a separate branch
in the CYP1A family tree distinct from mammalian CYP1A1 and CYP1A2 and
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from fish CYP1A enzymes. The findings suggest that CYP1A progenitors split
independently in evolutionary lines into two CYP enzymes with some parallel
functions, which offers evidence for convergent evolution in the CYP1A family.
Northern analysis shows that the chick enzymes have a different tissue distribu-
tion of CYP1A1 and CYP1A2. PRC and in situ hybridization data show that both
chick enzymes are expressed in response to TCDD even before organ morpho-
genesis. The findings were interpreted to suggest that beyond their role in activat-
ing carcinogens, CYP1A enzymes have conferred evolutionary and developmen-
tal advantage, perhaps as defenses in maintaining homeostatic responses to toxic
chemicals.

According to Christou et al. (1995), rat mammary cells express both CYP1A1
and CYP1B1 in response to PAHs and TCDD exposure, depending on cell type.
CYP1B1 protein was scarcely detected in rat mammary cell but was surprisingly
active as a participant in 7,12-dimethylbenz[a]anthracene (DMBA) metabolism.
CYP1B1 was selectively expressed in the stromal fibroblast population of rat
mammary cells to the exclusion of CYP1A1. In rat mammary fibroblasts, CYP1B1
protein and associated activity were each present at low levels and were highly
induced by benz[a]anthracene (BA) to a greater extent than by TCDD (twelve-
versus sixfold). However, BA (10 µM) and TCDD (10 nM) stimulated the 5.2-
kilobase CYP1B1-specific mRNA equally. These increases are consistent with
the involvement of the AhR in the transcription of the CYP1B1 gene and with the
additional stabilization of CYP1B1 protein by BA, as previously observed in
embryo fibroblasts. The constitutive expression and PAH inducibility of CYP1B1
and CYP1A1 proteins in rat mammary fibroblasts and epithelial cells, respec-
tively, were each decreased approximately 75 percent by a hormonal mixture of
17β-estradiol (0.2 µM), progesterone (1.5 µM), cortisol (1.5 µM) and prolactin (5
µg/ml). Progesterone and cortisol, added singly to fibroblasts suppressed CYP1B1
protein expression in both untreated and BA-induced cells, whereas cortisol also
suppressed CYP1B1 mRNA. In contrast, 17β-estradiol stimulated constitutive
expression of CYP1B1 protein (50–75 percent) and mRNA level (two- and three-
fold) but did not affect CYP1B1 expression in BA-treated fibroblasts. The ex-
pression of CYP1A1 and CYP1B1 is therefore highly cell specific even though
each is regulated through the AhR. Each cytochrome P450 exhibits a surprisingly
similar pattern of hormonal regulation even though expressed in different cell
types.

In MCF-7 human breast cancer cells, E2 induction of cat D gene expression
is associated with formation of an ER–Sp1 complex within the promoter region
(–199/–165) of this gene. E2-induced cat D gene expression is inhibited by TCDD
within 30 minutes in MCF-7 cells. Moreover, using a series of synthetic oligo-
nucleotides, which include the wild-type ER–Sp1 and various mutants, it was
shown the nuclear AhR complex binds to an imperfect DRE located between the
ER and Sp1 binding sequences. This interaction results in disruption of the
ER–Sp1 complex and inhibition of E2-induced gene expression. These results are
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among the first to illustrate that the nuclear AhR complex also exhibits activity as
a negative transcription factor via a mechanism similar to that reported for AhR-
mediated induction of gene expression.

Wolfle and Marquardt (1996) studied the tumor-promoting activity of TCDD
on mouse fibroblasts transformed by certain known carcinogenic chemicals. The
promoting effect of TCDD was maximal at a very low concentration (1.5 pM)
and comparable to another well-studied tumor promoter TPA (0.25 µg/ml).
Chemicals containing reactive oxygen (e.g., scavengers of hydroxyl radicals or
antioxidants) hindered the tumor-promoting effect of both TCDD and TPA, sug-
gesting that the promotional effects may involve oxygen radicals.

Induction of CYP1A1 in the hepatoma Hepa 1c1c7 cell line results in eleva-
tion of the excretion rate of 8-oxoguanine (oxo8Gua), a biomarker of oxidative
DNA damage, and the major repair product of DNA residues 8-oxo-2′-deoxy-
guanosine (oxo8dG) (Park et al., 1996). Treatment of this cell line with TCDD
and ICZ, a metabolite of a natural pesticide found in cruciferous vegetables,
induces CYP1A1 activity and elevates excretion rate of oxo8Gua or α-naphtho-
flavone. An inhibitor of CYP1A1 activity and an antagonist of the AhR reduced
the excretion rate of oxo8Gua. The essential role of AhR in this response is
shown by the inability of TCDD to induce CYP1A1 and to increase excretion of
oxo8Gua in AhR-defective c4 mutant cells. Although there was a significant
sevenfold increase over two days in the excretion rate of oxo8Gua into the growth
medium of TCDD-treated Hepa 1c1c7 cells compared to controls, no significant
increase was detected in the steady-state level of oxo8dG in the DNA presumably
due to efficient DNA repair. Thus, the induction of CYP1A1 appears to result in
a leak of oxygen radicals and consequent oxidative DNA damage that could lead
to mutation and cancer.

Studies by Baker et al. (1995) examined the effect of TCDD in primary cul-
tures of rat hepatocytes. At noncytolethal doses, TCDD inhibited gap junctional
intercellular communication (GJIC) in a time- and concentration (10–8–
10–14 M) dependent manner. This inhibition occurred within 4 hours of treatment at
doses of 10–8–10–12 M TCDD and persisted up to 48 hours, despite removal of
TCDD. Treatment of rat hepatocytes with TCDD resulted in a decrease in hepato-
cyte connexin 32 mRNA but had no apparent effect on connexin 26 mRNA.
Coincubation of rat hepatocytes with TCDD and α-NF abolished down-regulation
of GJIC by TCDD. Similarly, co-treatment with a cAMP analogue (8-bromo-
adenosine 3′,5′-cyclic monophosphate) prevented down-regulation of GJIC by
TCDD. Results of this investigation suggest that TCDD inhibits GJIC through the
AhR. In addition, this study showed that the inhibition of GJIC by TCDD may be
due to transcriptional down-regulation or stability of the connexin 32 gap junction
mRNA. In other studies, Warngard et al. (1996) investigated the function, expres-
sion, and phosphorylation of different connexins in vitro and in vivo. A good
correlation between the ability of TCDD to act as a tumor promoter and to interfere
with gap junctional intercellular communication was also reported.
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P450RAP protein, a novel adrenocorticotropic hormone-inducible cytochrome
P450, is encoded by a rat CYP1B1 gene orthologous to the mouse CYP1B1 gene
(Bhattacharyya et al., 1995). Alignment of rat CYP1B1 amino acid sequences
with rat CYP1A1 (39 percent identical) indicated eight regions of high identity
for each (60–78 percent), interspersed with extensive regions of less than 30
percent similarity. CYP1B1 mRNA was elevated by two-day adrenocorticotropic
hormone treatment but much less than CYP11A1 (cytochrome P450 side chain
cleavage) mRNA (twofold versus fourfold). Lower levels of the 5.2-kilobase
mRNA in other steroidogenic cells (ovary) were consistent with the amount of
immunodetectable CYP1B1 protein, and unlike the adrenal, expression in the
ovary was stimulated fivefold by β-naphthoflavone, an AhR agonist, in parallel
with CYP1A1 induction. In several other tissues (liver > lung > uterus >> kid-
ney), CYP1B1 mRNA and protein were constitutively undetectable but highly
induced by β-naphthoflavone, although at much lower levels than CYP1A1. Thus,
rat CYP1B1 exhibits regulation through hormonal signaling and the AhR in a
cell-specific manner.

In a recent study, Jorgensen and Autrup (1996) used HepG2 and MCF-7 cell
lines to examine a possible cell-specific autoregulation of CYP1A1 promotor
function. In HepG2 cells coexpression of increasing amounts of CYP1A1 cDNA
significantly down-regulated constitutive as well as TCDD-induced CYP1A1
promoter-driven chloramphenicol acetyltransferase (CAT) activity. In contrast,
cotransfection of MCF-7 cells with a threefold molar excess of CYP1A1 cDNA
relative to the CYP1A1-CAT reporter construct caused a similar twofold increase
in TCDD-induced CAT activity, whereas no effect was observed on constitutive
promoter activity. This autoregulatory mechanism of the human CYP1A1 gene
product was independent of specific 5′-flanking promoter segments tested. RT–
PCR analyses did not indicate any changes in mRNA level of AhR and Arnt in
the cotransfection studies. Thus, these studies show that the human CYP1A1
gene is exposed to cell-specific autoregulation, probably achieved via different
functions of trans-acting factors.

Weiss et al. (1996) described the results of studies in which transient and
stable AhR expression analysis in AhR-deficient subclones was carried out. Tran-
siently expressed AhR has a high basal activity on promoters containing AhR
binding sites when transfected into receptor-deficient variant cells compared to
wild-type cells. Single- and double-hybrid analysis dissociates AhR ligand re-
sponsiveness, transactivation, and heterodimerization with Arnt from receptor
binding to a xenobiotic response element (XRE). Hybrid receptors also show
high basal activity in the absence of exogenous TCDD in AhR-deficient variant
cells, indicating that the endogenous AhR activating signal acts directly on the
receptor rather than on the XRE-dependent promoters or DNA binding of the
receptor. Stable expression of AhR in variant cell clones by retroviral infec-
tion fully reconstitutes TCDD responsiveness, including target gene induction
and delay of cell cycle progression. These AhR-reconstituted cells, like AhR-
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containing wild-type cells, show low basal activity of the transiently expressed
AhR hybrid. Thus, the increased basal activity in AhR-deficient cells suggests a
negative feedback control of AhR activity. In vitro ligand-binding assays are
compatible with the idea that the increased basal activity is due to the accumula-
tion of an AhR binding endogenous ligand.

Gradin and colleagues (1995) presented evidence that induction of CYP1A1
and CYP1B1 gene expression by an AhR ligand is repressed by camptothecin, an
inhibitor of topoisomerase I. A transiently transfected reporter construct under
control of an XRE containing promoter was not affected by the topoisomerase
inhibitor and ligand-dependent activation of the AhR to its DNA binding form is
not altered by camptothecin. These results imply that topoisomerase I activity is
necessary for the primary CYP1A1 induction response, possibly involving
dioxin-dependent alterations in the chromatin structure of the CYP1A1 promoter.
The inhibitory effect of camptothecin cannot be exerted once the CYP1A1 gene
has been activated.

Walsh et al. (1996) observed little or no TCDD-inducible CYP1A1 mRNA or
enzyme activity in high-passage cultures of rat skin cells compared to low-passage
cultures. Similarly, transfection of a luciferase reporter construct containing –1,317
to +256 base pairs of the 5′-flanking region of the murine CYP1A1 gene was
TCDD-inducible in low- but not high-passage cells. Ligand binding and transfec-
tion experiments demonstrated the presence of functional AhR complexes in both
high- and low-passage cells. Deletion analysis identified a 26-base pair negative
regulatory DNA element contained within the upstream regulatory region of the
CYP1A1 gene responsible for this effect. Nuclear extracts from both low- and
high-passage cells contain a protein that specifically binds to NeRD-containing
DNA. Thus, the loss of PAH sensitivity in high-passage rat epidermal cells appears
to be due to decreased expression of CYP1A1, and this effect may be mediated by
one or more altered NeRD binding factors present in these cells.

Results from a study by Sadar et al. (1996b) suggest that phenobarbital (PB)
induction of CYP1A1 in rainbow trout hepatocytes is regulated by cAMP-
dependent pathways (PKA), whereas TCDD induction is not dependent on PKA.
This conclusion is consistent with the finding that epinephrine, which increases
cAMP levels and activates PKA-dependent pathways, was a potent inhibitor of
PB induction but had no effect on TCDD induction of CYP1A1 gene expression.
Inhibitors of calcium phospholipid-dependent PKC had modest or no effect on
PB and TCDD induction of CYP1A1, respectively.

Estimating Potential Health Risk and Factors Influencing Toxicity

Several approaches have been used to estimate the potential health risks
associated with TCDD exposures. These include the use of TEFs, quantitative
structure–activity relationships, H4IIE-luc cells, toxicity equivalent concentra-
tions (TECs), and body burdens.
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TEF Approach Toxic equivalency factors (TEF) have been used to estimate
the potential health risks associated with exposure to TCDD and related chemi-
cals. This approach is described in Update 1996. As discussed there, the TEF
approach has been criticized because the relative potency of hydrocarbons may
be tissue specific and influenced by interactions occurring among the chemicals
present in environmental mixtures. For instance, the total toxicity of a mixture of
halogenated aromatic hydrocarbons is not necessarily the sum of the toxicities of
individual congeners because individual congeners can compete for the same
receptor; therefore, nonadditive behavior may occur. Furthermore, TEFs have not
been tested for all effects of dioxin and dioxin-like chemicals, nor have all
responses for all chemicals of concern been examined.

The validity of the TEF approach in predicting the toxicity of mixtures
was investigated by Pohl and Holler (1995). Minimal risk levels (MRLs) were
derived based on the data bases available for chlorinated dibenzo-p-dioxins
and chlorinated dibenzofurans. The MRL values were then converted to TCDD
toxicity equivalents (TEQs). There was good correlation between intermediate-
duration oral MRLs for TCDD and 2,3,4,7,8-pentachlorodibenzo-p-dioxin
when expressed in TEQs (7 and 15 pg/kg per day). Although the studies from
which these MRLs were derived used different species (guinea pigs and rats,
respectively), the toxicity end points (immunological and hepatic for TCDD
and hepatic for 2,3,4,7,8-pentachlorodibenzo-p-dioxin) were comparable. He-
patic effects were measured by the same techniques (blood chemistry and
histopathology), ensuring similar sensitivity. However, there was a discrep-
ancy between the acute oral MRLs for TCDD and 2,3,4,7,8-pentachloro-
dibenzo-p-dioxin when they were expressed in TEQs (20 and 500 pg/kg per
day, respectively). In this case, not only did the studies used for MRL deriva-
tion involve different species (mice and guinea pigs, respectively), but the
immunotoxicity end points were measured by techniques with different sensi-
tivity (serum complement activity versus histopathology), making compari-
sons difficult. The correlations presented support the concept that TEFs are
valid only if specific criteria for their derivation are met (e.g., a broad data
base of information, consistency across end points, additivity of effects, com-
mon mechanism of action).

QSAR Models Quantitative structure–activity relationship (QSAR) models
have been used to estimate binding affinity of multiple chemical classes. The
predictive nature of these approaches has been largely unsuccessful due to a
focus on minimum energy conformations to predict the activity of molecules.
Using structural conformations other than those of minimum energy, Mekenyan
et al. (1996) developed a model for AhR binding affinity based on halogenated
aromatic chemicals known to interact with the receptor. Resultant QSAR
models showed good utility across multiple classes of halogenated aromatic
compounds.
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H4IIE-luc Cells Using the wild-type cell line H4IIE, Sanderson et al. (1996)
developed a method for rapid screening of environmental samples containing Ah-
active polyhalogenated aromatic hydrocarbons (PHAHs). The model consists of
a recombinant H4IIE rat hepatoma cell line containing a luciferase reporter gene
under the control of dioxin-responsive enhancers (H4IIE-luc cell system). The
H4IIE-luc cell system was compared to an H4IIE-wt system that expresses AhR-
mediated CYP1A induction. Both cell lines exhibited dose-dependent increases
in AhR-mediated response on exposure to known agonists. H4IIE-luc cells were
three times as sensitive as H4IIE-wt cells to TCDD. PHAHs tested exhibited
similar structure–activity relationships in H4IIE-luc as in H4IIE-wt cells. Binary
mixtures of TCDD, PCB-126, and PCB-77 showed no departure from additivity
in their combined responses when tested. These findings support the use of H4IIE-
luc cells as an alternative bioanalytical tool to H4IIE-wt cells for the detection of
Ah agonists in environmental samples.

TEC Approach DeVito et al. (1995) investigated the validity of the TEC ap-
proach to predicting the toxicity of mixtures. This approach assumes that hydro-
carbons act additively and via a common mechanism to cause toxicity. In their
studies, eleven TCDD-like congeners and three non-TCDD-like congeners were
combined at ratios found in Lake Michigan trout. Signs of toxicity after exposure
of newly fertilized eggs to the mixture or to TCDD were indistinguishable. How-
ever, dose–response curves for the mixtures were shifted to the right of TCDD
dose–response curves. These data suggest that TCDD-like congeners act via a
common mechanism to cause toxicity during early trout development, but may
not act strictly additively when combined in a mixture of TCDD- and non-
TCDD-like congeners at ratios found in Great Lakes fish. Additive effects pre-
dicted by these data deviate less than tenfold from the current safety factor
approach used in risk assessments, which suggests that this model is a reasonable
approach for assessing the risk posed by complex mixtures of PCDDs, PCDFs,
and PCBs. In other studies by Birnbaum and DeVito (1995), mice were dosed to
reach steady-state conditions, thus precluding bias of TEF values due to pharma-
cokinetic factors. Slight differences were found in relative potency of some of the
congeners when EROD was compared among tissues (liver, lung, and skin), but
these differences were less than fivefold. In addition, there appeared to be slight
differences for certain congeners with respect to the relative induction potency of
CYP1A1 and CYP1A2.

Body Burdens Walker et al. (1996) have suggested that the body burdens of
dioxins that produce effects in experimental animals are comparable to body
burdens associated with similar effects in humans. In their studies, human body
burdens were estimated from lipid-adjusted serum concentrations of dioxins. In
the general population, average background concentrations were estimated at
58 ng TEQ/kg serum lipid, corresponding to a body burden of 13 ng TEQ/kg

Copyright © National Academy of Sciences. All rights reserved.

Veterans and Agent Orange: Update 1998
http://www.nap.edu/catalog/6415.html

http://www.nap.edu/catalog/6415.html


108 VETERANS AND AGENT ORANGE: UPDATE 1998

body weight. Populations with known exposure to dioxins have body burdens of
96–7,000 ng TEQ/kg body weight. Results of this investigation indicate that
chloracne and induction of CYP1A1, effects clearly associated with dioxin, occur
at similar body burdens in humans and animals. Induction of cancer in animals
occurs at body burdens of 944–137,000 ng TCDD/kg body weight, whereas
noncancer effects in animals occur at body burdens of 10–12,500 ng/kg. Based
on these correlations, investigators concluded that dioxin exposures may result in
cancer and noncancer effects at body burdens within one to two orders of magni-
tude of those in the general population.

Interspecies and Interindividual Differences in Sensitivity Mass mortalities
among marine mammal populations in recent years have raised questions about a
possible contributory role of contaminants accumulated through the marine food
chain. Ross et al. (1996) carried out a 30-month immunotoxicological experiment
in which two groups, each containing 11 harbor seals, were fed TCDD-contami-
nated herring from the Baltic Sea or relatively uncontaminated herring from the
Atlantic Ocean. Seals fed Baltic Sea herring accumulated three to four times
higher levels of AhR-mediated TCDDs (measured in TEFs) in blubber than their
Atlantic counterparts after two years on their respective diets. Blood was sampled
17 times during the course of the experiment for immunological evaluation,
during which time the natural cytotoxic activity of peripheral blood mononuclear
cells isolated from seals fed Baltic Sea herring declined to a level approximately
25 percent lower than that observed in seals fed Atlantic herring. Since these cells
play an important role in the first line of defense against viruses, their observed
inactivity in seals feeding on Baltic Sea herring suggests that exposure to con-
taminants may have an adverse effect on the defense against viral infections in
seals inhabiting polluted waters in Europe.

Ema et al. (1994) observed an insertion mutation that results in a stop codon
mutation and a truncated AhR. This receptor polymorphism may result in inter-
individual differences in responses to dioxin.

Lang et al. (1994) have shown that expression of the AhR in lymphocytes in
humans and rodent species is quite different. In mice and rats the AhR is ex-
pressed constitutively in lymphocytes, whereas in human peripheral blood lym-
phocytes, the receptor is not expressed in resting cells and requires culture with
mitogens. Differential expression of receptors in target tissues may therefore
account for species differences in responsiveness (Lang et al., 1994).

ISSUES IN EVALUATING THE EVIDENCE

A valid surrogate animal model for the study of a human disease must
reproduce with some degree of fidelity the manifestations of the disease in hu-
mans. Whole-animal studies or animal-based experimental systems continue to
be used to study herbicide toxicity because they allow for rigid control of chemi-
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cal exposures and close monitoring of health outcomes. Because many of the
chemical exposures presently associated with certain diseases in humans have
been confirmed in experimental studies (Huff, 1993; Huff et al., 1994), data
derived from such studies are generally accepted as a valuable guide in the
assessment of biological plausibility.

As discussed in this chapter, many of the toxic effects of the herbicides used
in Vietnam have been ascribed to 2,3,7,8-tetrachlorodibenzo-p-dioxin, a con-
taminant of some of the herbicides. This has not, however, simplified the risk
assessment process because the toxicologic profile of TCDD is rather complex.
In general, there is consensus that most of the toxic effects of TCDD involve
interaction with the aryl hydrocarbon receptor, a protein that binds TCDD and
other aromatic hydrocarbons with high affinity. The development of AhR knock-
out mice has helped to establish a definitive association between the AhR and
TCDD-mediated toxicity. Formation of an active complex involving the receptor,
ligand (the TCDD molecule), and other protein factors is followed by interaction
of the activated complex with specific sites on DNA. This interaction results in
DNA changes that alter the expression of genes involved in the regulation of
cellular processes. In this manner, TCDD and other AhR ligands modulate target
cells and presumably exert toxic effects. Attempts to establish correlations be-
tween the effects of TCDD in experimental systems and in humans are particu-
larly problematic because species differences in susceptibility to TCDD have
been documented. Humans may actually be more resistant than other species to
the toxic effects of this chemical (Dickson and Buzik, 1993). Differences in
susceptibility involve a toxicokinetic component, since elimination rates in hu-
mans may be slower than in rodents. Toxicodynamic interactions are also impor-
tant because the affinity of TCDD for the AhR is species specific (Lorenzen and
Okey, 1991), and responses to occupancy of the receptor vary among different
cell types and during different developmental stages.

If TCDD is assumed to be primarily responsible for the harmful effects of
herbicides, then toxicity would be predicted to be receptor mediated. Such deduc-
tive reasoning, however, has faced considerable challenges, because evidence con-
tinues to accumulate that the AhR does not appear to be exclusively responsible for
the toxic effects of TCDD, as discussed in Update 1996 and this chapter. Of
particular significance is the recognition that a variable region present in the AhR
(Dolwick et al., 1993) may account for the multiple forms of AhR that dictate both
species- and cell-specific differences in responsiveness to receptor ligands.

Although studies in which transformed human cell lines are employed to
study AhR biology minimize the inherent error associated with species extrapola-
tions, caution must be exercised because the extent to which transformation itself
influences toxicity outcomes has yet to be fully defined. It is generally accepted
that genetic susceptibility plays a key role in determining the adverse effects of
environmental chemicals. In the case of TCDD, the drug-metabolizing enzymes
induced in humans are different from those induced in rodents, suggesting that
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the impact of different genetic backgrounds on AhR function is not yet com-
pletely understood. This issue is particularly central to the assessment of biologic
plausibility, because polymorphisms of the AhR in humans similar to those in
laboratory animals would place some individuals at greater risk for the toxic and
carcinogenic effects of TCDD. Ultimately, the major challenge in the assessment
of biologic plausibility for the toxicity of herbicides and TCDD is not restricted
to the understanding of receptor-mediated events. The dose–response relation-
ships that arise from multiple toxicokinetic and toxicodynamic interactions must
also be considered. Gene regulation models described to date do not consider the
intricacies of the multiprotein interactions between the AhR and other proteins.
Thus, future attempts to define the quantitative relationship between receptor
occupancy and biologic response to TCDD must consider that multiple bio-
chemical changes may influence the overall cellular response.
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QUESTIONS TO BE ADDRESSED

The committee was charged with the task of summarizing the strength of the
scientific evidence concerning the association between herbicide exposure during
Vietnam service and each of a set of diseases or conditions suspected to be
associated with such exposure. For each disease, the committee determined, to
the extent that available scientific data permit meaningful determinations,

1. whether a statistical association with herbicide exposure exists, taking
into account the strength of the scientific evidence and the appropriateness of the
statistical and epidemiologic methods used to detect the association;

2. the increased risk of each disease among those exposed to herbicides
during Vietnam service; and

3. whether there exists a plausible biologic mechanism or other evidence of
a causal relationship between herbicide exposure and the disease.

The law establishing the committee (Public Law 102-4, codified as 38 USC
Sec. 1116) did not provide a specific list of diseases and conditions suspected to
be associated with herbicide exposure. The committee staff and members respon-
sible for the 1994 report Veterans and Agent Orange (hereafter VAO) (IOM,
1994) developed such a list based on diseases and conditions that had been
mentioned in the scientific literature or in other documents that came to their
attention through extensive literature searches. The VAO list has been supple-
mented over time in response to developments in the literature. The information
used by the committee was developed through a comprehensive search of rel-
evant data bases. Public and commercial data bases covering biological, medical,

4

Methodologic Considerations in
Evaluating the Evidence
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toxicological, chemical, historical, and regulatory information were examined.
The majority of these data bases were bibliographic, providing citations to scien-
tific literature. Committee staff examined the reference lists of major review
articles, books, and reports for relevant citations. Reference lists of individual
articles were also scanned for pertinent citations. Internet search engines were
used to scan for information posted on the Internet. Literature identification
continued through September 30, 1997. The input received both in written and
oral form from veterans and other interested persons at public hearings and in
written submissions served as a valuable source of additional information. Ap-
pendix A gives additional detail on the search strategies used to generate refer-
ence sources. Information submitted to the committee by interested persons is
also listed in Appendix A.

This second biennial update concentrates on evaluating the evidence pub-
lished following the completion of work on Veterans and Agent Orange: Update
1996 (hereafter Update 1996) (IOM, 1996) and VAO. For each health outcome,
the new evidence is reviewed in detail. Conclusions are based on the totality of
the accumulated evidence, not just on recently published studies. In other words,
new evidence is not interpreted alone but is put into the context of evidence
addressed in the two previous reports.

In addition to bringing earlier work up to date, the committee has addressed
other areas of concern identified by the Department of Veterans Affairs (DVA).
Specifically, the committee was asked to do the following:

1. Pay particular attention to the relationship between exposure to herbicides
and the subsequent development of diabetes. Chapter 11 contains an extended
discussion of this topic. Special attention has also been given to adverse repro-
ductive outcomes, which are addressed in Chapter 9. This area attracted height-
ened interest after a finding, reported in Update 1996, of limited/suggestive
evidence of an association between herbicide exposure and spina bifida in the
children of veterans.

2. Examine the issue of the latency between exposure to herbicides and
development of adverse health outcomes. In response to DVA’s request, Chapter
8 (1) proposes a methodology to address issues concerning the timing of herbi-
cide exposure and the risk of cancer; (2) reviews the literature on herbicide
exposure and cancers classified in the sufficient and limited/suggestive evidence
of an association categories for results that describe how the timing of exposure
affects relative risk; and (3) describes timing-of-exposure characteristics of the
Vietnam veterans and summarizes the implications of these factors for their risk
of cancer.

3. Discuss the classification of chondrosarcomas of the skull. This subject is
addressed in Chapter 7 as part of the discussion of bone cancer.

4. Offer advice on herbicide exposure assessment for Vietnam veterans.
Chapter 5 of the report contains an extended discussion of this issue. In addition,
a separate effort by another Institute of Medicine (IOM) committee is facilitating
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the development and evaluation of models of herbicide exposure for use in stud-
ies of Vietnam veterans. That committee authored and disseminated a Request
for Proposals for exposure assessment research in 1997 (IOM, 1997) and began
scientific oversight of the research in 1998.

5. Address the potential for using data combination methodologies to infor-
matively reexamine existing data on the health effects of herbicide or dioxin
exposure. The committee conducted a workshop on this topic in August 1997,
which brought together experts in these methodologies and researchers who have
developed and analyzed data sets evaluating the health of Vietnam veterans and
individuals exposed to herbicides or dioxin. The results of this effort will be
addressed in a separate publication.

The committee’s judgments have both quantitative and qualitative aspects; they
reflect both the evidence examined and the approach taken to evaluate it. In VAO, the
committee delineated how it approached its task, so that readers would be able to
assess and interpret the committee’s findings. By offering this information, the com-
mittee wished to make the report useful to those seeking to update its conclusions as
new information was obtained. The committees responsible for Update 1996 and the
present effort have adopted the original committee’s approach.

The remainder of this chapter outlines the types of evidence that the commit-
tee identified; the approaches used in evaluating published reports, both singly
and collectively; and the nature of the committee’s conclusions. Details of the
analysis and specific conclusions concerning each health outcome appear in sub-
sequent chapters. Descriptions of methodology and specific information on how
the committee interpreted the questions asked in the original legislation can be
found in Chapter 5 of VAO.

Is Herbicide Exposure Statistically Associated with the Health Outcome?

The committee necessarily focused on a pragmatic question: What is the
nature of the relevant evidence for or against a statistical association between
exposure and the health outcome? The evidentiary base that the committee found
to be most helpful derived from epidemiologic studies of populations—that is,
investigations in which large groups of people are studied to determine the asso-
ciation between the occurrence of particular diseases and exposure to the sub-
stances at issue. To determine whether an association exists, epidemiologists
estimate the magnitude of an appropriate quantitative measure (such as the rela-
tive risk or the odds ratio) that describes the relationship between exposure and
disease in defined populations or groups. The committee reports the measure of
effect used by the study. However, the use of terms such as “relative risk,” “odds
ratio,” or “estimate of relative risk” is not consistent in the literature. In this
report, the committee intends relative risk to refer to the results of cohort studies
and odds ratio (an estimate of relative risk) to refer to the results of case-control
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studies. Values of relative risk greater than 1 may indicate a positive or direct
association—that is, a harmful association—whereas values between 0 and 1
may indicate a negative or inverse association—that is, a protective association.
A “statistically significant” difference is one that, under the assumptions made in
the study and the laws of probability, would be fairly unlikely to occur if there
was no true difference.

Determining whether an observed statistical association between exposure
and a health outcome is “real” requires additional scrutiny because there may be
explanations for the observed association other than the exposure. These include
error in the design, conduct, or analysis of the investigation; bias, or a systematic
tendency to distort the measure of association so that it may not represent the true
relation between exposure and outcome; confounding, or distortion of the mea-
sure of association because another factor related to both exposure and outcome
has not been recognized or taken into account in the analysis; and chance, the
effect of random variation, which produces spurious associations that can, with a
known probability, sometimes depart widely from the true relation.

Therefore, in deciding whether an association between herbicide exposure
and a particular outcome existed, the committee examined the quantitative esti-
mates of risk and evaluated whether these estimates might be due to error, bias,
confounding, or chance, or were likely to represent a true association.

In pursuing the question of statistical association, the committee recognized
that an absolute conclusion about the absence of association may never be at-
tained. As in science generally, studies of health outcomes following herbicide
exposure are not capable of demonstrating that the purported effect is impossible
or could never occur. Any instrument of observation, including epidemiologic
studies, has a limit to its resolving power. Hence, in a strict technical sense, the
committee could not prove the absolute absence of a health outcome associated
with herbicide or dioxin exposure. Nevertheless, for some outcomes examined,
there was limited or suggestive evidence consistent with no association. The
committee was able to conclude in some cases that within the limits of the current
resolving power of the existing studies, there is no association with herbicide
exposure.

What Is the Increased Risk of the Outcome in Question
Among Those Exposed to Herbicides in Vietnam?

This question, which is pertinent principally (but not exclusively) if there is
evidence for a positive association between exposure and a health outcome,
concerns the likely magnitude of the association in Vietnam veterans exposed to
herbicides. The most desirable evidence in answering this type of question in-
volves knowledge of the rate of occurrence of the disease in those Vietnam
veterans who were actually exposed to herbicides, the rate in those who were not
exposed (the “background” rate of the disease in the population of Vietnam
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veterans), and the degree to which any other differences between exposed and
unexposed groups of veterans influence the difference in rates. When exposure
levels among Vietnam veterans have not been adequately determined, which has
been the case in most studies, this question becomes difficult to answer. The
committee found the available evidence sufficient for drawing conclusions about
the association between herbicide exposure and a number of health outcomes.
However, the lack of good data on Vietnam veterans per se, especially with
regard to exposure, had complicated the assessment of the increased risk of
disease among individuals exposed to herbicides during service in Vietnam. By
considering the magnitude of the association observed in other cohorts, the qual-
ity and results of studies that have been made of veterans, and other principles of
epidemiologic research, the committee has formulated a qualitative judgment
regarding the risk of disease among Vietnam veterans. Indeed, most of the evi-
dence on which the findings in this report are based comes from studies of people
exposed to dioxin or herbicides in occupational and environmental settings rather
than from studies of Vietnam veterans.

When the available data do not permit a meaningful statement regarding risk
among Vietnam veterans, no conclusion is drawn and the reader is referred to the
appropriate section in an earlier report for additional discussion.

Is There a Plausible Biologic Mechanism?

Chapter 3 details the cellular and animal experimental evidence that provides
the basis for the assessment of biologic plausibility, that is, the extent to which a
statistical association is consistent with existing biological or medical knowledge.
As with the epidemiologic evidence, the chapter concentrates on studies published
during 1995–1997 but considers all relevant studies in drawing conclusions. The
likelihood that a given chemical exposure–health outcome relationship reflects a
true association in humans is addressed in the context of research regarding the
mechanism of interaction between the chemical and biological systems, evidence
of tumorigenicity in animal studies, evidence of an association between exposure
and health outcome occurrence in humans, and/or evidence that a given outcome is
associated with occupational or environmental chemical exposures. It must be
recognized, however, that given the limitations of existing biological and medical
knowledge, the lack of data in support of a plausible biologic mechanism does not
rule out the possibility that a causal relationship does exist.

ISSUES IN EVALUATING THE EVIDENCE

Toxicologic Studies

A valid surrogate animal model for the study of a human disease must
reproduce with some degree of fidelity the manifestations of the disease in hu-
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mans. Whole animal studies or animal-based experimental systems continue to
be used to study herbicide toxicity because they allow for rigid control of chemi-
cal exposures and close monitoring of health outcomes. Because many of the
chemical exposures presently associated with certain diseases in humans have
been confirmed in experimental studies (Huff, 1993; Huff et al., 1994), data
derived from such studies are generally accepted as a valuable guide in the
assessment of biological plausibility.

As discussed in Chapter 3, many of the toxic effects of the herbicides used in
Vietnam have been ascribed to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), a
contaminant of some of these herbicides. This has not, however, simplified the
risk assessment process because the toxicologic profile of TCDD is rather com-
plex. In general, there is consensus that most of the toxic effects of TCDD
involve interaction with the aryl hydrocarbon receptor (AhR), a protein that binds
TCDD and other aromatic hydrocarbons with high affinity. Attempts to establish
correlations between the effects of TCDD in experimental systems and in humans
are particularly problematic, because species differences in susceptibility to
TCDD have been documented. Although studies in which transformed human
cell lines are employed to study AhR biology minimize the inherent error associ-
ated with species extrapolations, caution must be exercised because the extent to
which transformation itself influences toxicity outcomes has yet to be fully de-
fined. In addition, while it is generally accepted that genetic susceptibility plays a
key role in determining the adverse effects of environmental chemicals, the im-
pact of different genetic backgrounds on AhR function is not yet completely
understood.

Evidence continues to accumulate that the AhR is not exclusively respon-
sible for the toxic effects of TCDD. Thus, the dose–response relationships that
arise from multiple toxicokinetic and toxicodynamic interactions must also be
considered. Future attempts to define the quantitative relationship between recep-
tor occupancy and biologic response to TCDD must consider that multiple bio-
chemical changes may influence the overall cellular response.

These considerations, and the available scientific information regarding non-
TCDD biological effects, are discussed in greater detail in Chapter 3.

Epidemiologic Studies

Environmental and/or occupational exposures to herbicides or TCDD pro-
vide data on human responses that can be compared directly to data obtained in
experimental studies. Higher-than-background body burdens of dioxin have been
documented in many of these groups, and details describing the major findings
from these studies are reviewed in Chapters 7–11 of this report. In general, the
elevated risks of cancers at various sites reported in epidemiologic studies are
consistent with the known biological actions of the agents present in herbicide
formulations. Although its full potential has yet to be realized, the application of
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molecular and cellular measurements to epidemiologic research promises to in-
crease our understanding of the association between herbicide exposure and dis-
ease occurrence. This may provide a significant advantage in the assessment of
biologic plausibility, because biologically based epidemiologic data allow for
more accurate identification and quantification of exposures. For instance, the
analytical data available from individuals known to have been exposed to herbi-
cides during the Vietnam War constitute a valuable resource for the study of
TCDD-related disease, with documented TCDD body burdens providing a quan-
titative bridge between experimental studies and human epidemiology. Taken
together, experimental studies and epidemiologic investigations provide comple-
mentary perspectives from which to view human health effects of exposure to
herbicides. However, it must be recognized that the ultimate test of associations
between exposure and disease occurrence lies in data obtained from human
populations.

To obtain additional information pertinent to the evaluation of the poten-
tial effects of herbicide exposure of veterans, this and previous committees
decided to review studies of other groups potentially exposed to the herbicides
contained in Agent Orange, to other herbicides, and to dioxin, the contaminant
believed to cause many of the purported adverse effects of Agent Orange.
These study populations include industrial and agricultural workers, Vietnam-
ese citizens, and people exposed environmentally as a result of residing near
the site of an accident or a toxic waste dump. The committee felt that review-
ing the studies of such groups would help in determining (1) whether these
compounds could be associated with particular health outcomes in veterans
and (2) the nature of any dose–response relationships, although the committee
acknowledged that such findings may have only an indirect bearing on the
association in veterans themselves. It is also important to note that the catego-
ries of association described below relate to the association between exposure
to chemicals and health outcomes in human populations, not to the likelihood
that any individual’s health problem is associated with or caused by the herbi-
cides in question.

The Role of Case Studies and Other Studies
 with No Comparison Groups

With the exception of one condition, the committee did not specifically
consider case studies or other published studies lacking a control or comparison
group. The one exception involved studies of acute and subacute transient pe-
ripheral neuropathy. The committee elected to consider case histories from oc-
cupational cohorts and descriptive reports of the Seveso accident when evaluat-
ing the association between exposure and these conditions because their transient
nature precluded using case-control and other types of studies with comparison
populations.
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Publication Bias

The phenomenon known as publication bias is also of concern to the com-
mittee. It has been well documented (Begg and Berlin, 1989; Berlin et al., 1989;
Dickersin, 1990; Dickersin et al., 1992; Easterbrook et al., 1991; Stern and Simes,
1997) in biomedical research that studies with a statistically significant finding
are more likely to be published than studies with nonsignificant results. Thus,
evaluations of disease–exposure associations that are based solely on the pub-
lished literature could be biased in favor of a positive association. In general,
however, for reports of overall associations with exposure, the committee did not
consider the risk of publication bias to be high among studies of herbicide expo-
sure and health risks. The committee took this position because there are numer-
ous published studies showing no positive association; because it examined a
substantial amount of unpublished material; and because the committee felt that
publicity surrounding the issue of exposure to herbicides, particularly regarding
Vietnam veterans, has been so intense that any studies showing no association
would be unlikely to be viewed as unimportant by the investigators. In short, the
pressure to publish such “negative” findings would be considerable.

Nevertheless, publication bias of a more specific and subtle form may still
have had a bearing on the committee’s evaluation of the evidence. In particular,
the relationship between timing and duration of exposure and subsequent changes
in risk of disease was a major concern. This more subtle bias would arise if
decisions to publish specific findings relative to timing of exposure were based
on the statistical significance of those findings. For example, a study of produc-
tion workers by the National Institute for Occupational Safety and Health
(NIOSH) (Fingerhut et al., 1991) found a more substantial increase in risk among
those whose exposure had begun more than 20 years previously and had lasted
for more than a year. Many other studies did not publish data relevant to the
issues of duration of, and time since, exposure. In most cases, it is impossible to
know whether or not such issues were examined and simply not discussed in a
publication solely because no “interesting” associations were found. Even deci-
sions to examine or not examine such relationships may have been based on the
investigators’ perception that such analyses would or would not lead to any
statistically significant findings.

The Role of Judgment

The evaluation of evidence to reach conclusions about statistical associations
goes beyond quantitative procedures at several stages: assessing the relevance
and validity of individual reports; deciding on the possible influence of error,
bias, confounding, or chance on the reported results; integrating the overall evi-
dence within and across diverse areas of research; and formulating the conclu-
sions themselves. These aspects of the committee’s review required thoughtful
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consideration of alternative approaches at several points. They could not be ac-
complished by adherence to a narrowly prescribed formula.

Rather, the approach described here evolved throughout the process of re-
view and was determined in important respects by the nature of the evidence,
exposures, and health outcomes at issue. Both the quantitative and the qualitative
aspects of the process that could be made explicit were important to the overall
review. Ultimately, the conclusions about association expressed in this report are
based on the committee’s collective judgment. The committee has endeavored to
express its judgments as clearly and precisely as the data allowed.

Integration of New Evidence

As stated above, this second biennial update concentrates on evaluating the
evidence published following the completion of work on Update 1996 and VAO.
For each disease, the new evidence is evaluated, and conclusions are based on the
totality of accumulated evidence, not just on recently published studies. For one
health outcome—urinary bladder cancer—the committee found new evidence
that was sufficient to change the conclusion reached in previous reports. Al-
though there is no evidence that exposure to herbicides is related to bladder
cancer, relative risks in largest groups of exposed individuals under study tended
to be greater than 1. This new information led the committee to change the
classification of bladder cancer from limited/suggestive evidence of no associa-
tion to inadequate or insufficient evidence to determine whether an association
exists. For all other health outcomes, evidence appearing since the publication of
Update 1996 reinforced, or was not considered strong enough to change, the
previous conclusions.

SUMMARY OF THE EVIDENCE

Categories of Association

The categories of association used by the committee are the same as those
used in the previous reports. Consistent with the charge to the Secretary of Veter-
ans Affairs in P.L. 102-4, the distinctions between the categories are based on
“statistical association,” not on causality. Thus, standard criteria used in epidemi-
ology for assessing causality (Hill, 1971) do not strictly apply. The distinctions
between the categories reflect the committee’s judgment that a statistical associa-
tion would be found in a large, well-designed epidemiologic study of the outcome
in question in which exposure to herbicides or dioxin was sufficiently well
characterized and appropriately measured. The categories of association are as
follows:

• Sufficient Evidence of an Association Evidence is sufficient to conclude
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that there is a positive association. That is, a positive association has been ob-
served between herbicides and the outcome in studies in which chance, bias, and
confounding could be ruled out with reasonable confidence. For example, if
several small studies that are free from bias and confounding show an association
that is consistent in magnitude and direction, this may constitute sufficient evi-
dence for an association.

• Limited/Suggestive Evidence of an Association Evidence is suggestive of
an association between herbicides and the outcome, but it is limited because
chance, bias, and confounding could not be ruled out with confidence. For ex-
ample, if at least one high-quality study shows a positive association but the
results of other studies are inconsistent, this may constitute limited/suggestive
evidence of an association.

• Inadequate/Insufficient Evidence to Determine Whether an Association
Exists The available studies are of insufficient quality, consistency, or statistical
power to permit a conclusion regarding the presence or absence of an association.
For example, if studies fail to control for confounding, contain inadequate expo-
sure assessment, or have inadequate sample size, this may constitute inadequate/
insufficient evidence to determine whether an association exists.

• Limited/Suggestive Evidence of No Association There are several adequate
studies, covering the full range of exposure levels that humans are known to
encounter, that are mutually consistent in not showing a positive association
between exposure to herbicides and the outcome at any level of exposure. A
conclusion of “no association” is inevitably limited to the conditions, level of
exposure, and length of observation covered by the available studies. In addition,
the possibility of a very small elevation in risk at the levels of exposure studied
can never be excluded.
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MILITARY USE OF HERBICIDES IN VIETNAM

Background

The military use of herbicides in Vietnam began in 1962, was expanded
during 1965 and 1966, and reached a peak from 1967 to 1969. Herbicides were
used extensively in Vietnam by the U.S. Air Force’s Operation Ranch Hand to
defoliate inland hardwood forests, coastal mangrove forests, and to a lesser ex-
tent, cultivated land, by aerial spraying from C-123 aircraft and helicopters.
According to military records of Operation Ranch Hand, from August 1965 to
February 1971, a total of 17.6 million gallons of herbicide was sprayed over
approximately 3.6 million acres in Vietnam (NAS, 1974). Soldiers also sprayed
herbicides on the ground to defoliate the perimeters of base camps and fire bases;
this spraying was executed from the rear of trucks and from spray units mounted
on the backs of soldiers on foot. Navy river boats also sprayed herbicides along
riverbanks. The purpose of spraying herbicides was to improve the ability to
detect enemy base camps and enemy forces along lines of communication and
infiltration routes, and around U.S. base camps and fire bases. Spraying was also
used to destroy the crops of the Vietcong and North Vietnamese (Dux and Young,
1980).

Four major compounds were used in the Ranch Hand herbicide formula-
tions—2,4-dichlorophenoxyacetic acid (2,4-D), 2,4,5-trichlorophenoxyacetic acid
(2,4,5-T), picloram, and cacodylic acid. These compounds have been used world-
wide for the control of weeds and unwanted vegetation, although the application

5

Exposure Assessment
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of 2,4,5-T is no longer permitted in the United States following a series of
Environmental Protection Agency directives in the 1970s.

Which of these four major chemicals (2,4-D, 2,4,5-T, picloram, or cacodylic
acid) was chosen for a specific application depended on the desired effects. 2,4-
D and 2,4,5-T are chlorinated phenoxy acids, and each is effective against a wide
array of broadleaf plant species (Irish et al., 1969). They persist in soil only a few
weeks (Buckingham, 1982). Picloram, like 2,4-D and 2,4,5-T, regulates plant
growth. Compared to 2,4-D, picloram is more mobile and therefore better able to
penetrate the plant’s roots and be transported throughout the plant’s tissues.
Unlike the phenoxy herbicides, picloram is extremely persistent in soils. The
fourth compound, cacodylic acid, contains an organic form of arsenic. Cacodylic
acid is a desiccant, causing a plant’s tissues to lose their moisture and eventually
killing the plant.

The different types of herbicide used by U.S. forces in Vietnam were identi-
fied by a code name referring to the color of the band around the 55-gallon drum
that contained the chemical. These included Agents Orange, White, Blue, Purple,
Pink, and Green (see Table 5-1). From 1962 to 1965, small quantities of Agents
Purple, Blue, Pink, and Green were used. From 1965 to 1970, Agents Orange,
White, and Blue were employed; from 1970 to 1971, only Agents White and Blue
were used in the defoliation program (Young and Reggiani, 1988).

Agent Purple was a 5:3:2 mixture of the n-butyl ester of 2,4-D and the n-
butyl and isobutyl esters of 2,4,5-T that was used on broadleaf plants. Because of
its volatility, Agent Purple was replaced by Agent Orange in 1965. Blue was the
code designation for a liquid formulation of cacodylic acid and its sodium salt.
The term Blue was first applied to cacodylic acid in a powder form that was
mixed in the field with water. It was later replaced by the liquid formulation

TABLE 5-1 Major Herbicides Used in Operation Ranch Hand: 1962–1971

No. of
Herbicide Gallons Period
Code Name  Formulation  Purpose Sprayed of Use

Purple 2,4-D; 2,4,5-T General defoliation 145,000 1962–1964
Blue Cacodylic acid Rapid defoliation, 1,124,307 1962–1971
(Phytar 560-G) grassy plant control,

rice destruction
Pink 2,4,5-T Defoliation 122,792 1962–1964
Green 2,4,5-T Crop destruction 8,208 1962–1964
Orange, Orange II 2,4-D; 2,4,5-T General defoliation 11,261,429 1965–1970
White 2,4-D; picloram Forest defoliation, 5,246,502 1965–1971
(Tordon 101) long-term control

SOURCES: MRI, 1967; NAS, 1974; Young and Reggiani, 1988.
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Phytar 560-G. Cacodylic acid is a highly soluble organic arsenic compound that
is readily broken down in soil. Approximately one-half of all Agent Blue was
used for crop destruction missions; it was the agent of choice for destruction of
rice crops. The remainder was used in defoliation or sprayed around base
perimeters, being delivered by helicopters or ground vehicles with sprayers
attached to them (Young et al., 1978).

Agents Pink and Green were used in small quantities; however, official
records of herbicide sprays during the early years of the program (1962–1964),
when these two herbicides were used, are incomplete. Agent Green was a single-
component formulation of the n-butyl ester of 2,4,5-T, used primarily in defolia-
tion missions (Young et al., 1978).

In January 1965, two additional herbicides, code named Orange and White,
were introduced into the herbicide program. Agent Orange, a 1:1 mixture of 2,4-
D and the n-butyl ester of 2,4,5-T, accounted for approximately 61 percent of the
recorded herbicide use. Orange was the general-purpose herbicide for defoliation
and crop destruction. According to military estimates of herbicide use, 90 percent
of Agent Orange was used in Ranch Hand forest defoliation missions; 8 percent
was used in Ranch Hand crop destruction missions; and 2 percent was sprayed
from the ground around base perimeters and cache sites, waterways, and commu-
nication lines (NAS, 1974).

Orange II was introduced later in the program. It differed from the original
Agent Orange in that the n-butyl ester of 2,4,5-T was replaced by the isooctyl
ester; however, their herbicidal effects were similar. According to procurement
records, less than 10 percent of the total Agent Orange used was Orange II (Craig,
1975).

White was the code name for Tordon 101, a liquid mixture of 2,4-D and
picloram. More than 95 percent of Agent White was applied in defoliation mis-
sions (NAS, 1974; Young and Reggiani, 1988). Because of the persistence of
Agent White in soil, it was not recommended for use on crops, but was most often
used in areas where longer persistence rather than immediate defoliation was
desired, such as inland forests.

In addition to these four major compounds, Dinoxol, Trinoxol, and diquat
were applied on native grasses and bamboo (Brown, 1962). Soil-applied herbi-
cides were also reportedly used around base camp perimeters, mine fields, am-
munition storage areas, and other specialized sites requiring control of grasses
and woody vegetation (Darrow et al., 1969). Additional accounts include the use
of fungicides, insecticides, wetting agents, wood preservatives, insect repellents,
and other herbicides (Gonzales, 1992). The number of military personnel poten-
tially exposed to these chemicals is not available.

An undetermined amount of herbicides and insecticides was procured and
distributed by Australian forces in Vietnam during 1966–1971. The use of these
chemicals was confined largely to defoliation around base camps, improving
security, and controlling mosquito-borne diseases. It appears that the chemicals
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were largely dispersed by use of ground delivery techniques, although low-vol-
ume aerial applications of insecticides, usually by helicopter, have been reported.
The chemicals tested and used included 2,4-D, chlordane, DDT, diazinon, lin-
dane, malathion, and picloram (Australian Senate Standing Committee, 1982).

The military use of 2,4,5-T, and thus Agent Orange, was suspended by the
U.S. Department of Defense in April 1970 (Young and Reggiani, 1988). On
February 12, 1971, U.S. Military Assistance Command, Vietnam announced that
herbicides would no longer be used for crop destruction in Vietnam, and the last
Ranch Hand fixed-wing aircraft (C-123) was flown. Subsequent spraying of
herbicides was limited to controlled use around U.S. fire bases by helicopter or
ground troops (MACV, 1972). On October 31, 1971, nearly 10 years after the
herbicide program began in Vietnam, the last U.S. helicopter herbicide operation
was flown (NAS, 1974).

Ground Spraying of Herbicides

Although the number of U.S. military personnel exposed to herbicides is
impossible to determine precisely, the majority of those assigned to Operation
Ranch Hand can be presumed to have been exposed to Agent Orange and other
herbicides. During the entire operation, approximately 1,250 military personnel
served in Ranch Hand units. Although the Air Force maintained complete records
of its Operation Ranch Hand fixed-wing herbicide missions, documentation of
spraying conducted on the ground by boat, truck, or backpack and authorized at
the unit level was less systematic. Authorization for herbicide missions by heli-
copter or surface spraying from river boats, trucks, and hand-operated backpacks
was delegated to the Republic of Vietnam and U.S. authorities at the Corps level;
these operations required only the approval of the unit commanders or senior
advisors. “Free-spraying” areas, including the Demilitarized Zone (DMZ) at the
seventeenth parallel and the first 100 meters outside base camps, were also ex-
empt from Ranch Hand regulations (NAS, 1974). This delegation of authority for
spraying to the Corps level reduced the lag time that existed from proposal to
completion of small defoliation projects, for example, around depots, airfields,
and outposts (Collins, 1967). However, because these helicopter and ground
sprays were less rigidly controlled than fixed-wing aerial spraying, the recording
of such sprays was not as systematic as those of Operation Ranch Hand.

The U.S. Army Chemical Corps, using hand equipment and H-34-type heli-
copters, conducted smaller spray operations, such as defoliation around Special
Forces camps; clearance of perimeters surrounding airfields, depots, and other
bases; and small-scale crop destruction (Warren, 1968; Thomas and Kang, 1990).
Twenty-two Army Chemical Corps units were assigned to South Vietnam be-
tween 1966 and 1971. Approximately 950 veterans who served in the Army
Chemical Corps in Vietnam between 1966 and 1971 have been identified from
unit morning reports. Men serving in these units were trained in the preparation
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and application of chemicals, as well as in the cleaning and maintenance of the
spray equipment (Thomas and Kang, 1990).

Units and individuals other than the members of the Air Force Ranch Hand
and Army Chemical Corps were also likely to have handled or sprayed herbicides
around bases or lines of communication. For example, Navy river patrols were
reported to have used herbicides for clearance of inland waterways. Engineering
personnel required the use of herbicides for removal of underbrush and dense
growth in constructing fire support bases. It is estimated that 10 to 12 percent of
the total volume of herbicides was dispensed from the ground by spraying from
backpacks, boats, trucks, and buffalo turbines (NAS, 1974). The buffalo turbine
was a trailer-mounted spray system used for roadside spraying and perimeter
applications, which essentially “shot” the herbicide with a velocity up to 240 km/
hour and a volume of 280 m3/min (Young and Reggiani, 1988). Hand spray units
consisted of a backpack type of dispenser with a capacity of 3 gallons (Collins,
1967).

Although some information is documented in military records, it is impos-
sible to determine accurately from military records alone the extent of spraying
conducted on the ground or the number of personnel involved in these operations
with potential herbicide exposure. An unknown number of non-Ranch Hand
personnel likely received various degrees of exposure to herbicides. Young and
Reggiani (1988) report that the actual number “may be in the thousands since at
least 100 helicopter spray equipment units were used in South Vietnam, and most
military bases had vehicle-mounted and backpack spray units available for use in
routine vegetation control programs.” According to official documents, the
“small-scale use of herbicides, for example around friendly base perimeters, were
at the discretion of area commanders. Such uses seemed so obvious and so
uncontroversial at the time that little thought was given to any detailed or perma-
nent record of the uses or results” (U.S. Army, 1972).

The Department of Defense (DoD) took few precautions to prevent troops’
exposure to herbicides since they were considered to be a low health hazard.
Precautions prescribed were consistent with those applied in the domestic use of
herbicides existing before the Vietnam conflict (U.S. GAO, 1979). The Army
added that exposure of ground troops was very unlikely since DoD personnel did
not enter a Ranch Hand-sprayed area until approximately four to six weeks after
the mission, when defoliation was complete and the herbicide had been biode-
graded or photo degraded (U.S. Army, 1972). The restriction placed on troops’
entering a previously sprayed area was primarily for operational reasons, to pre-
vent troops from being injured by the fighter aircraft that often accompanied the
herbicide spraying aircraft (U.S. GAO, 1979).

A very different picture arose when the U.S. General Accounting Office
(U.S. GAO, 1979) examined the military defoliation operation in the Con Thieu
province of I Corps between January 1966 and December 1969. During this
period, more than 2 million gallons of herbicides were sprayed in I Corps. By
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using average troop strength and turnover figures, an estimated 218,000 Marine
infantry personnel were determined to have been assigned to I Corps during this
period. By randomly selecting 276 of 976 Marine monthly battalion reports, the
GAO tracked troop movement and compared troop locations with herbicide mis-
sion data. Nearly 26,000 U.S. Marines and Navy medical personnel were identi-
fied who entered within a radius of 2.5 km of the defoliated target areas within
one day of spraying; 4,300 troops were identified as being within 0.5 km of the
flight path; 11,700 were within 2.5 km within four weeks. In the Khe Sanh-Thon
Son Lam area, an estimated 4,300–8,000 troops were within 0.5 km of the sprayed
area within one day of spraying; within 28 days, 33,600–45,300 troops were
determined to have been within 2.5 km of the defoliation target. Army records
were found to lack sufficient information, so that estimates of the number of
Army personnel close to sprayed areas could not be calculated. The GAO report
concluded that “the chances that ground troops were exposed to herbicide Orange
are higher than the DoD previously acknowledged . . . the group of personnel
most likely to have been exposed could include ground troops as well as herbi-
cide handlers and aircraft crew members” (U.S. GAO, 1979).

Level of Dioxin (TCDD) in Herbicides Used in Vietnam

2,3,7,8-Tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD, TCDD, or dioxin) is a
contaminant of 2,4,5-T. Small quantities of other dioxins are present in 2,4-D.
The levels of TCDD found in any given lot of 2,4,5-T depend on the manufactur-
ing process (Young et al., 1976), and different manufacturers produced 2,4,5-T
with various concentrations of TCDD. The primary source of 2,4,5-T in the
herbicides used in Vietnam was Agent Orange.

Of all the herbicides used in South Vietnam, only Agent Orange was formu-
lated differently from the materials for commercial application that were readily
available in the United States (Young et al., 1978). TCDD concentrations in
individual shipments were not recorded, and levels of TCDD varied in sampled
inventories of herbicides containing 2,4,5-T. Analysis of the TCDD concentra-
tion in stocks of Agent Orange remaining after the conflict, which either had been
returned from South Vietnam or had been procured but not shipped, ranged from
less than 0.05 to almost 50 parts per million (ppm), averaging 1.98 and 2.99 ppm
in two sets of samples (NAS, 1974; Young et al., 1978). Comparable manufactur-
ing standards for the domestic use of 2,4,5-T in 1974 required that TCDD levels
be less than 0.05 ppm (NAS, 1974). Therefore, depending on which stocks were
sampled, the level of dioxin contamination in Agent Orange could have been up
to 1,000 times higher than the level of dioxin found in phenoxy herbicides do-
mestically available at the time.

Agents Green, Pink, and Purple, also contained 2,4,5-T and were used from
1962 through mid-1965. These 2,4,5-T formulations used early in the program
(prior to 1965) contained 16 times the mean dioxin content of formulations used
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during 1965–1970 (Young et al., 1978). Analysis of archive samples of Agent
Purple reported levels of TCDD as high as 45 ppm (Young, 1992). The mean
concentration of TCDD in Agent Purple was estimated to be 32.8 ppm; the
estimate for Agents Pink and Green was 65.6 ppm (Young et al., 1978). As a
result of TCDD contamination in the herbicides, it has been estimated that about
368 pounds of dioxin was sprayed in Vietnam over a six-year period (Gough,
1986).

OCCUPATIONAL AND ENVIRONMENTAL EXPOSURES
TO HERBICIDES AND DIOXIN

The Department of Agriculture, under the provisions of the Federal Insecti-
cide, Fungicide, and Rodenticide Act, registered 2,4,5-T as an herbicide in 1948.
Farmers recognized its usefulness for killing broadleaf plants and for controlling
weeds in pasture lands to enable desirable grasses to grow. Foresters, including
the U.S. Forest Service and other federal agencies having jurisdiction over na-
tional lands, forests, and parks, have used herbicides to keep down brush and
undergrowth and to eliminate unwanted hardwoods in pine forests. Railroads,
utility companies, and certain government agencies have used 2,4,5-T to limit the
growth of weeds along railroad tracks, next to power lines, and along highways.
Because 2,4,5-T was inexpensive and easy to use, by the early 1970s it had
become one of the most widely used herbicides in the United States (Gough,
1986).

In investigating the possible health effects of exposure to herbicides in Viet-
nam, the committee also looked at available information on occupational and
environmental exposures to dioxin, the contaminant found in 2,4,5-T. These
studies included residents living in and around Seveso, Italy, who were exposed
during industrial accidents; chemical plant workers who were occupationally
exposed to TCDD during the production of 2,4,5-T or other phenoxy herbicides
or chlorophenols such as hexachlorophene or trichlorophenol; sawmill workers
exposed to higher chlorinated dioxins that contaminated wood preservatives;
pulp and paper workers exposed to dioxin through the pulp bleaching process;
and residents of China exposed to dioxin as a contaminant in a pesticide used to
prevent schistosomiasis.

2,4-D, the other herbicide used in Agent Orange and a constituent of Agents
Purple and White, has attracted less interest from researchers because published
studies do not indicate it is contaminated with 2,3,7,8-TCDD. Rather little re-
search has been conducted on exposures to the two other primary herbicides used
in Vietnam, picloram and cacodylic acid.

In Vietnam and in most of the occupational and environmental studies exam-
ined by the committee, subjects could have been exposed to a number of other
chemicals besides herbicides or TCDD. In some cases the exposure mixture
included a variety of dioxin and dibenzofuran congeners. Attempts to assess the
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toxicity of these mixtures are discussed later in this chapter as well as in Chapter
3. In other cases the exposure mixtures include a range of herbicides, fungicides,
insecticides, wood preservatives, insect repellents, and other chemicals that might
be used in the industry being studied. In such situations it is possible that these
co-exposures could be confounding the association of herbicides or TCDD with
the disease. Alternatively, these co-exposures may act synergistically with the
herbicides, increasing the risk from exposure.

EXPOSURE ASSESSMENT FOR EPIDEMIOLOGY

The committee was asked to evaluate the scientific literature to determine, if
possible, whether there is a statistical association between various health effects
and herbicide use, taking into consideration the strength of the scientific evidence
and the appropriateness of the methods used to detect the association. Estimation
of health risks associated with herbicide exposure consists of two primary activi-
ties: (1) exposure assessment and (2) assessment of the health effects in exposed
individuals. This and previous committees have all found that the weakest metho-
dologic aspect complicating the interpretation of the available epidemiologic
studies is the definition and quantification of exposure.

When epidemiologists assess the potential health risks of exposure to a toxic
chemical, they compare the disease experience of groups of people with different
levels of exposure to that substance. Accurate estimation of any risk associated
with exposure depends on the ability to identify those who are “exposed” and
those who are not. When the concern is with low-level, possibly intermittent
exposure to a chemical such as an herbicide, it becomes important not only to
assess the presence or absence of exposure, but also to characterize the degree of
exposure—its intensity and duration. Exposure assessment contributes to the
epidemiologic study process in several ways. First, well-defined contrasts in the
exposure of groups being studied increase the validity of individual and group
risk assessments. A poorly defined contrast could result, for example, if a group
of people assumed to be exposed to a particular agent contained many individuals
who were not, in fact, truly exposed. Second, very large groups must be studied to
identify the small risks associated with low levels of exposure, whereas a rela-
tively small study may be able to detect the effect of heavy or sustained exposure
to a toxic substance. In this way, a study’s precision or statistical power is also
linked to the extent of the exposure and the accuracy of its measurement.

Exposure has been characterized in many different ways in epidemiologic
studies, depending on the availability of data and the hypothesis being tested.
One can usefully distinguish a few basic approaches to exposure assessment
(Checkoway, 1986; Smith, 1987). The simplest approach compares the members
of a class presumably exposed to an agent with the general population or with an
“unexposed” group. Occupational studies are often of this type, comparing for
example, herbicide production workers to the general population. Vietnam veter-
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ans have also been compared to veterans who served during the Vietnam era but
did not serve in Vietnam. The advantages of this approach are its simplicity and
the ease of interpretation of the results. Studies of this type can effectively iden-
tify the increased morbidity or mortality in the group. If, however, only a small
fraction of class members are actually substantially exposed to a toxic agent (in
all likelihood, only a fraction of the estimated 2.6 million to 3.8 million veterans
who served in Vietnam were substantially exposed to herbicides), then any in-
creased risk from exposure in this subgroup may be lost entirely when the disease
risk of the full class (all Vietnam veterans) is assessed.

A somewhat more refined method of exposure assessment assigns to each
cohort member a qualitative degree or level of exposure. This may be done in
several different ways. For example, a cohort of herbicide production workers
could be divided into subgroups in such a way that those who were likely to have
been heavily exposed through their job assignments are placed in one group (e.g.,
“high exposure”); a second group might be identified who had sustained expo-
sures, but not in those jobs or departments in direct contact with the toxin (“mod-
erate exposure”); and finally, a residual group might contain those with little or
no exposure who were nonetheless employed at the production facility (“low
exposure”). The disease risk may then be calculated separately for each of these
groups compared to a referent or “unexposed” group. This method, as opposed to
the simple exposed/unexposed comparison described above, should (if the classi-
fication of exposure is done without serious errors) yield less diluted risk esti-
mates and provide support for a dose–response trend. This method also does not
necessarily require expensive and time-consuming measurements of the actual
exposure of each cohort member.

Ideally, quantitative estimates should be available on the total exposure
history of each subject in the study. When such data are available, it is possible
to estimate quantitatively the relationship between a given level of exposure and
the degree of risk that is expected to accrue. In occupational epidemiologic
studies, quantitative exposure data are sometimes developed through a process
called historic exposure reconstruction. In occupational cohort studies, work
records and industrial hygiene data may be available that cover the entire history
of the factory being studied. In this way it is often possible to know with consid-
erable accuracy the length of time that each cohort member has spent in the
industry. Somewhat more precise assessments may be possible if the cohort can
be subdivided into those who were employed in one or more areas of the plant
where the exposure of interest was heaviest. A variety of approaches have been
used to estimate the intensity of exposure in each job or department in an indus-
try, including the use of expert judgment, development of physical process
models, and the extrapolation of sampling or production data. An analogous
approach for Vietnam veterans might, for example, distinguish individuals by
dates of service, proximity to herbicide spraying, and job responsibilities rela-
tive to herbicides.
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When quantitative estimates of the intensity of exposure are not available, it
is sometimes possible to know the duration of exposure for each cohort member.
Although less satisfactory, one may nevertheless assume that the intensity of
exposure was relatively constant among exposure subgroups of the cohort, so that
the total exposure (sometimes called cumulative exposure) is proportional to its
duration. Based on these assumptions, one would hypothesize that a true risk
would increase with the duration of exposure.

Another form of quantitative exposure assessment involves the use of bio-
markers for the agent of interest. TCDD and other chlorinated dibenzo-p-dioxins
and dibenzofurans are found in blood and tissues of nonoccupationally exposed
humans at part-per-trillion (nanogram-per-kilogram) levels. After absorption,
TCDD is distributed to tissues with high lipid content. Adipose tissue appears to
be the main site of accumulation, although TCDD has been found in all tissue
samples that have been examined from autopsy (Ryan et al., 1986).

Although exposure to TCDD from environmental sources occurs on a
continuing basis (Geyer et al., 1986; Byard, 1987), both serum and fat biopsy
samples taken from individuals with unusually high exposures indicate that
TCDD may remain in the body for many years after exposure. This means that,
in theory, TCDD levels in the body long after exposure could be used to
estimate TCDD levels at the end of exposure using a pharmacokinetic model
and the clearance rate (half-life) of TCDD in the body. Several epidemiologic
studies have tried this approach to estimating exposures in the cohort under
study (Flesch-Janys et al., 1995; Ott and Zober, 1996; Ramlow et al., 1996;
and others). However, various authors have reported different estimates of
TCDD half-life (Pirkle et al., 1989; Needham et al., 1994; Michalek et al.,
1996a; Flesch-Janys et al., 1996; Michalek et al., 1997), and TCDD half-life is
likely to change as a persons weight and percentage of body fat change when
the person ages (Flesch-Janys et al., 1996). In addition, serum TCDD levels
have been shown to vary with several other personal characteristics, including
age, race, body mass, region of residence, and smoking status (Devine et al.,
1990; Flesch-Janys et al., 1996). Although quantitative measures of exposure
are highly desirable, a biomarker, especially one gathered years after expo-
sure, is not necessarily better than qualitative exposure measures. For ex-
ample, Fingerhut et al. (1989) reported that “years exposed” was correlated
with both current TCDD level (r = .82) and estimated TCDD level at the end
of exposure (r = .80). Group differences in serum TCDD levels can be useful
in confirming that occupational exposure measures reflect true differences in
exposure; this has been done in studies by the National Institute for Occupa-
tional Safety and Health (NIOSH) (Fingerhut et al., 1989, 1991; Sweeney et
al., 1990) and others.

To summarize, epidemiologists generally think of the various exposure as-
sessment strategies described above in a hierarchy of increasing accuracy: the
exposed/unexposed approach is the least accurate, followed by the qualitative
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classification of level of exposure, and best of all, quantitative estimates of both
the intensity and the duration of exposure. It is important to stress that all of these
strategies may be valid, but they vary in their precision and in the degree to which
they can contribute to the evidence for or against a particular exposure–disease
association.

The strength of association between an exposure and a disease is only one of
the criteria used in evaluating epidemiologic evidence. Another criterion often
used in evaluating an association is whether or not there is evidence that as
exposure increases, the risk of the disease also increases (Hill, 1971). This dose–
response pattern can be detected only if the degree of exposure among different
cohorts or subcohorts of the study can be determined. Inaccurate assessment of
exposure can obscure the existence of such a trend and thus make it less likely
that a true risk will be identified.

Once an exposure–disease association has been established, it is often desir-
able to consider the implications for some exposed population other than the
population in which the study was performed. In making this inference, it is
important to have exposure assessments that allow valid comparisons of expo-
sure of the different study populations. For example, if an increased risk of a
particular disease has been demonstrated in workers occupationally exposed to
an herbicide for a long period, what would the risk be for a Vietnam veteran who
was exposed only occasionally or for just a short period? The proper scale on
which to compare these risks is the scale of quantitative exposure (integrating
both level and duration), with risk assessed per unit of exposure. If the exposure
levels are unknown or poorly characterized, then extrapolating from one popula-
tion to another may be difficult.

The types of occupational and environmental exposure situations studied,
and the likely intensity and duration of the exposures to herbicides and TCDD,
are diverse. In principle, this provides an opportunity to compare results between
studies to determine whether certain diseases are more common in populations
likely to have higher exposures. However, because of the complex pattern of
exposures to various herbicides and TCDD in the available epidemiologic stud-
ies, the committee was generally not able to differentiate among multiple chemi-
cal exposures to determine whether specific health effects were associated with a
particular herbicide or with TCDD in the mixed exposure setting. Attempts to
assess the toxicity of mixtures of dioxin and dibenzofuran congeners are dis-
cussed later in this chapter as well as in Chapter 3.

In August of 1997, the committee hosted a workshop for many of the re-
searchers involved in studies of Vietnam veterans and individuals exposed to
herbicides or dioxin. The goal of the workshop was to discuss the feasibility of
using current data combination techniques (such as meta-analysis and data pool-
ing) with existing data bases to further investigate the health effects of herbicide
and dioxin exposures. The question of which analysis techniques, which data
sets, and which health outcomes might be best suited for such an approach was
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also discussed. A review of that workshop will be released as a National Acad-
emy of Sciences report.

EXPOSURE ASSESSMENT IN STUDIES OF VIETNAM VETERANS

Different approaches have been used to estimate the exposure of Vietnam
veterans, including self-reported exposures, records-based exposure estimates, or
biomarkers of TCDD exposure. Each approach is limited in its ability to deter-
mine precisely the degree of individual exposure. Some studies rely on gross
markers such as service in Vietnam—perhaps enhanced by branch of service,
military region, military specialty, or combat experience—as proxies for expo-
sure to herbicides. Studies of this type include the Centers for Disease Control
and Prevention’s (CDC’s) Vietnam Experience Study and Selected Cancers
Study, the Department of Veterans Affairs’ (DVA’s) mortality studies, and most
studies of veterans conducted by states. This approach almost surely dilutes
whatever health effects of herbicides exist, because many members of the cohort
presumed to be exposed to herbicides may, in reality, not have been.

Ranch Hands and Army Chemical Corps

Military occupation has been shown to be a valid exposure classification for
two specific occupations that involved the direct handling and distribution of
herbicides: the Air Force Ranch Hands, who were responsible for aerial spraying
of herbicides, and the Army Chemical Corps, which performed ground and heli-
copter chemical operations. Biomarker studies of the Ranch Hands are consistent
with their exposure to TCDD as a group. When the Ranch Hand cohort was
further classified by military occupation, a general increase in serum TCDD
levels was detected for jobs that involved more frequent handling of herbicides.
The median TCDD level for enlisted ground crew (24 parts per trillion [ppt],
range 0–618 ppt) was higher than the median level for enlisted flyers (18 ppt,
range 0–196 ppt), and three times greater than the median level for officers (8 ppt,
range 0–43 ppt) (AFHS, 1991).

The exposure index initially proposed in the Air Force Ranch Hand study
relied upon military records of TCDD-containing herbicides (Agents Orange,
Purple, Pink, and Green) sprayed as reported in the HERBS tapes for the period
after July 1965 and on military procurement records and dissemination informa-
tion for the period prior to July 1965. A TCDD weighting factor (based on the
concentration of TCDD in the herbicide and the duration of spraying) was ap-
plied to the number of gallons of herbicides sprayed during each subject’s tour of
duty in Vietnam. The dates of each subject’s tour(s) in Vietnam were determined
by a manual review of military records. The HERBS tapes were used with quar-
terly operations reports to construct a table of gallons of TCDD-containing herbi-
cides sprayed for each month during the Ranch Hand operation.
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The exposure index for a Ranch Hand was defined as the product of the
TCDD weighting factor and the number of gallons of TCDD herbicides sprayed
during an individual’s tour of duty, divided by the number of Ranch Hands
sharing such duties during this individual’s tour. Each Ranch Hand was placed in
an exposure category (high, medium, or low) based on the value of the indi-
vidual’s exposure index. The index included exposure from recorded Ranch Hand
sprays only—the measure did not allow for other unrecorded herbicide expo-
sures, such as chemical dumps or perimeter sprays, or other non-Ranch Hand
herbicide applications. In 1991, the exposure index was compared to the results
of the Ranch Hand serum TCDD analysis. The exposure index and the TCDD
body burden were weakly correlated.

More recently, Michalek et al. (1995) developed several indices of herbicide
exposure for members of the Ranch Hand cohort and tried to relate these to the
levels of serum TCDD measured between 1987 and 1992. Self-administered
questionnaires completed by veterans of Operation Ranch Hand were used to
develop three indices for herbicide or TCDD exposure: (1) the number of days of
skin exposure; (2) the percentage of skin area exposed; and (3) the number of
days of skin exposure, times the percentage of skin exposed, times a factor for the
concentration of TCDD in the herbicide. A fourth index used no information
gathered from individual subjects. It was calculated as the volume of herbicide
sprayed during a specific individual’s tour of duty, times the concentration of
TCDD in herbicides sprayed in that period, divided by the number of crew
members at that time in each job specialty.

Each of the four models tested was significantly related to the serum TCDD
level, although each explained only between 19 and 27 percent of the variability
in serum TCDD. Days of skin exposure had the highest correlation. Military job
classification (non-Ranch Hand combat troops, Ranch Hand administrators,
Ranch Hand flight engineers, and Ranch Hand ground crew), which is separate
from the four indices, explained 60 percent of the variance in serum TCDD
concentrations. When the questionnaire-derived indices were applied within each
job classification, days of skin exposure added significantly, but not substan-
tially, to the variability explained by job alone.

Other Vietnam Veterans

Surveys of Vietnam veterans who were not part of the Ranch Hands or
Chemical Corps groups indicate that 25 to 55 percent believe they were exposed
to herbicides (Erickson et al., 1984 a,b; Stellman and Stellman, 1986; CDC,
1989). A few attempts have been made to estimate exposures of the Vietnam
veterans who were not part of the Ranch Hand or Chemical Corps groups. The
CDC was involved in two such studies: the CDC Agent Orange Study (CDC,
1985) and the CDC Birth Defects Study which developed an exposure opportu-
nity index (EOI) to score Agent Orange exposures (Erickson et al., 1984 a,b).
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As part of a case-control study to determine if there was an increased risk of
birth defects among the offspring of Vietnam veterans, an Agent Orange expo-
sure assessment was done (Erickson et al., 1984 a,b). The potential for an indi-
vidual Vietnam veteran’s exposure to Agent Orange (“exposure opportunity”)
was estimated by military records specialists of the Army Agent Orange Task
Force without knowledge of case or control status. The EOI scores ranged from a
value of 1 (minimum opportunities for exposure) to a value of 5 (most numerous
opportunities for exposure). Higher values signify a greater likelihood of expo-
sure but do not necessarily indicate a higher degree (duration or intensity) of
exposure.

All individual veterans were given two index scores: one was derived from
self-reported information on dates and location of service, and military duties,
obtained during the interview; the second was developed based on a review of
military records. The records-based EOI used unit location data determined from
the Operational Report Lessons Learned. The proximity of these general unit
locations was compared to Agent Orange and other herbicide spray data by using
the HERBS tapes and other data available on base perimeter sprays to construct
the index scores.

Approximately 25 percent of interviewed Vietnam veterans reported that
they had been exposed to Agent Orange. Fifty-two percent received the same
score in both the index score and the self-reported Agent Orange exposure. A
higher proportion of subjects who thought they had been exposed received scores
of 4 or 5 than did subjects who thought they had not been exposed.

In 1983, the CDC was assigned by the U.S. government to conduct a study of
the possible long-term health effects of Vietnam veterans’ exposures to Agent
Orange. The Agent Orange Study attempted to classify veterans’ exposure to
herbicides that occurred during military service. This was to be accomplished by
determining the proximity of troops to Agent Orange spraying using military
records to track troop movement and the HERBS tapes to locate herbicide spray-
ing patterns. The original study was to involve three cohorts, each containing
approximately 8,500 men.

The DoD Environmental Services Group assisted CDC in the abstraction of
military records on troop locations. According to the CDC protocol, 65 battalions
were to be selected from III Corps. Herbicide exposure “scores” were calculated at
the company level (about 250 men), based on a reported unit location occurring
within a specified time and distance from a known herbicide application. Three
exposure scores were proposed—short, intermediate, and chronic—to estimate an
individual’s likelihood of exposure. These scores attempted to account for varia-
tions in TCDD half-life, dispersion of herbicides, error in the calculated distances
from spray lines, and uncertainties regarding the time between spraying and pos-
sible exposure, as well as whether the exposure could be viewed as acute, chronic,
or intermediate. The CDC initially concluded that “many veterans were in close
enough proximity to applications of Agent Orange to be classified as highly likely
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to have been exposed to the herbicide” and that there was substantial variability in
exposure scores among units and among individual veterans (CDC, 1985).

To test the validity of several indirect methods for estimating exposure of
ground troops to Agent Orange in Vietnam, in 1987 the CDC Agent Orange Vali-
dation Study measured serum TCDD levels in a nonrandom sample of Vietnam
veterans and Vietnam era veterans who did not serve in Vietnam (CDC, 1988).
Vietnam veterans were selected for further study based on their estimated number
of Agent Orange hits, derived from the number of days for which at least one
company location was within 2 km and 6 days of a recorded Agent Orange spray:
the “low” exposure group included 298 veterans, the “medium” exposure group
included 157 veterans, and the “high” exposure group included 191 veterans. Blood
samples were obtained from 66 percent of Vietnam veterans (N = 646) and 49
percent of the eligible comparison group of veterans (N = 97). More than 94 percent
of those whose serum was obtained had served in one of five battalions.

Five indirect exposure scores based on military records and two scores based
on self-reports were used to rank veterans according to their likelihood of expo-
sure to Agent Orange. The five indirect scores incorporated a variety of assump-
tions concerning possible sources of TCDD exposure, the estimated half-life of
TCDD in the environment, and the completeness of data on troop and spray
location. Two Agent Orange exposure scores were calculated based on proximity
to recorded Agent Orange sprays. Two similar scores were computed for re-
corded sprays of “unknown” agents. The fifth score, an area score, depended less
on precise military unit location data than the other four scores. It was computed
based on the number of days a company was in one of five heavily sprayed areas
in III Corps during 1967 and 1968. Two self-assessed exposure scores were
determined based on the number of days an individual reported direct and indi-
rect exposure to herbicides during military service (CDC, 1988).

The median TCDD level in Vietnam veterans was 4 ppt, with a range from
less than 1 to 45 ppt and two veterans having levels greater than 20 ppt; the
distributions of these measurements were nearly identical to those for the control
group of 97 non-Vietnam veterans. In other words, the CDC’s Validation Study
found that study subjects could not be distinguished from controls based on
serum TCDD levels. In addition, none of the records-derived estimates of expo-
sure and neither type of self-reported exposure to herbicides identified Vietnam
veterans who were likely to have currently elevated serum TCDD levels (CDC,
1988). The study concluded it is unlikely that military records can be used to
identify a large number of U.S. Army veterans who might have been heavily
exposed to TCDD in Vietnam.

In addition, these serum TCDD levels in Vietnam veterans suggest that the
exposure to TCDD in Vietnam was substantially less, on average, than that of
occupationally exposed workers, of persons exposed as a result of the industrial
explosion in Seveso, Italy, or of the heavily exposed occupational workers that
are the focus of many of the studies evaluated by the committee. As noted above,
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this estimation of average exposure does not preclude the existence of a heavily
exposed subgroup of Vietnam veterans.

In 1997, a committee convened by the Institute of Medicine developed a Request
for Proposals (RFP) seeking individuals and organizations capable of conducting
research to develop one or more historic exposure reconstruction approaches suitable
for epidemiologic studies of herbicide exposure among U.S. veterans during the
Vietnam War (IOM, 1997). These approaches were to incorporate information from,
for example, existing data bases, biomarker data, and supplemental material gathered
from surveys of military personnel, governmental and nongovernmental organiza-
tions, and other sources. Work funded under this RFP began in 1998.

EXPOSURE ASSESSMENT IN OCCUPATIONAL AND
ENVIRONMENTAL STUDIES

Problems exist in the estimation of exposures among nonveteran groups
studied for health outcomes. In many of the studies reviewed, exposure to herbi-
cides or TCDD was inferred simply by using occupation as a surrogate measure.
Types of occupations involving potential exposure include workers in herbicide
or other chemical production plants, agricultural and forestry workers, herbicide
and pesticide applicators, sawmill workers, and paper and pulp mill workers. As
noted in the beginning of this chapter, the problem with characterizing exposure
based on occupation only is that misclassification can occur if those classified as
exposed were actually unexposed, or vice versa. Any actual increased risk from
exposure might not be detected in the entire group when exposure is classified
simply by occupation.

Studies of environmental exposures are related primarily to unintentional
releases of TCDD into the environment at Seveso, Italy, or in an area where
herbicides or antiparasitic pesticides were applied. In these cases, the simplest
measure of exposure was classification according to place of residence. Intensity
of exposure has been estimated by years of residence in a contaminated area; this
measure does not take into account the concentration of TCDD or herbicide or the
frequency of individual contact with contaminated soil or water.

The studies described below are also addressed in detail in Chapter 6 of this
report, in Chapter 6 of Veterans and Agent Orange: Health Effects of Herbicides
Used in Vietnam (henceforth called VAO) (IOM, 1994), and Chapter 5 of Veterans
and Agent Orange: Update 1996 (henceforth called Update 1996) (IOM, 1996).

Production Workers

The Netherlands

Two plants in the Netherlands that manufactured phenoxy herbicides and
chlorophenols between 1955 and 1986 were studied by Bueno de Mesquita et al.
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(1993). In one of the plants an accident in 1963 resulted in the release of poly-
chlorinated dibenzo-p-dioxins (PCDDs). Cohort exposure was based on employ-
ment records and interviews. Workers were considered “exposed” if they worked
in any of several departments, had been exposed as a result of the 1963 accident,
or entered an exposed department at least once a week on a regular basis. This
initial study was part of the first International Agency for Research on Cancer
(IARC) analysis (Saracci et al., 1991). A follow-up of the cohort included a more
detailed exposure assessment using serum TCDD levels of a subset of workers to
model historical exposure levels (Hooiveld et al., 1996). This expanded follow-
up cohort was included in the second follow up IARC analysis (Kogevinas et al.,
1997).

United Kingdom

Workers from four factories that manufactured phenoxy herbicides and chlo-
rophenols between 1963 and 1985 were studied by Coggon et al. (1991) and
Kauppinen et al. (1994). No air or biological sampling was done. Subjects were
classified according to their potential exposure to phenoxy herbicides and chloro-
phenols based on job histories. These cohorts were included in the first IARC
analysis (Saracci et al., 1991) and the second follow-up IARC analysis (Kogevinas
et al., 1997).

First IARC Study

A multisite study by IARC involved 18,390 production workers and herbi-
cide sprayers from 20 cohorts in 10 countries (Saracci et al., 1991). Included in
this analysis are the cohorts from the Netherlands and the United Kingdom de-
scribed above. Four of the cohorts included workers who sprayed 2,4,5-T, 2,4-D,
or 2-methyl-4-chlorophenoxyacetic acid (MCPA). Exposure for this study was
estimated from a combination of factory records, work histories, and question-
naires. The cohort was subdivided according to whether individuals were ex-
posed by spraying or during production and by the type of chemical used or
produced. Workers who sprayed chlorophenoxy herbicides or worked in factory
departments in contact with these chemicals were considered “exposed” (N =
13,482); workers “probably exposed” had no job title but were judged to have
been exposed (N = 416). Workers with no exposure status information were
treated as having “unknown” exposure (N = 541), and those who never worked in
factory departments with exposure to chlorophenoxy herbicides, or who never
sprayed these chemicals, were considered “nonexposed” (N = 3,951). Exposure
to TCDD was assumed to be possible for those who worked producing or spray-
ing 2,4,5-trichlorophenol and 2,4,5-T or related products. The degree of exposure
to TCDD, however, is more uncertain than that of the NIOSH study since some of
the cohorts of individuals either sprayed or produced compounds such as MCPA
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or mecoprop (MCPP), which were unlikely to contain significant quantities of
TCDD.

Two nested case-control studies were conducted using this cohort (Kogevinas
et al., 1995). For the case-control studies, exposures to 21 chemicals were esti-
mated on a relative scale by three industrial hygienists. A cumulative exposure
score was calculated for each subject for each chemical, based on the individual’s
work history and knowledge of the determinants of exposure such as department
or job, use of personal protective equipment, contact with chemicals and other
factors (Kauppinen et al., 1994). In the case-control analysis, the cumulative
exposure scores for each chemical were divided into low-, medium-, and high-
exposure categories (Kogevinas et al., 1995).

United States

On March 8, 1949, at the Monsanto Company’s chemical plant in Nitro,
West Virginia, an accident occurred in the autoclave in which trichlorophenol
was being manufactured. The pressure inside the autoclave increased to a level
that exceeded safety limits, and the safety valve gave way, allowing the pressur-
ized contents (trichlorophenol that contained TCDD) to vent out through the
chimney and into the inside of the building (Gough, 1986). The workers have
been studied since the 1980s to evaluate the health impact of their exposures to
TCDD (Zack and Suskind, 1980; Zack and Gaffey, 1983; Collins et al., 1993).
No exposure measurements were made of this cohort; exposure was determined
by their having chloracne, by their presence in the plant during a 9-month period
after the accident, or in one study, by their having worked in the 2,4,5-T produc-
tion area.

The Dow Chemical Company plant in Midland, Michigan was another widely
studied U.S. plant. This plant produced 2,4,5-T and its esters—trichlorophenol
and pentachlorophenol—(Cook et al., 1986; Ott et al., 1987; Bond et al., 1989).
By using wipe samples, process streams, and intermediate product information,
jobs in the various departments during different time periods were ranked on a
scale of 0 to 4 for intensity of exposure to TCDD, with each unit indicating an
increase on a logarithmic scale. Cumulative exposure indices were calculated for
each “exposed” job by multiplying the duration of each job by the estimated
intensity of exposure and then summing across all exposed jobs. Recently,
Ramlow et al. (1996) have done an update study of this cohort, using the cumu-
lative exposure index as part of the analysis.

One of the most extensive sets of data on workers engaged in the production
of chemicals potentially contaminated with TCDD has been compiled by NIOSH.
This study of 12 chemical companies, included the Nitro, West Virginia, and
Midland, Michigan, plants described above as well as others. More than 5,000
workers were identified from personnel and payroll records indicating whether
the worker had been involved in production or maintenance processes associated
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with TCDD contamination (Fingerhut et al., 1991). At each chemical plant, a
review of operating conditions, job duties, and records of TCDD levels in indus-
trial hygiene samples, intermediate reactants, products, and wastes was con-
ducted. Exposure was estimated from job records according to the length of time
working in processes involving TCDD contamination and the total length of
employment at the plant; serum TCDD levels were measured in a sample of 253
workers. Data on current TCDD levels demonstrated a good correlation with the
duration of employment. For the full cohort, the duration of exposure in a process
involving TCDD contamination was used as the primary exposure metric. It
should be noted that workers were exposed concurrently to other chlorophenols
and phenoxy herbicides that were contaminated with TCDD, as well as to numer-
ous other chemicals during their employment.

Germany

In 1953 the BASF production unit at Ludwigshafen, Germany, which pro-
duced trichlorophenol, had an accidental release. The primary exposure classifi-
cation scheme used was to classify workers exposed during the accident or during
subsequent cleanup and repair and those not exposed (Zober et al., 1990). Also
analyzed were workers who developed chloracne and those who did not. Later
studies of this cohort estimated the TCDD dose for the entire cohort using a
statistical model describing the relationship between various exposure conditions
and TCDD blood levels for a subset of 138 workers. Then, using work history
information and TCDD half-life data the authors estimated the TCDD levels of
each worker in the cohort at the time of exposure (Ott et al., 1993; Ott and Zober,
1996). There were subsets of this cohort that were also exposed to aromatic
amines, such as β-naphthylamine, and to asbestos; these data were collected
during the exposure assessment. This cohort was not included in any of the IARC
studies.

Another German cohort studied involved workers from a herbicide manufac-
turing plant of Boehringer-Ingelheim in Hamburg, Germany. Assessment of ex-
posure to TCDD was based on samples of materials, products, waste, and soil
from the plant. Based on this information, workers were classified as having high,
medium, or low exposure according to the production departments in which they
worked (Manz et al., 1991). Flesch-Janys et al. (1995) did an update of this cohort
and added quantitative exposure assessment based on blood or adipose measure-
ments of polychlorinated dibenzo-p-dioxin and furan (PCDD/F). Using a first-
order kinetics model, half-lives from an elimination study in 48 workers from this
cohort, and background levels for the German population, the authors estimated
PCDD/F levels for the 190 workers with serum or adipose measurements of
PCDD/F. Then regressing the estimated PCDD/F level of these workers at the
end of their exposure against the time they worked in each production department
in the plant, the authors estimated the contribution of the working time in each
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production department to the PCDD/F level at the end of exposure. These pro-
duction department working time “weights” were then used, along with the work
histories of the remainder of the cohort, to estimate the PCDD/F level for each
cohort member at the end of the person’s exposure. The epidemiologic analysis
used these estimated TCDD doses.

Becher et al. (1996) report an analysis of several German cohorts including
the Boehringer-Ingelheim cohort described above, a cohort from the BASF Lud-
wigshafen plant that did not include those involved in the 1953 accident, and a
cohort from a Bayer plant in Uerdingen and a Bayer plant in Dormagen. All of the
plants were involved in the production of phenoxy herbicides or chlorophenols.
Exposure assessment involved the estimation of duration of employment from
the start of work in a department with suspected exposure until the end of em-
ployment at the plant. This may include some periods without exposure. Analysis
was based upon time since first exposure.

Second IARC Study

Kogevinas et al. (1997) updated and expanded the international cohort stud-
ied by Saracci et al. (1991) to include the data of Fingerhut et al. (1991) and
Becher et al. (1996). The study population was classified as exposed to phenoxy
herbicides or chlorophenols based primarily on individual job records and com-
pany exposure questionnaires. The great majority of workers were classified as
exposed if they had ever worked in the production or spraying of phenoxy herbi-
cides or chlorophenols (four cohorts were an exception with minimum employ-
ment periods of 1 to 12 months). The exposed workers were aggregated into five
groups: main production, maintenance, other exposed jobs, unspecified tasks,
and sprayers. Based on these categories and on information about production
processes and the composition of the materials used, the exposed workers were
further classified into three categories: (1) exposed to TCDD or higher chlori-
nated dioxins; (2) unexposed to TCDD or higher chlorinated dioxins; and (3)
unknown exposure to TCDD or higher chlorinated dioxins.

Agricultural, Forestry, Outdoor Workers, and Environmental Exposures

Agricultural Workers

Occupational studies of agricultural workers have estimated exposure to
herbicides or TCDD using a variety of methods. In the simplest method, data on
an individual’s occupation are derived from death certificates, cancer registries,
or hospital records (Burmeister, 1981). Although this information is relatively
easy to obtain, it is not possible to estimate the duration or intensity of exposure
or to determine the specific type of herbicide or chemical to which a worker was
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exposed. Because agricultural workers are often exposed to a wide variety of
herbicides, pesticides, and other chemicals, it is difficult to associate diseases
with any particular exposure in this setting.

Some studies of agricultural workers have attempted to investigate differ-
ences in occupational practices to identify subsets of workers who were likely to
have had higher levels of herbicide exposure (Vineis et al., 1986; Wiklund and
Holm, 1986; Musicco et al., 1988; Wiklund et al., 1988; Hansen et al., 1992;
Ronco et al., 1992). Other studies have used county of residence as a surrogate of
exposure, relying on agricultural censuses of farm production and chemical use
to characterize exposure in individual counties (Gordon and Shy, 1981; Cantor,
1982; Blair and White, 1985). Still other studies attempted to refine exposure
estimates by categorizing exposure according to the number of years employed in
a specific occupation as a surrogate for exposure duration, obtaining supplier
records on the amount of herbicides purchased to estimate the level of exposure,
or estimating acres sprayed to quantify the amount used (Wigle et al., 1990;
Morrison et al., 1992). In some cases, self-reported information on exposure was
obtained, including direct handling of the herbicide, whether it was applied by
tractor or hand-held spray, and what type of protective equipment was worn or
what safety precautions were exercised, if any (Hoar et al., 1986; Zahm et al.,
1990). Some studies attempted to validate self-reported information, based on
verification using written records, signed statements, or telephone contacts with
coworkers or former employers (Carmelli et al., 1981; Woods and Polissar, 1989).

Herbicide and Pesticide Sprayers

Studies of herbicide sprayers are relevant because it can be presumed that
applicators had more sustained exposure to herbicides; however, applicators were
also likely to be exposed to a multiplicity of chemicals, complicating the assess-
ment of any individual or group exposure specifically to phenoxy herbicides or
TCDD. Individual estimates of the intensity and frequency of exposure were
rarely quantified in the studies the committee examined, however, and applica-
tors often were known to have sprayed many different kinds of herbicides, pesti-
cides, and other chemicals. In addition, herbicide spraying is generally a seasonal
occupation, and information may not be available on possible exposure-related
activities during the rest of the year.

Paper and Pulp Mill Workers

An occupational group thought to be exposed to TCDD and chlorinated
phenols consists of paper and pulp mill workers. When free chlorine gas is used
to bleach pulp, TCDD can be produced. Although TCDD has been found in
chlorine-bleached pulp, studies of pulp and paper mill workers have not, to date,
shown elevated levels of dioxins in their biological tissues (Rosenberg et al.,
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1994, 1995; Mouradian et al., 1995). Pulp and paper production workers are also
likely to be exposed to other chemicals in the workplace, which vary, for ex-
ample, according to the type of paper mill or pulping operation and the final
product manufactured (Robinson et al., 1986; Henneberger et al., 1989; Solet et
al., 1989; Jappinen and Pukkala, 1991).

Sawmill Workers

Workers in sawmills may be exposed to pentachlorophenates, which are
contaminated with higher chlorinated PCDDs (Cl6–Cl8) or tetrachlorophenates,
which are less contaminated with higher chlorinated PCDDs. The wood is dipped
in these chemicals and then cut and planed in the mills. Most exposure is dermal,
although some exposure can occur via inhalation (Teschke et al., 1994; Hertzmann
et al., 1997).

Seveso, Italy

One of the largest industrial accidents involving environmental exposures to
TCDD occurred in Seveso, Italy, in July 1976, as a result of an uncontrolled
reaction during trichlorophenol production. A variety of indicators were used to
estimate individual exposure; soil contamination by TCDD has been the most
extensively used. On the basis of soil sampling, three areas were defined about
the release point: zone A, the most heavily contaminated, from which all resi-
dents were evacuated within 20 days; zone B, an area of lesser contamination that
children and pregnant women in their first trimester were urged to avoid during
daytime; and zone R, a region with some contamination in which the consump-
tion of local crops was prohibited (Bertazzi et al., 1989). The samples so obtained
are virtually unique in that they were numerous and were obtained prior to elimi-
nation and degradation of TCDD in the sample media. The Seveso cohort contin-
ues to be monitored, including a 15-year follow-up of mortality (Bertazzi et al.,
1997) and a continuing examination of serum TCDD levels (Pesatori, 1995;
Needham et al., 1997).

Vietnamese Studies

Several studies have investigated exposure to herbicides among the residents
of southern Vietnam, comparing unexposed residents of the South to residents of
the North (Constable and Hatch, 1985). Other studies have attempted to identify
North Vietnam veterans who served in the South during the Vietnam era. Records
of herbicide sprays have been used to refine exposure measurements, comparing
individuals who lived in sprayed villages in the South with those living in
unsprayed villages. In some studies, residents of villages were considered ex-
posed if a recorded herbicide mission passed within 10 km of the village center

Copyright © National Academy of Sciences. All rights reserved.

Veterans and Agent Orange: Update 1998
http://www.nap.edu/catalog/6415.html

http://www.nap.edu/catalog/6415.html


EXPOSURE ASSESSMENT 157

(Dai et al., 1990). Other criteria for classifying exposure included length of
residence in a sprayed area and number of times the area had reportedly been
sprayed. A small number of studies provide information on TCDD concentra-
tions in Vietnamese civilians exposed during the war (Schecter et al., 1986).

REVIEW OF THE SCIENTIFIC LITERATURE

Several studies published since the release of Update 1996 provided useful
information for the refinement of exposure assessment strategies. Although none of
these studies led the committee to revise its basic view of the role of exposure
assessment in the evaluation of epidemiologic studies, several recent reports war-
rant brief discussion here. The studies fall into three categories: (1) investigations
of the clearance of TCDD from the human body, (2) evaluations of other types
(congeners) of dioxins found in humans exposed to herbicides and related chemi-
cals, and (3) the development of several exposure indices for epidemiologic studies.

TCDD Half-Life Investigations

The pharmacokinetics of TCDD in humans—its absorption, distribution, and
passage through the body—are not fully understood, which makes individual
serum TCDD levels difficult to interpret and also complicates the interpretation
of epidemiologic studies that rely on these measures of exposure. A complex,
poorly understood process distributes dioxins among body tissues and slowly
clears them from the body. There is evidence that this process is quite variable
among humans, so it is difficult to model its behavior and thereby extrapolate
backwards to estimate the likely concentration of TCDD in fat or blood in the
past. It is also often assumed that TCDD is removed from the body according to
first-order kinetics—that is, for a given period of time, a constant fraction of the
TCDD body burden is eliminated—but some evidence suggests the process may
be more complicated and may vary as conditions in the body change. Further-
more, the metabolic processes governing this movement and disposition may not
be relevant in the determination of the dose of TCDD to specific areas, such as
the brain or reproductive organs. In the epidemiologist’s view, the “causal path-
way” linking exposure to the biomarker (serum or fat TCDD) may be different
from that linking exposure to disease. This can also be complicated by the role of
individual susceptibility factors, which may be polymorphic in humans and hence
increase or decrease the risk of TCDD-related disease (Pesatori, 1995).

A number of studies have tried to estimate the half-life of TCDD in humans.
These have been reported in VAO or Update 1996. For example, in a study of 36
Ranch Hand veterans, the median half-life of TCDD was estimated to be 7.1
years (Pirkle et al., 1989). An expanded study of 337 Ranch Hand veterans,
including the 36 from the previous study, estimated a median half-life between
11.5 and 12 years (Wolfe et al., 1994). Using 213 Ranch Hands veterans with
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three repeated blood serum measurements from 1982, 1987, and 1992, Michalek
et al. (1996a) estimated a half-life of 8.7 years. An erratum published for this
study changed that estimate to 8.5 years (Michalek et al., 1997).

A study of 27 persons exposed during the 1976 TCDD release in Seveso,
Italy, and followed for 15.9 years, yielded a mean half-life estimate of 8.2 years
and a median half-life estimate of 7.8 years (Needham et al., 1994).

A recently published study of 48 German workers exposed to TCDD in a plant
producing herbicides showed a median half-life of 7.2 years (Flesch-Janys et al.,
1996). The time between the first and last analysis was 6.3 years. Increasing age
and percentage of body fat were associated with increasing half-life for most con-
geners. Smokers in general had a faster decay rate than non- or ex-smokers.

Also during this review a study investigating the reliability of serum TCDD
measurements using paired samples from 46 Ranch Hands veterans was reported.
The coefficient of reliability for these repeated measurements was 0.87 when the
measurement was made at 50 ppt dioxin or less. When it was more than 50 ppt
dioxin, the coefficient of reliability was 0.93, but only if the measurements were
analyzed after logarithmic transformation (Michalek et al., 1996b).

Other Dioxin Congeners

In addition to 2,3,7,8-TCDD, other congeners of dioxin and dibenzofuran
contaminated the herbicides sprayed in Vietnam, as well as the products used and
manufactured by the occupational cohorts whose health experience forms the
basis for many of the committee’s conclusions. Because these may contribute to
cancer risk, dioxin “toxic equivalent factors” (Teq factors) have been estimated
for the various other congeners of dioxin and dibenzofuran (U.S. EPA, 1989). A
Teq factor for each dioxin or furan congener is estimated by comparing its toxic-
ity to that of 2,3,7,8-TCDD, which is arbitrarily assigned a Teq factor of 1.0.
Other congeners have lower Teq factors, some as much as 1,000 times lower. In
principle, it is possible to measure each congener and calculate a toxic equivalent
for the entire mixture, but this is costly. Most studies of dioxin-exposed individu-
als have related health effects to TCDD levels only and have not considered other
associated dioxins or furans.

The use of 2,3,7,8-TCDD alone as a measure of risk when exposure includes
many congeners must be considered cautiously. Different sources of dioxin con-
tamination may have different distributions of congeners. Also, the stability of
the different congeners in the environment differs, so that human exposures
occurring long after spraying may differ from those at the time of spraying.
Finally, the half-lives of different congeners in the body differ, so that an exposed
individual will have varying patterns of exposure to each congener over time.
Therefore, although it is probably not feasible to conduct a total congener analy-
sis in every study, the use of TCDD measurements alone may represent an over-
simplification of the full exposure picture.
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Since Update 1996, Flesch-Janys et al. (1996) have published a study report-
ing the half-lives for various dioxin congeners. These ranged from 3.7 years for
heptachlorinated dibenzodixoin (1,2,3,4,6,7,8-HpCDD) to 15.7 years for penta-
chlorinated dibenzodioxin (1,2,3,7,8-PCDD). For the furans, the median half-
lives were between 3.0 and 19.6 years.

Schecter et al. (1996a) measured TCDD and its congeners among 50 Viet-
nam veterans from the state of Michigan, chosen on the basis of their likely
exposure to Agent Orange in Vietnam. They measured the levels of dioxin and
dibenzofuran congeners in blood samples. They found average 1,2,3,4,6,7,8-
HpCDD levels 13 times higher than the average TCDD levels and average
1,2,3,4,6,7,8,9-OCDD levels 88 times higher than average TCDD levels. The
dioxin total Teq level averaged 24.7 for these veterans, with an average total Teq
level of 31.8 when dibenzofuran congeners were also included. This report de-
scribed semen sample levels for a subset of this population (N = 17) as well; these
were pooled into 3 sets of samples for analysis. Average 1,2,3,4,6,7,8-HpCDD
levels 30 times higher than average TCDD levels were found, along with average
1,2,3,4,6,7,8,9-OCDD levels that were more than 260 times higher than average
TCDD levels. The dioxin total Teq level for these semen samples averaged 0.010,
with an average total Teq level of 0.013 when dibenzofuran congeners were also
included. DeVito et al. (1995) report that background Teq blood levels of diben-
zodioxins and dibenzofurans vary from 28 to 41 ng/kg (lipid adjusted).

Sodium pentachlorophenol (NaPCP) has been widely used in the control of
schistosomiasis. Dioxin is a contaminant in NaPCP. During 1972, 1973, and
1978 more than 1,300 tons of 5-ppm NaPCP were sprayed in problem areas in
central China. Samples were collected from sprayers or handlers of NaPCP, from
persons living for more than 30 years (or their whole lives, if younger) in areas
where NaPCP was sprayed, and persons living in unsprayed area (Schecter et al.,
1996b). Samples were pooled for analysis, so that for each category there is only
one sample result. The dioxin total Teq levels in blood and breast milk samples
from residents who lived and/or worked in the sprayed areas were about two
times the levels of those from nonsprayed areas. Those living in the area when
spraying was done had a total Teq level of 16.3, which is 2.6 times higher than
that in nonsprayed areas (6.4 Teq). Analysis for dioxin congeners was done for a
bulk sample of the NaPCP product that was sprayed, four sediment samples from
a lake where NaPCP was sprayed, and personal blood and breast milk samples. A
similar pattern of dioxin congener levels was found in all samples, suggesting a
“fingerprint” that may represent NaPCP exposures in this area of China.

TCDD Exposure Levels for Selected Studies

Flesch-Janys et al. (1995) reported updated results for a cohort of workers
(N = 1,184) in a German plant where herbicides and insecticides were produced
(2,4,5-T, trichlorophenol, bromophos, and lindane). The original study (Manz et
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al., 1991) used exposure surrogates such as duration of employment, time of
entry into the plant, and qualitative exposure groups in the mortality analysis. The
update increased the follow-up period of this cohort and added quantitative expo-
sure assessment based on blood or adipose measurements of PCDD/F. Using a
first-order kinetic model, half-lives from an elimination study in 48 workers from
this cohort, and background levels for the German population, the authors esti-
mated PCDD/F levels for the 190 workers with serum or adipose measurements
of PCDD/F. Then regressing the estimated PCDD/F level of these workers at the
end of their exposure against the time they worked in each production department
in the plant, the contribution of the working time in each production department
to the PCDD/F level at the end of exposure was estimated. These production
department working time “weights” were then used, along with the work histo-
ries of the remainder of the cohort, to estimate the PCDD/F level for each cohort
member at the end of his or her exposure. This yielded a mean estimated TCDD
level at last exposure of 141.4 ng/kg (median, 38.2 ng/kg) for the cohort. The
estimated TCDD level at last exposure ranged from 0 to 3890.2 ng/kg for the
cohort. A total toxic equivalency was also computed for all dioxins and furans
combined by summing the levels of all congeners weighted by their toxic equiva-
lency factor relative to TCDD. The mean of toxic equivalencies for the cohort
(without TCDD) was 155 ng/kg (median, 69.2 ng/kg). The mean of the total toxic
equivalencies for the cohort (with TCDD) was 296.5 ng/kg (median, 118.3 ng/kg;
range 1.2–4361.9 ng/kg).

Schecter et al. (1996a) measured TCDD and its congeners among 50 Viet-
nam veterans from the state of Michigan who were selected for having a high
likelihood of exposure to Agent Orange based on self-report or history of cancer
or on children with birth defects. They found TCDD levels greater than 5 ppt in
16 (32 percent) of these Vietnam veterans. Six (12 percent) had TCDD levels
higher than 20 ppt 23–24 years after their potential Agent Orange exposure. The
authors report the mean of the U.S. population TCDD level in blood or adipose
tissue as 3.5 ppt (median, 3.1; range 1.0–7.7 ppt).

Needham et al. (1997) report TCDD levels from serum samples taken at
Seveso in 1976 after the accident there. In zone A, presumed to be the area of
highest exposure, serum TCDD levels for 296 residents were determined. Seven
percent (N = 22) of these samples were below the limit of detection of the
method. Using one-half of the limit of detection for these values resulted in a
median TCDD level of 447 ppt (129–1860 ppt) for the 25th and 75th percentiles.
For zone B the median value for 80 samples, with 45 percent (N = 36) below the
limit of detection, was 94 ppt (51–153 ppt) for the 25th and 75th percentiles. For
zone R the median value for 48 samples, with 23 percent (N = 11) below the limit
of detection, was 48 ppt (22–118 ppt for the 25th and 75th percentiles).

Almost 20 years later, plasma TCDD levels were assayed among 62 indi-
viduals living in the region of Seveso, Italy, at the time of the industrial accident
there (Landi et al., 1997). Among the seven from the highly exposed zone A, the
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geometric mean level was 53 ppt. In zone B, 55 persons were measured and the
geometric mean level was 11 ppt, with women having significantly higher TCDD
levels than men. Neither presence in the contaminated area at the time of the
accident, number of years spent in the zone, occupation, nor distance from the
accident site within the zone, explained the gender difference. When zone B
measurements were pooled, gender, distance from the accident site, and meat
consumption were significantly associated with TCDD concentration. In the
noncontaminated area zone non-ABR, the geometric mean TCDD levels were 4.9
ppt. Although this represents a typical background level of TCDD, the authors
found that women had a significantly higher TCDD concentrations than men.

Development of Exposure Indices

In an epidemiologic study, it would be ideal to have a measure of the dose at
the target organ to use in the dose–response analysis. This would necessitate the
development of a pharmacokinetic model for the estimation of tissue dose over
the period of interest. In a number of studies the authors have attempted to
estimate dose of tetrachlorinated dibenzo-p-dioxin and furan (TCDD/F) at the
time of last exposure by extrapolating back from more current serum TCDD
measurements (Fingerhut et al., 1989; Ott et al., 1993; Flesch-Janys et al., 1995).
In each case the authors chose a half-life estimate for TCDD that applied to all
members of the cohort and assumed a one-compartment first-order kinetics model
of TCDD levels.

As stated earlier, the caveats with the pharmacokinetic modeling done to
date are several: (1) it is assumed that among all potential toxic agents in Agent
Orange, TCDD is the agent responsible for the health effects of interest; (2) the
congeners of TCDD are not accounted for; (3) it is assumed that a single-com-
partment model is sufficient for dose estimation; (4) to date, no parameters for the
effects of age, smoking, percentage of body fat, or weight on clearance have been
included in these models; and (5) it is also assumed that the dose received prior to
the end of exposure (the “peak”) was accumulated at a constant rate. Despite
these caveats, developments in this area of exposure assessment may prove fruit-
ful in attempts to pool diverse data sets relevant to evaluating the risks of expo-
sures to Agent Orange and other herbicides in Vietnam.

When the issues of toxicokinetic modeling of dose have been addressed, a
question will still remain regarding what dose metric should be used. It could be
the peak dose, the average dose over a lifetime or the period of exposure, or the
cumulative dose over either the individual’s lifetime or the period of exposure.
Many of these dose metrics will be highly correlated and will also be correlated
with more simple metrics such as duration of exposure. Nevertheless, if such
dose metrics could be developed, they might provide a means to pool data across
studies where exposures have been measured simply in categorical terms or in
terms of duration of exposure.
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Scheuplein and Bowers (1995) and Aylward et al. (1996) have modeled
exposure to TCDD as a simple single-compartment constant infusion process
with exponential decline post-exposure. They estimate the peak concentration of
TCDD—assumed to be at the end of exposure—as well as the area under the
curve (AUC)—which is the cumulative dose of TCDD in parts-per-trillion-
years—and the average concentration—which divides the AUC by the number of
years. Aylward and colleagues used this model with the NIOSH worker cohort
(Fingerhut et al., 1989) and found a great overlap in the exposures estimated for
the four NIOSH exposure duration categories, regardless of the exposure metric
used. It should be pointed out that in the NIOSH study, blood samples were
available on only about 5 percent of those in the study cohort so that estimation of
dose using blood TCDD was not possible for the whole cohort. However, be-
cause the NIOSH analysis did find a high correlation between measured TCDD
levels and duration (years) of exposure (r = .72) and between estimated TCDD
levels at the end of exposure (peak) and duration (years) of exposure (r = .80),
exposure duration was assumed to be a good surrogate for TCDD level. Aylward
has estimated the peak, average, and AUC TCDD levels of the Ranch Hand
(Aylward et al., 1997) and Seveso (Hays et al., 1997) populations as well. Again,
regardless of the dose metric used, there is great overlap in the estimated expo-
sure levels for all the analysis categories used in these studies (zones in Seveso
and exposure groups in Ranch Hands).
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In seeking evidence for associations between health outcomes and exposure
to herbicides and TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin), many different
kinds of epidemiologic studies must be considered. Each study has varying de-
grees of strengths and weaknesses and contributes evidence to an association
with the health outcomes considered in Chapters 7, 9, 10, and 11. The three main
groups of individuals studied with respect to herbicide exposure are those with
occupational, environmental, and military exposures. The historical basis for the
groups studied was examined in Chapter 2 of Veterans and Agent Orange (hence-
forth called VAO) (IOM, 1994). A discussion of the criteria for inclusion in the
review is detailed in Appendix A of VAO.

This chapter summarizes the epidemiologic studies and reports reviewed by
the committee. Included are new studies published after Veterans and Agent
Orange: Update 1996 (henceforth called Update 1996) (IOM, 1996), studies that
were not reviewed by the committees that wrote the prior reports; and studies that
have been updated since publication of Update 1996. Tables 6-1, 6-2, and 6-3
give a brief overview of the epidemiologic studies reviewed for both the prior
reports and this document. The summaries include the study method used and, if
available, how the study subjects were selected; how the data were collected; the
inclusion criteria; and how exposure was determined. The tables also list the
numbers of subjects in the study and comparison populations and provide a brief
description of the study. No studies are evaluated in this chapter; rather, a
methodologic framework is provided for the health outcome chapters that follow.
Qualitative critique of the study design, population size, methods of data collec-
tion, case and control ascertainment, or quality of exposure assessment has been

6

Epidemiologic Studies

(text continues on page 218)
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reserved for the individual health outcome chapters in which the results of these
studies are discussed.

The text and tables in this chapter are organized in three basic sections—
occupational studies, environmental studies, and studies in Vietnam veterans—
with subsections included under each heading. The studies address exposures to
2,4-D (2,4-dichlorophenoxyacetic acid); 2,4,5-T (2,4,5-trichlorophenoxyacetic
acid) and its contaminant TCDD; cacodylic acid; and picloram. In some cases,
the committee examined studies addressing compounds chemically related to
the herbicides used in Vietnam, such as 2-methyl-4-chlorophenoxyacetic acid
(MCPA), hexachlorophene, and chlorophenols, including trichlorophenol. In
other instances, investigators did not indicate specific herbicides to which study
participants were exposed, or the level of exposure. These complicating factors
were considered when the committee weighed the relevance of a study to its
findings. Where available, details are given with regard to exposure assessment
and how exposure was subsequently used in the analysis.

The occupational section includes studies of production workers, agricul-
tural and forestry workers (including herbicide and pesticide appliers), and paper
and pulp workers, as well as case-control studies of specific cancers and the
association with exposures to herbicides or related compounds. The environmen-
tal section includes studies of populations accidentally exposed to unusual levels
of herbicides or dioxin as a result of the location in which they live, for example,
the residents of Seveso, Italy; Times Beach, Missouri; and the southern portion of
Vietnam. The section on Vietnam veterans includes studies conducted in the
United States by the Air Force; the Centers for Disease Control and Prevention
(CDC), the Department of Veterans Affairs (DVA; formerly the Veterans Ad-
ministration [VA]); the American Legion; and the State of Michigan, as well as
other groups. Studies of Australian Vietnam veterans are also presented there.

Many cohorts potentially exposed to dioxin and the herbicides used in Viet-
nam are monitored on an ongoing basis. Studies of the groups that are assessed
regularly include the National Institute for Occupational Safety and Health (NIOSH),
International Agency for Research on Cancer (IARC), National Cancer Institute
(NCI), Seveso, and Ranch Hand cohorts. Typically, the risks between exposure to
herbicides and specific health outcomes are updated every three to five years. For
example, the health of the Ranch Hands cohort was assessed in 1982, 1987, 1992,
and 1997. For such studies, the committee has chosen to focus on the most recent
update available when multiple comparisons are made across years. For the sake
of thoroughness, the discussion of specific health outcomes in Chapters 7–10
includes reference to all studies, including those subsumed by the most recent
update.

Similarly, researchers investigating the constituent cohorts used in some
large multicenter studies may publish reports based solely on the individuals they
monitor. Examples include the IARC and NCI cohort studies. The committee has
chosen to focus on the studies of the larger multicenter cohorts. However, for the
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sake of thoroughness, Chapters 7–11 reference all of these studies, including
those subsumed by the larger multicenter cohorts.

OCCUPATIONAL STUDIES

Several occupational groups in the United States and elsewhere have been
exposed to the types of herbicides used in Vietnam and, more specifically, to
TCDD, a contaminant of some herbicides and other products. Occupational
groups exposed to these chemicals include farmers, agricultural and forestry
workers, herbicide sprayers, workers in chemical production plants, and workers
involved in paper and pulp manufacturing. In addition, studies that use job titles
as broad surrogates of exposure and studies that rely on disease registry data have
been conducted. Exposure characterization varies widely in these studies in terms
of measurement, quantification, level of detail, confounding by other exposures,
and individual versus surrogate or group (ecological) measures.

Production Workers

National Institute for Occupational Safety and Health (NIOSH)

In 1978, NIOSH began a study to identify all U.S. workers potentially ex-
posed to TCDD between 1942 and 1984 (Fingerhut et al., 1991). In a total of 12
chemical companies, 5,000 workers were identified from personnel and payroll
records as having been involved in production or maintenance processes associ-
ated with TCDD contamination. Their exposure resulted from working with
certain chemicals in which TCDD was a contaminant, including 2,4,5-trichloro-
phenol (TCP) and 2,4,5-T, Silvex, Erbon, Ronnel, and hexachlorophene. An
additional 172 workers identified previously by their employers as being exposed
to TCDD were also included in the study cohort. The 12 plants involved were
large manufacturing sites of major chemical companies. Thus, many of the study
subjects probably were exposed to many other chemicals, some of which could
be carcinogenic.

Prior to this study, NIOSH conducted a cross-sectional study that included a
comprehensive medical history, medical examination, and measurement of pul-
monary function of workers employed in the manufacture of chemicals with
TCDD contamination at chemical plants in Newark, New Jersey, from 1951 to
1969, and in Verona, Missouri, from 1968 to 1969 and from 1970 to 1972
(Sweeney et al., 1989, 1993; Calvert et al., 1991, 1992; Alderfer et al., 1992). The
plant in New Jersey manufactured TCP and 2,4,5-T; the Missouri plant manufac-
tured TCP, 2,4,5-T, and hexachlorophene.

A number of studies were later conducted that looked at specific health
outcomes among the larger cohort, including pulmonary function (Calvert et al.,
1991), liver and gastrointestinal function (Calvert et al., 1992), mood (Alderfer et
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al., 1992), the peripheral nervous system (Sweeney et al., 1993), porphyria
cutanea tarda (Calvert et al., 1994), and reproductive hormones (Egeland et al.,
1994). VAO and Update 1996 describe the details of each of these studies.

Based on a previous exposure characterization study (Sweeney et al., 1990)
of this cohort, Halperin et al. (1995) conducted a cross-sectional medical survey
of chemical workers at the New Jersey and Missouri plants. Of the 586 workers
eligible for participation, 357 completed an occupational history, and 281 of
these participated in a medical exam. Urine and serum samples were collected
from 58 of the latter individuals, who served as cases. Two hundred sixty non-
exposed individuals from neighborhoods near the plants participated in the medi-
cal exam. Of these 125 had urine samples collected and served as controls.
Surrogates for cytochrome P-450 induction (5-acetylamino-6-formylamino-3-
methyluracil [AMFU] and cotinine levels) were measured in the urine samples of
cases and controls. Blood serum TCDD levels were measured in all 58 cases and
a subset of the 260 individual who participated in the medical exam. The median
TCDD level in these 260 participants was used for the controls that did not
themselves give blood samples.

Sweeney et al. (1996, 1997) evaluated other noncancer end points for liver
function, gastrointestinal disorders, chloracne, serum glucose, hormone and lipid
levels, and diabetes in 281 of the 586 workers first identified by Calvert et al.
(1991) in New Jersey and Missouri. In addition, 260 controls were examined.

Monsanto

Included in the study cohort of Fingerhut et al. (1991) are a number of
individual cohort members from Monsanto’s production facilities. These are dis-
cussed in more detail in VAO. One set of Monsanto studies are based on a violent
reaction that occurred on March 8, 1949, in the trichlorophenol (TCP) production
process at the Nitro, West Virginia, plant of Monsanto (Zack and Suskind, 1980;
Moses et al., 1984; Collins et al., 1993). Other studies focused on exposure of
Monsanto workers involved in numerous aspects of producing 2,4,5-T (Suskind
and Hertzberg, 1984; Moses et al., 1984; Zack and Gaffey, 1983).

Dow Chemical Company

Several studies of Dow Chemical Company production workers are summa-
rized in VAO and Update 1996. These study populations, except for one article by
Bond and colleagues (1988), is included in the NIOSH study (Fingerhut et al.,
1991). Originally, Dow Chemical Company conducted a study on the work force
engaged in the production of 2,4,5-T (Ott et al., 1980) and later on TCP manufac-
turing workers exhibiting chloracne (Cook et al., 1980). A extension and follow-
up study compared medical examination results and morbidity (Bond et al., 1983)
as well as reproductive outcomes from paternal TCDD (Townsend et al., 1982).
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Dow employees with chloracne, established on the basis of past diagnosis or
clinical description were later enrolled in a prospective mortality study (Bond et
al., 1987).

Dow Chemical Company assembled a large cohort at the Midland, Michi-
gan, plant (Cook et al., 1986; Cook et al., 1987; Bond et al., 1989b). Based on this
large Midland cohort, a cohort study of women (Ott et al., 1987) and a case-
control study of STS (Sobel et al., 1987) was conducted. Exposure to TCDD was
better characterized in this cohort based on chloracne diagnosis (Bond et al.,
1989a). Dow Chemical Company has also undertaken a large-scale cohort mor-
tality study of workers exposed to herbicides in several Dow plants (Bond et al.,
1988; Bloemen et al., 1993).

As part of this ongoing Dow study, Ramlow et al. (1996) examined mortality
in a cohort of workers exposed to pentachlorophenol (PCP). The study cohort
was assembled from company records, starting with a cohort of 2,192 workers
ever employed in a department with potential polychlorinated dibenzodioxin
(PCDD) exposure between 1937 and 1980. From this cohort, 770 workers were
identified who were considered to have potential PCP exposure based on work
history records. Exposure to PCP was assessed using historical industrial hygiene
and process data, which resulted in a strategy for ranking jobs by exposure
intensity on a scale of 1 to 3. Exposure assessment to PCDD was performed using
the process described by Ott et al. (1987), in which semiquantitative, logarithmic
exposure intensity scores ranging from 1 to 4 for TCDD and 0 to 2 for hexa- or
octachlorodibenzodioxins (H/OCDD) were assigned to each job title. Cumulative
exposure indices for PCP and dioxin were calculated using these assigned scores.
In the study analysis, the U.S. white male death rates (5-year age and calendar
time specific) and the non-PCP and PCDD male Dow Michigan employees for
1940 to 1989 were both used as reference values to calculate expected deaths.
Four exposure groups were developed for TCDD (1 unit = very low; 1–1.9 = low;
2–2.9 = medium; 3 = high). Standardized mortality ratios (SMRs) were calcu-
lated with exposure lagged by 15 years, using both the U.S. and the Dow referent
populations.

BASF

In Germany, an accident on November 17, 1953, during the manufacture of
trichlorophenol at BASF Aktiengesellschaft, resulted in the exposure of some
workers in the plant to TCDD. VAO and Update 1996 summarize studies of these
workers, including a mortality study of persons initially exposed or later involved
in clean-up operations, conducted 27 years after the accident (Thiess et al., 1982),
an update and expansion of this study (Zober et al., 1990), and a morbidity follow
up (Zober et al., 1994).

More recently, Ott and Zober (1996) examined another cohort of workers
exposed to TCDD after the accident during reactor cleanup, maintenance, or
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demolition. They studied cancer incidence and mortality up to 1992 for a group
of 243 men and developed TCDD dose estimates based upon work activity infor-
mation, blood TCDD determinations on a subset of the population, and estimates
of TCDD elimination rates. Expected numbers of incident cancer cases and can-
cer deaths were obtained from German sources by five-year age and calendar
intervals. Analysis included proportional hazard modeling to include estimated
TCDD dose, diagnosis of chloracne, smoking history, body mass index (BMI),
time since first exposure, and potential confounders including exposure to asbes-
tos and aromatic amines.

International Register of Workers Exposed to Phenoxy Herbicides (IARC)

To avoid problems of small studies with insufficient power to detect in-
creased cancer risks, IARC created this multinational registry of workers exposed
to phenoxy herbicides, chlorophenols, and their contaminants (Saracci et al.,
1991). The IARC register included information on mortality and exposures of
18,390 workers—16,863 men and 1,527 women. Update 1996 describes the
individual national cohorts included in this multinational registry.

In a study covering ten countries, cancer mortality from soft-tissue sarcoma
and malignant lymphoma was evaluated on the entire cohort (Kogevinas et al.,
1992). Two nested case-control studies were also undertaken to evaluate the
relationship between soft-tissue sarcoma and non-Hodgkin’s lymphoma (Koge-
vinas et al., 1995). A cohort study of cancer incidence and mortality was con-
ducted among 701 women occupationally exposed to chlorophenoxy herbicides,
chlorophenols, and dioxins from seven countries (Kogevinas et al., 1993). VAO
and Update 1996 highlight these studies.

In an update and expansion, Kogevinas et al. (1997) assembled national
studies from 12 countries using the same core protocol jointly developed by study
participants and coordinated by IARC. The expanded study consisted of 26,615
male and female workers engaged in the production or application of phenoxy
herbicides and was composed of (1) the Saracci et al. (1991) cohort, (2) the
German cohorts of Becher et al. (1996), and (3) the NIOSH cohorts of Fingerhut
et al. (1991).

Of the total study population, 21,863 (20,851 men and 1,012 women) were
classified as exposed to phenoxy herbicides or chlorophenols based on individual
job records and company exposure questionnaires; 4,160 were unexposed; and
592 were classified as “unknown exposure.” Most workers were classified as
exposed if they had ever worked in production or spraying of phenoxy herbicides
or chlorophenols (for four cohorts, a minimum employment period of 1 to 12
months was specified). The period of follow-up also varied between cohorts;
overall, it extended from 1939 to 1992 (488,482 person years at report). Overall,
4.4 percent (970 workers) were lost to follow-up. Exposure information varied
between cohorts, but in general, exposures were reconstructed from job records.
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The exposed workers were aggregated into five groups: main production, mainte-
nance, other exposed jobs, unspecified tasks, and sprayers. Based on these cat-
egories and information on production processes and the composition of the
materials used, the exposed workers were further classified into three categories:
(1) exposed to TCDD or higher chlorinated dioxins; (2) unexposed to the same;
and (3) unknown exposure to the same. Analysis was performed by calculating
SMRs and 95 percent confidence intervals (95% CI), using the World Health
Organization (WHO) mortality data bank to calculate national mortality rates by
sex, age (five-year intervals), and calendar period (five years). Within-cohort
analysis was also performed using Poisson regression adjusting for time since
first exposure, duration of exposure, and employment status.

A number of these individual cohorts were evaluated apart from the IARC
coordinated efforts. These cohorts included Danish production workers studied
by Lynge (1985, 1993); the British production workers of Coggon et al. (1986,
1991); the Dutch production workers of Bueno de Mesquita et al. (1993); and the
German production workers of Manz et al. (1991). VAO and Update 1996 discuss
these studies in more detail.

More recently, Becher et al. (1996) assessed cancer mortality among Ger-
man workers in four phenoxy herbicide- and chlorophenol-producing facilities.
The population included workers who had a least one month of employment,
resulting in a cohort consisting of 2,479 male workers. The cohort was assembled
from four plants, and the analysis was conducted on the total cohort divided into
four subcohorts corresponding to each plant considered separately. The period of
follow-up varied between plants, and 100 workers were lost to follow-up. The
nature of the chemicals produced varied substantially between plants and over
time; some facilities synthesized and formulated a wide range of phenoxy herbi-
cides and chlorophenols (subcohorts III and IV); others produced primarily
2,4,5-T and/or TCP (subcohorts I and II). Manz et al. (1991) previously reported
on subcohort I. SMRs and 95% CI were calculated using West German mortality
rates by five-year age and calendar intervals. Cox regression was performed to
evaluate the effect of smoking in the one subcohort where smoking information
was available. Each subcohort was analyzed separately because the exposure
pattern was judged to be characteristic of each facility. Based on production
information and limited blood dioxin measurements, subcohorts I and II are
supposed to have higher TCDD exposures than subcohorts III and IV.

Flesch-Janys et al. (1995) described cancer and circulatory system mortality
among 1,189 male workers in a chemical plant in Hamburg, Germany. Workers
had been exposed in varying degrees to herbicides contaminated with PCDD/F.
The authors developed a quantitative estimate of polychlorinated dibenzodioxin
(PCDD) and polychlorinated dibenzofuran (PCDF) exposure for the entire cohort
derived from blood and adipose tissue levels measured in a subgroup of 190
workers. An unexposed cohort of gas workers served as an external reference
group.
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Other Chemical Plants

Other studies have reviewed health outcomes among chemical workers in
the United Kingdom exposed to TCDD as a result of an industrial accident in
1968 (Jennings et al., 1988; May, 1982, 1983); production workers in the former
USSR involved in the production of 2,4-D (Bashirov, 1969); factory workers in
Prague, Czechoslovakia, who exhibited symptoms of TCDD intoxication 10 years
after occupational exposure to 2,4,5-T (Pazderova-Vejlupkova et al., 1981);
2,4-D and 2,4,5-T productions workers in the U.S. (Poland et al., 1971); and
white male workers employed at a chemical plant manufacturing flavors and
fragrances (Thomas, 1987). VAO details these studies.

More recently, Tonn et al. (1996) examined the long-term immune system
effects of TCDD in 11 industrial workers involved in production and mainte-
nance operations at a German chemical factory producing 2,4,5-T. Members of
this group worked at the factory for several years between 1966 and 1976. In
1989 or 1992, the research team took blood samples from these workers and from
10 aged-matched healthy male volunteers with no known exposure to TCDD.
The exposed cohort had TCDD body burdens at least ten times higher than the
general population. A number of immune system parameters, including lympho-
cyte subsets and lympoproliferative responses were characterized.

Agricultural and Forestry Workers

Cohort Studies of Agricultural Workers

VAO and Update 1996 details a number of cohort studies examining health
effects among those involved in agricultural activity, including proportionate
mortality among Iowa farmers (Burmeister, 1981), cancer mortality among Dan-
ish and Italian farmers (Ronco et al., 1992), cancer incidence among farmers
licensed to spray pesticides in the southern Piedmont area of Italy (Corrao et al.,
1989), sperm abnormalities among Argentinian farmers (Lerda and Rizzi, 1991),
and cancer among Danish gardeners (Hansen et al., 1992). A set of Canadian
studies called the Mortality Study of Canadian Male Farm Operators, evaluated
the risk to farmers of general mortality and specific health outcomes including
NHL (Wigle et al., 1990; Morrison et al., 1994), prostate cancer (Morrison et al.,
1992), brain cancer (Morrison et al., 1993), multiple myeloma (Semenciw et al.,
1993), leukemia (Semenciw et al., 1994), and asthma (Senthilselvan et al., 1992).
Based on data from the Swedish Cancer Environment Register (which links
population census data, including occupation, with the Swedish Cancer Regis-
try), cohorts studies evaluated cancer mortality and farmwork (Wiklund, 1983),
STS and malignant lymphoma among agricultural and forestry workers (Wiklund
and Holm, 1986; Wiklund et al., 1988a), the risk of NHL, HD, and multiple
myeloma in relation to numerous occupational activities (Eriksson et al., 1992),
and brain, lymphatic, and hematopoietic cancers in Irish agricultural workers
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(Dean, 1994). In the United States, a large-scale proportionate mortality study
was performed using data on more than 100,000 male and female farmers from
23 states (Blair et al., 1993).

More recently, Gambini and colleagues (1997) investigated cancer mortality
among a cohort of rice growers in the Novara Province of northern Italy. Using a
set of registered farm owners, they evaluated 1,493 males who worked on farms
from 1957 to 1992. The cause of death was identified for 958 subjects and
compared with the expected numbers calculated from national rates for five-year
period and age group. No direct exposure information was available, so employ-
ment on the farm was used as a surrogate for exposure to the range of phenoxy
herbicides used during the study period.

Kristensen et al. (1997) investigated birth defects among the offspring of
Norwegian farmers by linking several Norwegian national registries. Farm hold-
ers born after 1924 were identified from the computerized files of national agri-
cultural censuses held in 1969, 1979, 1989, and horticultural censuses in 1974
and 1985. Linkages with the Central Population Register and Medical Birth
Registry identified a total of 192,417 births in 1967–1991 to farm holders. A
comparison group consisted of 61,351 births to mothers residing in agricultural
municipalities but determined not to be farm holders. Birth defects were identi-
fied from the Medical Birth Registry, a national registry of all births of 16 com-
pleted weeks gestation with up to three birth defects recorded. In addition, data
were available on potential confounding factors including maternal age, birth
order, parental consanguinity, geographic location, and maternal chronic dis-
eases. Exposure information for each farm was obtained from the agricultural
censuses. Exposure variables used in the analysis were based on the type of
farming (animal husbandry, grain farming, and orchard or greenhouse farming)
and use indicators (amount of money spent on pesticides, tractor pesticide spray-
ing equipment, and amount of phosphorus and nitrogen in fertilizers). Exposure
information was derived from the census closest to the time of birth. The sensi-
tive period for exposure was considered to be three months before the estimated
date of conception.

Faustini and colleagues (1996) carried out a study of 10 farmers who mixed
and applied commercial formulations containing the chlorophenoxy herbicides
2,4-D and MCPA during March 1994. Researchers collected blood samples one
week before herbicide exposure, and 1–12 and 50–70 days after exposure. A
number of immune system components and functions were assessed, including
lymphocyte count, natural killer cell-mediated cytotoxicity, and lymphoproliferative
response. The farmers served as their own controls.

Cohort Studies of Forestry Workers

Studies have been conducted among forestry workers potentially exposed to
herbicides used in Vietnam. These studies include a cohort mortality study among
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men employed at a Canadian public utility (Green, 1987, 1991) and a briefly
outlined Dutch study of forestry workers exposed to 2,4,5-T which compared the
prevalence of acne and liver dysfunction (van Houdt et al., 1983). VAO describes
these studies in greater detail.

Cohort Studies of Herbicide/Pesticide Appliers

A number of cohort studies have assessed health outcomes among herbicide
and pesticide appliers including cancer mortality among Swedish railroad work-
ers (Axelson and Sundell, 1974; Axelson et al., 1980), mortality among pesticide
appliers in Florida (Blair et al., 1983), general and cancer mortality and morbidity
measured prospectively among Finnish male 2,4-D and 2,4,5-T appliers
(Riihimaki et al., 1982, 1983; Asp et al., 1994), and reproductive outcomes
among male chemical appliers in New Zealand (Smith et al., 1981, 1982). Other
studies examined the risk of cancer including STS, HD, and NHL among pesti-
cide and herbicide appliers in Sweden (Wiklund et al., 1987, 1988b, 1989a,b),
general and cancer mortality among Dutch male herbicide appliers (Swaen et al.,
1992), cancer mortality among Minnesota highway maintenance workers (Bender
et al., 1989), and lung cancer morbidity in male agricultural plant protection
workers in the former German Democratic Republic (Barthel, 1981). Some of
these studies include agricultural and forestry worker cohorts.

More recently, Garry et al. (1994) conducted a cross-sectional study of 1,000
pesticide appliers in Minnesota to evaluate health outcomes associated with pes-
ticide use. Study participants were selected from a current list of licensed pesti-
cide appliers obtained from the state Department of Agriculture. All persons
certified and/or recertified within the past five years were eligible to participate in
the study. One thousand pesticide appliers were chosen by random selection and
contacted by telephone. Seven hundred and nineteen individuals who chose to
participate in the study received a questionnaire in the mail regarding general
health, occupation, pesticide use, and use of protective gear. Update 1996 de-
scribes this study in more detail.

Using this base population of 719 licensed pesticide appliers, Garry et al.
(1996a) obtained blood samples from 23 fumigant appliers, 18 insecticide ap-
pliers, and 20 herbicide appliers; 33 subjects who were not involved in applying
pesticides were used as controls and frequency-matched on age and smoking
status. Although blood samples were collected at various times in the year, only
the samples obtained during the traditional pesticide application season were
evaluated.

Garry et al. (1996b) further conducted a series of analyses using data on birth
defects among the offspring of these male pesticide appliers in Minnesota. Infor-
mation on private state-licensed pesticide appliers registered with the Minnesota
Department of Agriculture in 1991 (N = 34,772) were linked with live birth data
for the state of Minnesota (1989–1992). Birth defect data were contained in these
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birth files. Analyses of the relationship between birth defect rates and county-
specific agricultural data were also performed. Pesticide data for units or clusters
of Minnesota counties with similar geologic features and crops served to provide
use data for 12 herbicides (including 2,4-D). An additional analysis was con-
ducted to evaluate specific pesticide use. Based on pounds of active ingredient
per county, low- and high-use categories were defined for the 12 specific pesti-
cides, and comparisons were made of the birth defect rates within each region.

Hertzman and colleagues (1997) conducted a large retrospective cohort study
of British Columbia sawmill workers potentially exposed chlorophenate wood
preservatives. The researchers selected 23,829 cases from 11 sawmills that used
chlorophenates, and 2,658 controls from 3 other sawmills. Study participants
worked in these sawmills for at least one year or, for those who worked only
intermittantly, 260 days between 1950 and 1985. These data were linked to the
British Columbia Death File and the British Columbia Cancer Incidence File.
Researchers conducted a second link to the Canadian Mortality Database and also
to data provided by Statistics Canada. Based on a protocol from a previous
exposure study (Hertzman et al., 1988; Teschke et al., 1989), a retrospective
exposure assessment was conducted and combined with worker estimates of
frequency and duration of exposure, to yield a quantitative measure of exposure.
Standardized mortality and incidence ratio analysis were conducted between cases
and control, with the male population of British Columbia serving a external
controls. Cancer latency was assessed using 5-, 15-, and 20-year time interval
categories. A separate standardized rate ratio analysis was conducted for NHL.

As part of the larger cohort study of Hertzman et al. (1997), Dimich-Ward et
al. (1996) conducted a nested case-control analysis of birth defects among off-
spring of fathers employed in these British Columbia sawmills. The cohort in-
cluded 9,512 fathers who had worked at least one year in sawmills where chloro-
phenate wood preservatives had been used. Chlorophenates are known to be
contaminated by dioxin. Births (1952–1988) to these men were identified by
linkage with the British Columbia (BC) live and stillbirth records. Further link-
age with the BC Health Surveillance Registry identified cases of birth defects.
The registry system is population based and uses multiple sources of identifica-
tion. A case-control analysis was conducted, matching five controls (non-defect
births) per case on year of birth and gender. Covariates included mother’s and
father’s age. Exposure to chlorophenates for specific time periods was assessed
by a team of industrial hygienists based on job title. Continuous estimates of
cumulative hours of chlorophenate exposure were calculated for time windows
relative to conception and pregnancy. Estimates of maximal exposure were deter-
mined for the most exposed job in each time period.

Heacock et al. (1998) further evaluated fertility in the sawmill worker cohort
in British Columbia. The worker cohort was linked with provincial marriage and
birth files. The person-year contributions and live births of workers less than 55
years of age, who had worked for at least one year between 1950 and 1985 (N =
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26,487), were included. The exposure of these workers to chlorophenates, possi-
bly contaminated by dioxin, was estimated for each worker and an index of
cumulative chlorophenate exposure duration was developed (<120, 120–1,999,
2,000–3,999, 4,000–9,999, and >10,000 hours). For the external analysis, expo-
sure was defined as sawmills in which chlorophenates were used; for the internal
analysis, the cumulative exposure index was used. Among those exposed to
chlorophenates, 18,016 births were recorded, while 1,668 births were recorded
for the comparison group. The internal analysis estimated the rate ratio to evalu-
ate the effects of chlorophenate exposure and time since hire, adjusting for age
and calendar period.

Zhong and Rafnsson (1996) examined cancer risk among pesticide users in
Iceland. Based on data provided by the Icelandic Cancer Registry, the researchers
followed a cohort of 2,449 people, including 1,860 men and 589 women, who had
all come into contact with pesticides. Six subcohorts were formed based on
previous contact with pesticides, including (1) specially licensed pesticide users,
(2) students of the Icelandic Horticultural College, (3) members of the Icelandic
Market Gardeners’ Association Pension Fund, (4) members of the Horticulturist’s
Association, (5) members of the Association of Vegetable Farmers, and (6) veg-
etable producers of the Farmers’ Association of Iceland. Only a group of 594 of
the specially license pesticide users were assumed to have been heavily exposed
to pesticides. While it is not known whether study participants were exposed to
the herbicides used in Vietnam, data from the Icelandic Committee on Toxic
Substances suggest that 2,4-D was used heavily in agricultural during 1976–
1993. The data from the Icelandic Cancer Registry were linked to the National
Registry and the Register of Deaths to ascertain vital statistics of study partici-
pants. Standardized incidence ratios were calculated based on observed and ex-
pected number of cancers for each subgroup.

Case-Control Studies

In 1977, a case series report in Sweden (Hardell, 1977, 1979) of a potential
connection between STS and exposure to phenoxyacetic acids prompted several
case-control studies throughout Sweden to further investigate this potential asso-
ciation. These included studies of STS from data provided by the Department of
Oncology, University Hospital, Umea (Hardell and Sandstrom, 1979); the Cancer
Registry of five southern counties, where MCPA, 2,4-D, and phenoxypropionic
acids are used in agricultural areas (Eriksson et al., 1979, 1981); the Regional
Cancer Registry in Umea, Sweden (Hardell and Eriksson, 1988); the Regional
Cancer Registry at the University Hospital in Linkoping in southeastern Sweden
(Wingren et al., 1990); and the Regional Cancer Registry in Uppsala in central
Sweden (Eriksson et al., 1990).

Based on these results, other researchers conducted cases-control studies of
other health outcomes including HD, NHL, and other lymphomas from the north-
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ern Sweden cancer registry in Umea (Hardell et al., 1980, 1981; Hardell and
Bengtsson, 1983); HD and NHL from the Orebro Medical Center Hospital regis-
try (Persson et al., 1989); NHL from the Lund University Hospital registry
(Olsson and Brandt, 1988); HD and NHL from the Regional Cancer Registry at
the University Hospital in Linkoping (Persson et al., 1993); and nasal and na-
sopharyngeal carcinomas (Hardell et al., 1982), and primary or unspecified liver
cancer (Hardell et al., 1984) from the northern Swedish Cancer Registry. To
address criticism regarding potential observer bias in some of these Swedish
case-control series, Hardell (1981) conducted another case-control study on co-
lon cancer. Later, Hardell et al. (1994) examined the relationship between occu-
pational exposure to phenoxyacetic acids and chlorophenols and various param-
eters related to NHL, including histopathology, stage, and anatomical location,
based on the NHL cases from a previous study (Hardell et al., 1981).

Prompted by the Swedish studies of STS and exposure to phenoxy herbi-
cides, a set of case-control studies was undertaken in New Zealand to evaluate the
risks of phenoxyherbicide and chlorophenol exposure and STS incidence and
mortality (Smith et al., 1983, 1984; Smith and Pearce, 1986). Additional case-
control studies and an expanded case series were conducted of phenoxy herbicide
and chlorophenol exposure and the risks of malignant lymphoma, NHL, and
multiple myeloma (Pearce et al., 1985, 1986a,b, 1987).

Geographic mortality patterns for white males indicated elevated leukemia
mortality in the central part of the United States, which prompted a study of the
leukemia mortality of Nebraska farmers (Blair and Thomas, 1979). Additional
case-control studies were later conducted on leukemia in Nebraska (Blair and
White, 1985); Iowa (Burmeister et al., 1982), based on the cohort study of
Burmeister (1981); Iowa and Minnesota (Brown et al., 1990); and leukemia
associated with NHL in eastern Nebraska (Zahm et al., 1990). VAO and Update
1996 summarize these studies in greater detail.

Case-control studies have been conducted on other cancers, including NHL
in Iowa and Minnesota (Cantor et al., 1992); multiple myeloma in a nation-wide
American Cancer Society Cancer Prevention Study (Boffetta et al., 1989); can-
cers of the stomach, prostate, NHL, and multiple myeloma in Iowa (Burmeister et
al., 1983); STS, HD, and NHL in Kansas (Hoar et al., 1986); multiple myeloma in
Iowa (Brown et al., 1993); and NHL among white women in Nebraska. (Zahm et
al., 1993).

Other researchers have conducted additional studies on NHL among white
male residents of certain Wisconsin counties (Cantor, 1982); NHL and HD in
Hancock County, Ohio, an area of reported heavy herbicide use (Dubrow et al.,
1988); multiple myeloma in four Surveillance, Epidemiology, and End Results
(SEER) areas from Detroit, Washington State, Atlanta, and Utah (Morris et al.,
1986); and STS and NHL in western Washington, where phenoxyacetic acid
herbicides and chlorophenol are widely used by agricultural, forestry, and wood
product industries (Woods et al., 1987; Woods and Polissar, 1989).
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Numerous case-control studies have examined other health effects, including
spontaneous abortions in Oregon and Washington (Carmelli et al., 1981); immu-
nosuppression and subsequently decreased host resistance to infection among
AIDS patients with Kaposi’s sarcoma (Hardell et al., 1987); and mortality of U.S.
Department of Agriculture extension agents (Alavanja et al., 1988, 1989).

More recently, Blatter and colleagues (1997) recently conducted a multicenter
case-control study of paternal occupation and risk of spina bifida in offspring. The
study identified live-born cases of spina bifida by medical records review at seven
hospitals and two rehabilitation centers in the Netherlands (1980–1992). Controls
were children who were born healthy, but developed trauma capitis or meningitis
during early childhood and were diagnosed at three of the hospitals where cases
were identified (N = 456). Birth registries were used to identify another group of
controls (N = 1,894). Case and control parents were initially mailed a questionnaire
to collect data on occupational histories and potentially confounding factors. A
follow-up telephone interview was conducted for fathers that had an occupation
involving potential environmental exposures. This second interview included items
on the frequency of tasks and exposures and the use of protective gear. Agricultural
workers were included in the second interview. Estimation of exposure level was
based on the self-reported information and the judgment of industrial hygienists.
Exposure was analyzed for the time period from three months prior to the estimated
date of conception to one month after. Response to the initial questionnaire in-
cluded 77 percent of cases and 68 percent of controls. The final sample, including
the second interview, totaled 222 cases and 764 controls. Data were collected on a
number of potentially confounding factors including medication use, maternal dia-
betes, parity, family history of neural tube defects, and parental smoking and alco-
hol consumption. No analyses were presented on specific pesticides, especially
herbicides of interest such as 2,4-D, probably because of the small numbers of
exposed subjects.

Based on the work of Amadori et al. (1995), Nanni et al. (1996) conducted a
population-based case-control study in northeastern Italy of occupational and
chemical risk factors for lymphocytic leukemia and non-Hodgkin’s lymphomas.
Between 1987 and 1990, the population tumor registry of the Forli Province was
consulted to identify all hematologically or histologically diagnosed cases of
NHL and chronic lymphocytic leukemia (CLL) among 15–75 year olds (N =
187). Controls (N = 977) were selected randomly using a residents’ list and were
frequency matched by sex and five-year age interval. Study participants were
mailed a questionnaire regarding occupational history, potential pesticide expo-
sure and confounders. Exposure recall and a priori matrices of occupational
status and exposure were used to define exposure. Unconditional logistic analysis
was performed with adjustment for confounders.

Tatham et al. (1997) conducted a population-based case-control study of the
occupational risk factors for subgroups of NHL patients using information con-
tained in the CDC’s Selected Cancers Study, a multicenter case-control study
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(CDC, 1990a–d). In 1983, the CDC undertook the Selected Cancers Study to
investigate the health effects of Vietnam military service and exposure to herbi-
cides. Tumor registries covering three states and five large metropolitan areas
were reviewed to identify all cases of several types of cancers diagnosed from
December 1984 to November 1988. Controls were selected by random-digit
dialing and were frequency matched for geographic area covered by the tumor
registry and five-year date-of-birth intervals. A second control group consisted of
deceased individuals from the same registry area, who were pair matched to
deceased cases by date of birth, race, and time interval between death and proxy
interview. Researchers interviewed study participants, collecting information on
medical history, occupation, contact with chemicals, personal characteristics and
habits, and military service in Vietnam (CDC, 1990a–d). VAO describes the
study design in more detail.

Based on these controls and a subset of cases diagnosed with NHL, Tatham
et al. (1997) conducted another study. In all, 1,048 cases and 1,659 controls were
identified. Cases were categorized into three subgroups representing different
histological types of NHL: (1) small-cell diffuse lymphomas, (2) follicular lym-
phomas, and (3) large-cell diffuse lymphomas. Comparisons were made between
these three subgroups and controls for chemical exposure and occupation using
conditional logistic regression.

Schulte et al. (1996) conducted a proportionate mortality study of neuro-
degenerative diseases and occupational risk factors. The researchers collected
130,420 death certificates for the years 1982–1991 from 27 states in the National
Occupational Mortality Surveillance System. They coded occupation or industry
of employment according to Bureau of Census standards. Subsequently, a certi-
fied industrial hygienist and senior epidemiologist grouped these occupational
codes based on common exposures and tasks. Age-standardized proportionate
mortality ratios (PMRs) were calculated for the each occupational group for four
neurodegenerative diseases: (1) presenile dementia, (2) Alzheimer’s disease, (3)
Parkinson’s disease, and (4) motor neuron disease.

Liou et al. (1997) conducted a case-control study of occupational and envi-
ronmental risk factors and Parkinson’s disease (PD) in Taiwan. The researchers
recruited 120 PD patients from the Movement Disorder Clinic of National Tai-
wan University Hospital from 1993 to 1995 along with 240 controls matched on
age and sex. Interviewers obtained data on demographic and residential history
and potential exposure to occupational and environmental agents. Although the
structured interview included questions about pesticide or herbicide use, no spe-
cific information about phenoxy herbicide exposure was obtained. Subjects were
asked about exposure to the herbicide paraquat. Researchers calculated chi square
and odds ratios for matched subjects. In addition, conditional logistic regression
was employed in the multivariate analysis.

Seidler et al. (1996) conducted a case-control study of Parkinson’s disease
and various rural factors, including exposure to herbicides and wood preserva-
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tives. Researchers recruited 380 PD patients from nine German neurologic clin-
ics, along with 379 neighborhood and 376 regional controls. Trained interviewers
collected data on demographic, residential, and occupational variables and on
exposures to numerous chemical agents. Subjects were questioned about fre-
quency and length of herbicide use and contact with wood preservatives. Re-
searchers used a job exposure matrix to more objectively assess exposure to these
chemicals. They controlled educational status and smoking through the use of
conditional logistic regression.

VAO and Update 1996 describe a number of other studies that look at various
health outcomes and associated exposures to phenoxyherbicides or surrogate
measures of exposure. The examined health outcomes include including ovarian
cancer in the Piedmont region of Italy (Donna et al., 1984); brain gliomas in two
hospitals in Milan, Italy (Musicco et al., 1988); STS and other cancers from the
15 regional cancer registries that constitute the National Cancer Register in En-
gland (Balarajan and Acheson, 1984); STS and malignant lymphomas in the
Victorian Cancer Registry of Australia (Smith and Christophers, 1992); lym-
phoid cancer in Milan, Italy (LaVecchia et al., 1989); STS among rice weeders in
northern Italy (Vineis et al., 1986); primary lung cancer among pesticide users in
Saskatchewan (McDuffie et al., 1990); renal cell carcinoma from the Denmark
Cancer Registry (Mellemgaard et al., 1994); Parkinson’s disease in relation to
occupational risk factors in Canada (Semchuk et al., 1993); and birth defects
among agricultural workers in Finland (Nurminen et al., 1994).

Paper and Pulp Workers

VAO describes studies of workers potentially exposed to TCDD at paper and
pulp mills and various health outcomes, including general mortality of workers at
five mills in Washington, Oregon, and California (Robinson et al., 1986); cancer
incidence among male Finnish paper mill workers (Jappinen and Pukkala, 1991);
respiratory health in a New Hampshire mill (Henneberger et al., 1989); and
cause-specific mortality among white males employed in plants identified by the
United Paperworkers International Union (Solet et al., 1989).

ENVIRONMENTAL STUDIES

The occurrence of accidents and industrial disasters has offered opportuni-
ties to evaluate the long-term health effects of exposure to dioxin and other
potentially hazardous chemicals.

Seveso

One of the largest industrial accidents involving environmental exposures to
TCDD occurred in Seveso, Italy, in July 1976 as a result of an uncontrolled
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reaction during trichlorophenol production. A variety of indicators were used to
estimate individual exposure; soil contamination by TCDD has been the most
extensively used. On the basis of soil sampling, three areas were defined about
the release point: zone A, the most heavily contaminated, from which all resi-
dents were evacuated within 20 days; zone B, an area of lesser contamination that
children and pregnant women in their first trimester were urged to avoid during
daytime; and zone R, a region with some contamination, in which consumption
of local crops was prohibited (Bertazzi et al., 1989a,b).

Several cohort studies based on these exposure categories have been con-
ducted. These studies are reviewed extensively in VAO and Update 1996 and
summarized here. Caramaschi et al. (1981) presented the distribution of chlo-
racne among Seveso children, while Mocarelli et al. (1986) tested the children for
laboratory levels of several chemicals in the blood and urine based on previous
chloracne. In a follow-up to these studies, dermatologic findings and laboratory
tests were conducted among a group of the children with chloracne compared to
controls (Assennato et al., 1989a).

Other studies looked at specific health effects associated with TCDD expo-
sure among Seveso residents, including chloracne, birth defects, spontaneous
abortions, crude birth and death rates (Bisanti et al., 1980), chloracne and periph-
eral nervous system conditions (Barbieri et al., 1988), hepatic enzyme associated
conditions (Ideo et al., 1982, 1985), abnormal birth outcomes (Mastroiacovo et
al., 1988), cytogenetic abnormalities in maternal and fetal tissues (Tenchini et al.,
1983), neurological disorders (Boeri et al., 1978; Filippini et al., 1981), and
cancer incidence (Pesatori et al., 1992, 1993; Bertazzi et al., 1993). A two-year
prospective controlled study was conducted of workers potentially exposed to
TCDD during cleanup of the most highly contaminated areas following the acci-
dent (Assennato et al., 1989b).

Mocarelli et al. (1996) recently evaluated the sex ratio among offspring who
were born in zone A of Seveso from 1977–1984 (74 births) and from 1985–1994
(124 births). Stored serum samples were used to determine the TCDD levels in 13
families in which both parents were from zone A to further examine the relation-
ship with sex ratio.

The Seveso residents have had long-term follow-up of their health outcomes,
especially cancer. For example, Bertazzi et al. (1989a,b, 1992) conducted ten-
year mortality follow-up studies among adults and children age 1 to 19 at the time
of the accident.

More recently, Bertazzi et al. (1997) evaluated the Seveso population after
15 years of follow-up through the end of 1991. Study subjects were assigned to
one of the exposure zones previously described: 45,373 cases (805 in zone A;
5,943 in zone B; and 38,625 in zone R) and 232,747 controls were identified.
Poisson regression was employed to compare age-adjusted rates in each exposure
and control zone. Additional analyses were conducted using a surrogate of dura-
tion of exposure and time since first exposure within each exposure group.
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Times Beach and Quail Run

During early 1971, by-products of a hexachlorophene and 2,4,5-T produc-
tion facility in Verona, Missouri, were mixed with waste oils and sprayed on
various sites around the state for dust control. TCDD was a contaminant of the
mixtures sprayed, and the contamination was reported by the Environmental
Protection Agency (EPA). A number of studies were conducted to evaluate health
effects from the potential exposure (Hoffman et al., 1986; Stehr et al., 1986;
Stehr-Green et al., 1987; Webb et al., 1987; Evans et al., 1988; Stockbauer et al.,
1988). VAO discusses these studies in greater detail.

Vietnam

Vietnamese researchers have conducted studies of the native population
exposed to the spraying that occurred during the Vietnam conflict. In a review
paper, Constable and Hatch (1985) have summarized the unpublished results of
these studies. The review article included nine reports that focus primarily on
reproductive outcomes (Can et al., 1983a,b; Huong and Phuong, 1983; Khoa,
1983; Lang et al., 1983a,b; Nguyen, 1983; Phuong and Huong, 1983; Trung
and Chien, 1983). Vietnamese researchers later published results of four addi-
tional studies conducted in Vietnam, two focusing on reproductive abnormali-
ties (Phuong et al., 1989a,b), one on mortality (Dai et al., 1990), and one on
hepatocellular carcinoma (Cordier et al., 1993). VAO and Update 1996 discuss
these studies in more thorough detail.

Other Environmental Studies

VAO and Update 1996 reported on numerous studies focusing on reproduc-
tive outcomes of potential environmental exposure in Oregon (U.S. EPA, 1979);
Arkansas (Nelson et al., 1979); Iowa and Michigan (Gordon and Shy, 1981);
New Brunswick, Canada (White et al., 1988); Skaraborg, Sweden (Jansson and
Voog, 1989); and Northland, New Zealand (Hanify et al., 1981).

Numerous studies have focused on other outcomes due to environmental expo-
sure, including STS and connective tissue cancers in Midland County, Michigan
(Michigan Department of Public Health, 1983); NHL in Yorkshire, England (Cart-
wright et al., 1988); cancer in Finland (Lampi et al., 1992); and lymphomas and
STS in Italy (Vineis et al., 1991). Additional studies were conducted on neuropsy-
chological effects in Germany (Peper et al., 1993); young-onset Parkinson’s dis-
ease in Oregon and Washington (Butterfield et al., 1993); and adverse health effects
following an electrical transformer fire in Binghamton, New York (Fitzgerald et al.,
1989).

More recently, Gallagher et al. (1996) conducted a community case-control
study of skin cancer in Alberta, Canada. Using pathological reports obtained
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from the Alberta Cancer Registry, researchers identified and interviewed 226
male patients diagnosed during 1983–1984 with primary basal cell carcinoma
(BCC) and 180 male patients with primary squamous cell carcinoma (SCC). By
randomly sampling the Alberta Health Care Insurance Plan patient files, 406 age-
matched controls were identified and interviewed. Interview questions included
self-reported duration, intensity, and source of exposure to numerous chemical
agents. To better characterize total lifetime exposure, the duration of exposure
was weighted by its source (direct job, workplace environment, hobby, or home)
and intensity (duration per week: <1 hour, 1–4 hours, 5–19 hours, or ≥20 hours).
Exposed subjects were dichotomized into low and high exposure levels based on
this total lifetime exposure. Adjustments were made for age, skin and hair color,
mother’s ethnic origin, and sunlight exposure in 10 years prior to diagnosis by
use of conditional logistic regression.

Based on a longitudinal cohort study of residents of Tecumseh, Michigan,
Waterhouse et al. (1996) conducted a nested case-control study of NHL, HD, and
CLL in a rural Michigan community. Researchers identified 7,016 study partici-
pants who had been involved in earlier rounds of the longitudinal cohort study, and
sent health surveillance questionnaires to them or their living relatives. Cause of
death was determined for 99 percent of the individuals. Researchers collected death
certificates and those indicating cancer as the cause of death were placed into
several categories (definite, probably, suspect, unconfirmed, and misclassified
cases) based on medical confirmation of tumor type. Comparisons were made
between the observed incidence of cancer in these categories and that expected
based on a referent population in the Connecticut tumor registry. A nested case-
control study was then conducted based on risk factors obtained in the longitudinal
study, including smoking history, family cancer history, and occupational and envi-
ronmental exposure to numerous chemicals. Four sets of controls were matched to
each case (N = 42 males and 32 females) with leukemia or lymphoma by sex and
year of birth. Exposure to pesticides and herbicides was evaluated by geographic
coding of acreage sprayed in 1978 or 1982–1987 by Michigan county.

Masala et al. (1996) conducted a large multicenter case-control study of HD
(N = 421), NHL (N = 1822), multiple myelomas (N = 325) and acute myeloid
leukemias (N = 263) in various regions of Italy. Cases were ascertained from data
provided by cancer registries, hospitals in the regions studied, and referral hospi-
tals. Cases were categorized based on area of residence, including the heavily
industrialized regions in the north of Italy, rural areas, and mixed rural and urban
settings. Based on these data, annual incidence rates were calculated according to
five-year age groups. Comparison were made across area of residence.

Wolf and Karmaus (1995) reported on a cross-sectional study of the effects
of inhalative exposure to TCDD and related compounds in wood preservatives on
cell-mediated immunity in German day care center employees. The study popula-
tion consisted of 221 exposed persons and an unexposed control group of 189
persons who worked at neighboring day-care centers not treated with wood pre-
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servatives. Research staff conducted physical exams, administered clinical tests
on cell-mediated immunity, and interviewed study participants about occupa-
tional exposure. Measurements of the indoor air concentrations of the wood
preservatives and the contaminant, dioxin were taken. Researchers also took into
account other sources of exposure to dioxin and wood preservatives.

A number of studies evaluated TCDD exposure among fishermen It is as-
sumed that diet constitutes the primary exposure route in these cases. Svensson et
al. (1995) assessed mortality and cancer incidence in two cohorts of Swedish
fishermen. One group (2,896 men) resided on the east coast of Sweden and
consumed fish from the Baltic Sea. These fatty fish (particularly salmon and
herring) are reported to contain elevated levels of PCBs, PCDDs, and PCDFs.
The other group of fishermen (8,477) resided on the west coast of Sweden and
were presumed to have a higher intake of lean (and less contaminated) fish,
including cod and flat fish. This distinction of exposure by place of residence is
reportedly confirmed by the finding that blood levels of dioxin-like compounds
were two times higher among east coast than west coast fishermen; however, no
supporting data are provided relating to this point.

Lovik and colleagues (1996) conducted a cohort study of hobby fishermen in
the Frierfjord in southeastern Norway. The researchers recruited 24 fishermen
with possible dietary exposure to a number of halogenated aromatic hydrocar-
bons, such as PCDD and PCF, through crab consumption. The locally caught
crabs are known to contain high levels of these organochlorine compounds. Ten
control subjects were randomly selected from the Population Registry. All study
participants were asked detailed questions about health status, potential occupa-
tional and environmental exposure to PCDDs, PCDFs, and PCBs, and fish and
crab consumption. The researchers also collected blood samples, measuring lev-
els of the organochlorine compounds and various biological parameters.

Based on the previous study of Dutch infants (Koopman-Esseboom et al.,
1994), Weisglas-Kuperus et al. (1995) explored the immunological effects of
pre- and postnatal PCB or TCDD exposure in 207 Dutch infants from birth to 18
months of age. Mother-infant pairs were selected from the Rotterdam area and
102 infants were exclusively bottle-fed, while the remaining 105 were breast-fed
for at least 6 weeks. Postnatal dioxin and PCB exposure for breastfed infants was
estimated from the total toxic equivalent level of each compound in human milk
multiplied by the weeks of breastfeeding. Prenatal exposure to the compounds
was estimated for all infants based on PCB-plasma levels for individual mother-
infant pairs. Blood samples were collected on a subgroup of infants and immuno-
logical tests conducted. Mothers were questioned about health status and history.

VIETNAM VETERANS STUDIES

Studies of Vietnam veterans who were potentially exposed to herbicides,
including Agent Orange, have been conducted in the United States at the national
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and state levels, as well as in Australia. Exposure measures in these studies have
been done on a variety of levels, and evaluations of health outcomes have been
made using a variety of different comparison or control groups. This section is
organized primarily by the sponsors of the research, because this format is more
conducive to methodologic presentation of the articles. In these studies, exposure
measures fall along a crude scale from individual levels for Ranch Hands, as
reflected in serum dioxin measurements, to use of service in Vietnam as a surro-
gate for TCDD exposure in some state studies.

It should also be noted that comparison groups for the veteran cohort studies
vary to include Vietnam veterans who were stationed in areas essentially not
exposed to active herbicide missions and were unlikely to have been in areas
sprayed with herbicides; Vietnam era veterans who were in the military at the
time of the conflict but did not serve in Vietnam; non-Vietnam veterans who
served in other wars or conflicts such as the Korean War or World War II; and
various U.S. male populations (either state or national).

United States

Ranch Hands

The men responsible for the majority of the aerial spraying of herbicides in
Vietnam were volunteers from the Air Force who participated in Operation Ranch
Hand. To determine whether there are adverse health effects associated with
exposure to herbicides, including Agent Orange, the Air Force made a commit-
ment to the Congress and the White House in 1979 to conduct an epidemiologic
study of Ranch Hands (AFHS, 1982). VAO and Update 1996 discuss the cohort in
more detail.

A retrospective matched cohort study design was implemented to examine
morbidity and mortality, with follow-up scheduled to continue until 2002. Na-
tional Personnel Records Center and U.S. Air Force Human Resources Labora-
tory records were searched and cross-referenced to ascertain completely all Ranch
Hand personnel (AFHS, 1982; Michalek et al., 1990). A total of 1,269 partici-
pants were originally identified (AFHS, 1983). A control population of 24,971 C-
130 crew members and support personnel assigned to duty in Southeast Asia but
not occupationally exposed to herbicides (AFHS, 1983) was selected from the
same data sources used to identify the Ranch Hand population. Controls were
matched on age, type of job (using Air Force specialty code), and race (white or
not white). The rationale for matching on these variables was to control for the
clinical aging process, educational and socioeconomic status, and potential dif-
ferences by race in development of chronic disease. Since Ranch Hands and
controls performed similar combat or combat-related jobs, many potential con-
founders related to the physical and psychophysiologic effects of combat stress
and the Southeast Asia environment were potentially controlled (AFHS, 1982).
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Ten matches for each exposed subject formed a control set. For the mortality
study, each exposed subject and a random sample of half of each subject’s control
set are being followed for 20 years, in a 1:5 matched design. The morbidity
component of follow-up consists of a 1:1 matched design, using the first control
randomized to the mortality ascertainment component of the study. If a control is
noncompliant, another control from the matched “pool” is selected; controls who
die are not replaced.

The baseline exam occurred in 1982, and future exams are scheduled until
2002. Morbidity is ascertained through questionnaire and physical examination,
which emphasize dermatologic, neuropsychiatric, hepatic, immunologic, repro-
ductive, and neoplastic conditions. There were 1,208 Ranch Hands and 1,668
comparison subjects eligible for baseline examination. Initial questionnaire re-
sponse rates were 97 percent for the exposed cohort and 93 percent for the
unexposed; baseline physical exam responses were 87 and 76 percent, respec-
tively (Wolfe et al., 1990). For the 1987 examination and questionnaire (Wolfe et
al., 1990), 84 percent of the Ranch Hands (N = 955) and 75 percent of the
comparison subjects (N = 1,299) were fully compliant. Mortality outcome was
obtained and reviewed by using U.S. Air Force Military Personnel Center records,
the DVA’s Death Beneficiary Identification and Record Location System
(BIRLS), and the Internal Revenue Service’s data base of active social security
numbers. Death certificates were obtained from the appropriate health depart-
ments (Michalek et al., 1990). Eighty-four percent of the 1,148 eligible Ranch
Hands (N = 952), 76 percent of the original comparison group (N = 912), and 65
percent of the 567 replacement comparisons (N = 369) invited to the 1992 follow-
up chose to participate in the examination and questionnaire (AFHS, 1995). The
methods used to assess mortality and morbidity were identical to the methods
described previously for the 1982 and 1987 examinations.

Ranch Hands were divided into three categories on the basis of their poten-
tial exposures:

1. Low potential: This group included pilots, copilots, and navigators. Expo-
sure was primarily through preflight checks and during actual spraying.

2. Moderate potential: This group included crew chiefs, aircraft mechanics,
and support personnel. Exposure could occur by contact during dedrumming and
aircraft loading operations, on-site repair of aircraft, and repair of spray equipment.

3. High potential: This group included spray console operators and flight
engineers.

Results have been published for the baseline morbidity (AFHS, 1984a) and
baseline mortality studies (AFHS, 1983); first (1984b), second (1987), and third
(1992) follow-up examinations (AFHS, 1987, 1990, 1995); and reproductive out-
comes study (AFHS, 1992; Wolfe et al., 1995). Mortality updates have been pub-
lished for 1984–1986, 1989, and 1991 (AFHS, 1984b, 1985, 1986, 1989, 1991a).
Serum dioxin levels were measured in 1982 (36 Ranch Hands); (Pirkle et al., 1989);
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1987 (866 Ranch Hands; AFHS, 1991b); and 1992 (455 Ranch Hands; AFHS,
1995). Serum dioxin analysis of the 1987 follow-up examinations was published in
1991 (AFHS, 1991b). Continued follow-up and results will be forthcoming.

In an interim technical report, the Air Force Health Study (AFHS, 1996;
Michalek et al., 1998b) updated the cause-specific mortality among 1,261 Ranch
Hand personnel compared to 19,080 controls through the end of 1993. Study
design followed that of the previous Ranch Hand studies. The study team re-
ported few other details.

A recent Ranch Hand publication addressed the relationship between serum
dioxin and reproductive hormones (Henriksen et al., 1996). The Air Force inves-
tigators measured serum testosterone, follicle-stimulating hormone (FSH), lutein-
izing hormone (LH), and testicular abnormality in clinic visits by Ranch Hand
and comparison participants in 1982, 1985, 1987, and 1992. In the baseline year
of 1982, a total of 1,045 Ranch Hands and 1,224 comparisons participated in the
study. Serum dioxin was measured in 1987, testicular volume in 1992, and sperm
count and percentage of abnormal sperm in 1982. The semen data was collected
from 474 Ranch Hands and 532 comparisons. Potential confounding factors ad-
justed for in the analysis included age, race, personality type, diabetes, current
alcohol consumption, current cigarette smoking, and percentage of body fat.
Sperm count and sperm abnormality were adjusted only for age and exposure to
industrial chemicals.

Henriksen and colleagues (1997) analyzed the Ranch Hand data to address
the relationship between TCDD and diabetes mellitus and glucose and insulin
levels. For this analysis, a total of 989 Ranch Hands and 1,276 comparisons were
clinically examined. Blood samples were collected and medical records were
reviewed to determine diabetes status, severity and time-to-diabetes onset. Serum
insulin and glucose levels were calculated from blood samples taken in 1992.
Exposure to TCDD was classified on the basis of original exposure calculated
from serum (lipid-adjusted) dioxin levels determined in 1987 or 1992. At follow-
up (1992), the mean age of the comparison group was 53.5 years (±7.6), and the
mean ages of the exposed groups were 54.6 ± 7.2, 54.9 ± 7.6, and 50.9 ± 7.4 years
by increasing exposure category.

A recent Ranch Hand publication reported results for the analysis of dioxin
levels in relation to infant death (Michalek et al., 1998a). Infant death was ascer-
tained from medical records, vital statistics, and autopsy records. Cause of death
was coded based on record review. The analysis included a total of 2,082 children
(859 children of Ranch Hands and 1,223 children of comparisons) conceived
before the father’s service in Southeast Asia. The 859 Ranch Hands children were
stratified into four exposure categories including children of comparison veterans
(current dioxin levels less than 10 ppt), “background” Ranch Hand children (≤10
ppt), “low” Ranch Hand children (>10 and ≤79 ppt), and “high” Ranch Hand
children (> 79 ppt). The cutpoint of 79 ppt is the median initial dioxin level based
on the extrapolated current levels (in 1987 or 1992). The stratified analyses
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adjusted for father’s race, mother’s smoking and alcohol consumption during
pregnancy, parental age, and father’s military occupation. The investigators also
examined the distribution of post-SEA infant deaths in the low and high catego-
ries by quintile of initial dioxin. Another analysis was conducted excluding in-
fants whose mothers had medical conditions such as hypertension during preg-
nancy, abruptio placentae, placenta previa, and Ranch Hand incompatibility.

Centers for Disease Control and Prevention

The Centers for Disease Control and Prevention (CDC) has undertaken a series
of studies to examine various health outcomes of Vietnam veterans, as directed by
Congress (Veterans Health Programs Extension and Improvement Act of 1979,
Public Law 96-151; and Veterans’ Health Care, Training, and Small Business Loan
Act of 1981, Public Law 97-72). VAO and Update 1996 describe these studies in
more detail. The first of these was a case-control interview study of birth defects
among offspring of fathers serving in Vietnam (Erickson et al., 1984a,b).

To examine the concerns about Agent Orange more directly, the CDC con-
ducted the Agent Orange Validation Study to evaluate TCDD levels in U.S.
Army veterans, compared to exposure estimates based on military records and
TCDD levels of veterans who did not serve in Vietnam (CDC, 1989a). Using the
exposure estimates from this study, the CDC subsequently conducted the Viet-
nam Experience Study (VES), a historical cohort study of the health experience
of Vietnam veterans (CDC, 1989b). The study was divided into three parts: (1)
physical health; (2) reproductive outcomes and child health; and (3) psychosocial
characteristics (CDC, 1987, 1988a–c, 1989b).

Using data from the VES, the CDC also examined the postservice mortality
(through 1983) of a cohort of 9,324 U.S. Army veterans who served in Vietnam,
compared to 8,989 Vietnam era Army veterans who served in Korea, Germany,
or the United States (Boyle et al., 1987; CDC, 1987). An additional study (O’Brien
et al., 1991) combined the mortality and interview data to identify all veterans
with NHL. To evaluate whether self-reported assessment of exposure to herbi-
cides influences the reporting of adverse health outcomes, the CDC designed a
study using VES subjects (Decoufle et al., 1992).

Finally, the CDC undertook the Selected Cancers Study (CDC, 1990a) to
investigate the effects of military service in Vietnam and exposure to herbicides
on the health of American veterans. Outcomes studied were NHL (CDC, 1990b);
STS and other sarcomas (CDC, 1990c); and HD, nasal, nasopharyngeal, and
primary liver cancers (CDC, 1990d).

Department of Veterans Affairs

The DVA has conducted numerous cohort and case-control studies, which
VAO and Update 1996 discuss in greater detail. One of the first of these was a
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proportionate mortality study conducted by Breslin et al. (1988). Study subjects
were ground troops who served in the U.S. Army or Marine Corps at any time
from July 4, 1965, through March 1, 1973. A list of 186,000 Vietnam era veterans
who served in the Army or Marine Corps and who were reported deceased as of
July 1, 1982, was assembled from BIRLS. A random sample of 75,617 names
was selected from this group. Cause of death was ascertained for 51,421 men,
including 24,235 who served in Vietnam. Based on this proportionate mortality
study (Breslin et al., 1988), Burt et al. (1987) conducted a nested case-control
study of NHL with controls selected from among the cardiovascular disease
mortality deaths. Later, Bullman et al. (1990) examined whether Army I Corps
Vietnam veterans had cancer mortality experiences similar to other Army Viet-
nam era veterans, based on the study design of Breslin et al. (1988).

Watanabe et al. (1991) conducted an additional study using this Vietnam
veteran mortality experience (Breslin et al., 1988) compared with three different
referent groups and with additional follow-up through 1984. The final study
group of 62,068 veterans included 50,743 from the earlier mortality study of
Breslin et al. (1988).

Watanabe and Kang (1996) conducted a third follow-up proportionate mor-
tality study using the 75,617 veterans from Breslin et al. (1988) and the 15,038
veterans from Watanabe et al. (1991). Using the original study design, a random
sample of 11,851 veterans was selected from a BIRLS-generated file of 59,259
veterans who died between July 1, 1984, and June 30, 1988. The three groups
were combined to yield a final sample of 102,506 veterans. Excluding those who
served in Southeast Asia but not in Vietnam, the researchers collected detailed
demographic and military records and ascertained the cause of death for 70, 630
of these veterans, including 33,833 who served in Vietnam and 36,797 era veter-
ans. Adjustments were made for age, race, and calendar year of death. Separate
analyses were performed for Army and Marine Vietnam veterans because of
potential differences in environmental exposures among those serving in differ-
ent branches of the military. Three separate comparison groups were identified:
(1) branch-specific Vietnam era veterans; (2) all Vietnam era veterans combined;
and (3) for external comparisons, the U.S. male population.

The DVA also examined the morbidity and mortality experience of a sub-
group of Vietnam veterans potentially exposed to high levels of herbicides from
certain U.S. Army Chemical Corps units (Thomas and Kang, 1990). VAO dis-
cusses the study in greater detail.

In an extension of Thomas and Kang (1990), Dalager and Kang (1997)
recently compared veterans of the Chemical Corps specialties, including 2,872
Vietnam veterans and 2,737 non-Vietnam veterans. All study subjects served at
least 18 months active duty between 1965 and 1973, and vital status ascertain-
ment was complete for both groups. Direct exposure information on the two
cohorts was not available, and the presumption that Vietnam veterans had poten-
tially higher levels of dioxin exposure because of their duties (which involved

Copyright © National Academy of Sciences. All rights reserved.

Veterans and Agent Orange: Update 1998
http://www.nap.edu/catalog/6415.html

http://www.nap.edu/catalog/6415.html


242 VETERANS AND AGENT ORANGE: UPDATE 1998

Agent Orange and other dioxin-contaminated herbicides) than non-Vietnam vet-
erans has not been verified. The effects of race, military rank, duration of service,
and age at entry to follow-up were adjusted using proportional hazards modeling.

A recent DVA cohort study (Watanabe and Kang, 1995) examined post-
service mortality among 10,716 Marine Vietnam veterans compared to 9,346
Vietnam era Marines who did not actually serve in Vietnam. The researchers first
linked files of a sample of all active-duty (1967–1969) Marines to military records
from the National Personnel Records Centers and then checked the vital status of
these Marines using BIRLS. BIRLS identified 701 cases and 562 controls as
deceased between 1973-1991. Subsequently, the researchers located death cer-
tificates, and evaluated and coded the cause of death for each Marine. Compari-
sons of cause-specific mortality were made between cases and controls using
relative frequency of death along with a proportional hazards multivariate model.
Comparisons were also made to mortality rates of U.S. males by adjusting for
age, race, and calendar year period. Finally, follow-up categories of less than 16
years and 16 years or more were created and used to compare cancer latency.

The DVA has also evaluated specific disease and health outcomes, including
case-control studies of STS (Kang et al., 1986, 1987), NHL (Dalager et al., 1991),
and testicular cancer (Bullman et al., 1994), as well as a co-twin study of self-
reported physical health in a series of Vietnam era monozygotic twins (Eisen et
al., 1991). Mortality among women Vietnam veterans was assessed by Thomas et
al. (1991) and Dalager et al. (1995a). VAO and Update 1996 provide more detail.

Using the study design of Dalager et al. (1991), a case-control study assessed
the risk of Vietnam service for the development of Hodgkin’s disease (Dalager et
al., 1995b). A review of the DVA Patient Treatment File (PTF) from 1969 to
1985 identified all malignant lymphomas among male Vietnam era veterans. A
pathologist reviewed pathology reports from VA medical centers that had 10 or
more lymphoma cases and identified 770 cases of HD. Using the PTF, 1,540
controls were selected from the same Vietnam-era veteran population as the
cases, matched by hospital, discharge year of hospitalization for HD, and birth
date. Researchers linked these data with military personnel records provided by
the National Personnel Records Center. After exclusion of some individuals due
to potential bias, 283 cases and 404 controls were identified. Surrogate measures
of Agent Orange exposure were specified for cases based on military branch,
duration of service, region of military assignment in Vietnam, and occupational
specialty. A multiple logistic regression model was employed for comparisons.

Mahan et al. (1997) conducted a case-control study of lung cancer among
veterans. Using the VA’s Patient Treatment File (PTF), 329 Vietnam era veterans
with a diagnosis of lung cancer made between 1983–1990 were identified. Vari-
ables abstracted from the military record include education, race, branch of ser-
vice, Military Occupational Specialty Code, rank, and units served within Viet-
nam. Two groups of controls were randomly selected from the PTF file of (1)
men hospitalized for a reason other than cancer (N = 269), and (2) patients with
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colon cancer (N = 111). The researchers characterized the veterans’ exposure to
Agent Orange by assessing information on the location of each individual ground
troop veteran’s unit in relation to an area sprayed and the time elapsed since that
area was sprayed.

Other outcomes including posttraumatic stress disorder (True et al., 1988;
Bullman et al., 1991), suicide, and motor vehicle accidents (Farberow et al.,
1990) among Vietnam veterans have also been examined by the DVA. VAO
discusses these studies in greater detail. In many of these studies, exposure to
Agent Orange is not discussed, but exposure to “combat” is evaluated as the risk
factor of interest.

More recently, Bullman and Kang (1996) assessed the risk of cause-specific
mortality among 34,534 veterans with nonlethal (combat and noncombat) wounds
sustained during the Vietnam war. This study did not evaluate or control for
chemical exposures.

McKinney et al. (1997) compared the smoking behavior of veterans and non-
veterans using the 1987 National Medical Expenditure Survey (NMES). The
NMES is designed to explore trends in health service utilization. Based on a
stratified area probability design, 15,000 households were asked to participate in
the five rounds of NMES interviews. Self-reported smoking status or history and
service status or history were compared using covariance and chi squared analy-
sis and adjusting for age, ethnicity, and sex. The study did not evaluate or control
for any chemical exposures.

American Legion

The American Legion conducted a cohort study of the health and well-being
of Vietnam veterans who belonged to the American Legion, a voluntary veterans
service organization. A series of studies examining physical health and reproduc-
tive outcomes, social–behavioral consequences, and PTSD was conducted on
2,858 veterans who had served in Southeast Asia and 3,933 who served else-
where (Snow et al., 1988; Stellman et al., 1988a–c).

State Studies

Several states have conducted studies of Vietnam veterans. Most of these
studies remain unpublished in the scientific literature. VAO and Update 1996
review studies from Hawaii (Rellahan, 1985); Iowa (Wendt, 1985); Maine (De-
prez et al., 1991); Massachusetts (Kogan and Clapp, 1985, 1988; Levy, 1988;
Clapp et al., 1991); Michigan (Visintainer et al., 1995); New Jersey (Kahn et al.,
1988; Fielder and Gochfeld, 1992; Kahn et al., 1992a–c); New Mexico (Pollei et
al., 1986); New York (Greenwald et al., 1984; Lawrence et al., 1985); Pennsylva-
nia (Goun and Kuller, 1986); Texas (Newell, 1984); West Virginia (Holmes et
al., 1986); and Wisconsin (Anderson et al., 1986a,b).
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Recently, Clapp (1997) updated the Massachusetts veterans cancer surveil-
lance study reported six years earlier (Clapp et al., 1991). In the first study,
detailed in VAO, the researchers identified cases of selected cancers from the
Massachusetts Cancer Registry between 1982 and 1988 (Clapp et al., 1991). Data
were linked to status as Vietnam era veterans or Vietnam bonus recipients. Con-
trols for each cancer site analysis included veterans with other cancers, excluding
STS, NHL, and kidney cancer. The study identified 727 male Vietnam era veter-
ans and 214 Vietnam veterans. Study participants were males between the ages of
30 and 59 at the time of cancer diagnosis, and Vietnam service served as the
exposure of interest.

For the update, Clapp (1997) conducted an additional records linkage cover-
ing the years 1988 to 1993. During this six-year period, researchers identified 245
and 999 cases of cancer in Vietnam veterans and Vietnam era veterans, respec-
tively. Age-adjusted odds ratios for selected cancers were calculated and used in
the comparison.

Other U.S. Vietnam Veteran Studies

Additional studies have been conducted to examine a number of health out-
comes including spontaneous abortion (Aschengrau and Monson, 1989), late
adverse pregnancy outcomes (Aschengrau and Monson, 1990) in spouses of
veterans, and PTSD among monozygotic twins who served during the Vietnam
era (Goldberg et al., 1990). After a published study indicating a potential associa-
tion with testicular cancer in dogs that served in Vietnam (Hayes et al., 1990),
Tarone et al. (1991) conducted a case-control study of testicular cancer in male
veterans. VAO summarizes these studies.

Australia

The Australian government has also commissioned studies to investigate the
health risks of Australian veterans. Studies of birth anomalies (Donovan et al.,
1983, 1984; Evatt, 1985); mortality (Commonwealth Institute of Health, 1984a–
c; Evatt, 1985; Fett et al., 1987a,b; Forcier et al., 1987); deaths from all causes
(Fett et al., 1987b); and cause-specific mortality (Fett et al., 1987a) have been
conducted. An independent study in Tasmania evaluated numerous reproductive
and childhood health problems for association with paternal Vietnam service
(Field and Kerr, 1988). VAO describes these Australian studies.

More recently, the Australian Department of Veterans’ Affairs conducted a
mortality study of more than 59,000 male Australian veterans who served in
Vietnam (Crane et al., 1997a). Based on data provided by the Australian Depart-
ment of Defense and civilian agencies, researchers created a nominal list of all
members of the Army, Navy, and Air Force and some civilian personnel who
served on land or in Vietnamese waters for at least one day during the period of
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the Vietnam war—59,036 in all. In addition, 484 females were identified. Vital
statistics, including cause of death, collected from Department of Defense records,
Department of Veterans’ Affairs records, the National Death Index, Electoral
Commission rolls, and the Health Insurance Medicare data base were matched to
the nominal list. Of the 59,036 male veterans on the nominal list, 6.5 percent
(3,840) died between the end of their service and December 31, 1994; 90.4
percent (53,391) were alive. Vital status of the remaining 3.1 percent (1,805) was
unknown. There were no direct measures or indirect estimates of veterans’ expo-
sure to herbicides or other chemical agents, and the authors suggest that any
variations in mortality found in the study would “probably need to be attributed
to service in Vietnam rather than exposure to particular agents.” Cause-specific
standardized mortality ratios were calculated and compared to death rates for the
Australian male population.

A second cohort study of Australian veterans compared mortality for the
period 1982–1994 for 18,949 national servicemen who had served in Vietnam
(veterans) with that of 24,646 national servicemen who had not served in Viet-
nam (nonveterans) (Crane et al., 1997b).

O’Toole and colleagues (1996a–c) describe the results of a simple random
sample of Australian Army Vietnam veterans on self-reported health status. Data
were obtained on 641 veterans from the Australian Bureau of Statistics Health
Interview Survey 1989–1990, and illness rates were compared to the age- and
sex-matched Australian population. The researchers also adjusted these illness
rates for the effects of nonresponse bias based on the 950 veterans who were
initially eligible for participation as cases.

Other Vietnam Veterans Studies

A team of Vietnamese scientists recently examined 25 Vietnamese veterans
who served 5–10 years in a “dioxin-sprayed zone” (Chinh et al., 1996). Few other
details of the cohort were provided. The researchers administered tests to detect
antinuclear antibodies in the veterans and 63 age-matched controls. Additionally,
tests to detect sperm autoantibodies were conducted on the veterans and 36 male
controls.
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7

Cancer

INTRODUCTION

Cancer is the second leading cause of death in the United States. Among
males aged 45–64, the group that describes most Vietnam veterans, the risk of
dying from cancer nearly equals the risk from heart disease, the overall leading
cause of death in the United States (U.S. Census, 1997). Almost one-half of all
men and slightly more than one in three women in the United States will develop
an invasive cancer at some time in their lives; approximately one in five Ameri-
cans will die from cancer (Ries, 1997).

In this chapter, the committee summarizes and reaches conclusions about the
strength of the evidence in epidemiologic studies regarding associations between
exposure to herbicides and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and each
type of cancer under consideration in this report. The cancer types are, with minor
exceptions, discussed in the order in which they are listed in the International
Classification of Diseases, Ninth Edition (ICD·9). ICD·9 is a standardized means
of classifying medical conditions used by physicians and researchers around the
world. Appendix B lists ICD·9 codes for the major forms of cancer.

In assessing a possible relation between herbicide exposure and risk of can-
cer, one key issue is the level of exposure of those included in a study. As noted
in Chapter 5, the detail and accuracy of exposure assessment varies widely among
the studies reviewed by the committee. A small number of studies use a biomarker
of exposure, for example, the presence of dioxin in serum or tissues; some de-
velop an index of exposure from employment or activity records; and others use
a surrogate measure of exposure, such as being present when herbicides were
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used. Inaccurate assessment of exposure can obscure the presence or absence of
exposure–disease associations and thus make it less likely that a true risk will be
identified. A second key issue for herbicide exposure and cancer risks is latency,
the effect of timing of exposure on subsequent risk of disease. Chapter 8 ad-
dresses this issue in detail.

The outcomes reviewed in this chapter follow a common format. Each sec-
tion begins by providing some background information about the cancer under
discussion, including data concerning its incidence in the general U.S. popula-
tion. A brief summary of the scientific evidence described in the first two Agent
Orange reports—Veterans and Agent Orange (1994; hereafter referred to as
VAO), and Veterans and Agent Orange: Update 1996 (hereafter, Update 1996)—
is then presented, followed by a discussion of the most recent scientific literature,
and a synthesis of the material reviewed. Where appropriate, reviews are sepa-
rated by the type of exposure (occupational, environmental, Vietnam veteran)
being addressed. Each section concludes with the committee’s finding regarding
the strength of the evidence in epidemiologic studies, biologic plausibility, and
evidence regarding Vietnam veterans.

The Department of Veterans Affairs (DVA) asked the committee to specifi-
cally address the classification of chondrosarcomas of the skull as part of its
work. This is done in the discussion of bone cancer below.

Expected Number of Cancer Cases Among Vietnam Veterans in the
Absence of Any Increase in Risk Due to Herbicide Exposure

To provide some background for the consideration of cancer risks in Viet-
nam veterans, this chapter also reports information on cancer incidence in the
general U.S. population. Incidence rates are reported for individuals between the
ages of 45 and 59 because most Vietnam era veterans are in this age group. The
data, which were collected as part of the Surveillance, Epidemiology, and End
Results (SEER) Program of the National Center for Health Statistics (NCHS), are
categorized by sex, age, and race because these factors can have a profound effect
on the estimated level of risk. Prostate cancer incidence, for example, is 14 times
higher in men age 55–59 than in 45–49 year olds and nearly twice as high in
African Americans age 45–59 than in whites of this age group (NCI, 1998). The
figures presented for each cancer are estimates for the entire U.S. population, not
precise predictions for the Vietnam veteran cohort. It should be remembered that
numerous factors may influence the incidence reported here—including personal
behavior (e.g., smoking and diet), genetic predisposition, and other risk factors
such as medical history. These factors may make a particular individual more or
less likely than average to contract a given cancer. Incidence data are reported for
all races and also separately for African Americans and whites. The data reported
are for the years 1990–1994, the most recent available at the time this report was
written.

Copyright © National Academy of Sciences. All rights reserved.

Veterans and Agent Orange: Update 1998
http://www.nap.edu/catalog/6415.html

http://www.nap.edu/catalog/6415.html


CANCER 267

Given the large uncertainties that remain about the magnitude of potential
risk from exposure to herbicides in the occupational, environmental, and veteran
studies that have been reviewed, inadequate control for important confounders in
these studies, and the lack of information needed to extrapolate from the level of
exposure in the studies to that of individual Vietnam veterans, the committee
cannot quantify the degree of risk likely to have been experienced by Vietnam
veterans due to exposure to herbicides in Vietnam.

GASTROINTESTINAL TRACT TUMORS

Background

As a group, the category of gastrointestinal (GI) tract tumors includes some
of the most common cancers in the United States and the world. The committee
reviewed the data on stomach cancer (ICD·9 151.0–151.9), colon cancer (ICD·9
153.0–153.9), rectal cancer (ICD·9 154.0–154.1), and pancreatic cancer (ICD·9
157.0–157.9). According to American Cancer Society estimates, approximately
183,000 individuals will be diagnosed with these cancers in the United States in
1998 and some 99,000 individuals will die from them (ACS, 1998). Colon cancer
accounts for about half of these diagnoses and deaths. The cases are divided
approximately equally between men and women. Collectively, GI tract tumors
are expected to account for 15 percent of new diagnoses and 18 percent of cancer
deaths in 1998.

Average Annual Cancer Incidence (per 100,000 individuals) in the United Statesa

Selected Gastrointestinal Cancers
45–49 years of age 50–54 years of age 55–59 years of age
all races white black all races white black all races white black

Stomach
males 6 5 10 12 10 23 20 17 39
females 3 2 4 5 4 7 9 7 14
Colon
males 18 16 27 37 35 49 69 68 92
females 16 14 21 28 24 52 15 49 77
Rectal
males 9 9 15 15 15 20 21 20 23
females 7 6 11 7 7 6 12 12 14
Pancreatic
males 5 5 10 12 11 23 21 20 40
females 4 3 7 8 8 10 14 13 25

a SEER nine standard registries crude, age-specific rate, 1990–1994.

The incidence of stomach, colon, rectal, and pancreatic cancers increases
with age for individuals between 45 and 59 years of age. In general, incidence in
males is higher than in females, and incidence in African Americans exceeds that
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of whites. Risk factors besides age and race vary for these cancers, but always
include family history of the same form of cancer, certain diseases of the affected
organ, and dietary factors. Cigarette smoking is a risk factor for pancreatic cancer
and may also increase the risk of stomach cancer (Miller et al., 1996). Infection
with the bacterium Helicobacter pylori also increases the risk of stomach cancer.

Summary of VAO and Update 1996

Numerous studies were considered in VAO and Update 1996 that examined
one or more gastrointestinal tract cancers; no consistent associations between
herbicide exposure and these cancers were found. These included studies of
chemical production workers in the United States and other countries (Lynge,
1985; Coggon et al., 1986; Thomas, 1987; Bond et al., 1988; Zober et al., 1990;
Fingerhut et al., 1991; Manz et al., 1991; Saracci et al., 1991; Bloemen et al.,
1993; Bueno de Mesquita et al., 1993; Collins et al., 1993; Kogevinas et al.,
1993); agricultural workers (Burmeister, 1981; Hardell, 1981; Burmeister et al.,
1983; Wiklund, 1983; Hoar et al., 1986; Alavanja et al., 1988, 1989; Wigle et al.,
1990; Hansen et al., 1992; Ronco et al., 1992; Blair et al., 1993; Garry et al.,
1994; Asp et al., 1994); pesticide appliers (Axelson et al., 1980; Blair et al., 1983;
Swaen et al., 1992); paper and pulp workers (Robinson et al., 1986; Henneberger
et al., 1989; Solet et al., 1989); the population of Seveso, Italy (Bertazzi et al.,
1989a,b; Pesatori et al., 1992; Bertazzi et al., 1993); others subjected to environ-
mental exposure (Lampi et al., 1992); and Vietnam veterans (Kogan and Clapp,
1985; Lawrence et al., 1985; Anderson et al., 1986a,b; Boyle et al., 1987; Breslin
et al., 1988; CDC, 1988; Dalager et al., 1995a; Visintainer et al., 1995).

VAO and Update 1996 found that, with rare exceptions, studies of GI cancers
and herbicide exposure reported relative risks (RRs) close to 1.0, providing no
evidence of any increased risk. They concluded that there is limited/suggestive
evidence of no association between exposure to the herbicides (2,4-dichlorophe-
noxyacetic acid [2,4-D]; 2,4,5-trichlorophenoxyacetic acid [2,4,5-T] and its con-
taminant TCDD; cacodylic acid; and picloram) and GI cancers (stomach, pancre-
atic, rectal, and colon cancers). The evidence regarding association is drawn from
occupational and other studies in which subjects were exposed to a variety of
herbicide and herbicide components.

Update of the Scientific Literature

Occupational Studies

In an update and expansion of the International Agency for Research on
Cancer (IARC) cohort study, Kogevinas et al. (1997) examined cancer mortality
in a cohort of 26,615 male and female workers engaged in the production or
application of phenoxy herbicides. The workers for this cohort were assembled
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from 12 countries, drawn from national studies that followed the same core
protocol developed jointly by the participants and coordinated by IARC.

No excess risk of death from GI cancer of any site was observed among the
group comprised of all workers exposed to any phenoxy herbicide or chlorophe-
nol (stomach: standardized mortality ratio [SMR] = 0.9, 95 percent confidence
interval [95% CI] 0.7–1.1, 72 deaths; colon: SMR = 1.1, CI 0.8–1.3, 86 deaths;
rectum: SMR = 1.1, CI 0.8–1.4, 44 deaths; pancreas: SMR = 0.9, CI 0.7–1.2, 47
deaths). When this group was divided into those exposed and unexposed to
TCDD or higher chlorinated dioxins, slight elevations were seen for certain can-
cers, but they were found in both the exposed and the unexposed groups, and
none achieved statistical significance. More detailed analysis by exposure vari-
ables such as duration and time since first exposure was not conducted for GI
cancers.

Although the study includes large numbers of workers who were likely to be
exposed at levels substantially higher than general population exposures, the lack
of information about actual exposures limits the investigator’s ability to examine
exposure–response relationships within the cohort. In addition, the inclusion of
workers in the exposed group based on ever having worked in a job considered
exposed makes it impossible to distinguish heavily exposed workers from those
with very minor exposures.

Becher et al. (1996) examined cancer mortality among workers in four Ger-
man facilities that produced phenoxy herbicides and chlorophenols. The popula-
tion included workers who had a least one month of employment, resulting in a
cohort consisting of 2,479 male workers. The cohort was assembled from four
plants; analysis was conducted on the total cohort, divided into four subcohorts
that corresponded to each plant considered separately.

Based on production information and limited blood dioxin measurements,
subcohorts I and II are supposed to have higher TCDD exposures than subcohorts
III and IV. Of the four subcohorts, only group I had at least one observed or
expected death at each of the GI cancer sites. Of these, stomach (SMR = 1.3, 95%
CI 0.7–2.2, 12 cases) and rectum (SMR = 1.9, CI 0.7–4.0, 6 cases) were nonsig-
nificantly elevated. The small numbers in the other three subcohorts resulted in
few reportable results for GI cancers, and none of these demonstrated a signifi-
cant excess risk.

Ott and Zober (1996) updated the experience of workers exposed to TCDD
during the cleanup of a trichlorophenol (TCP) reactor, which exploded in 1953
at a BASF plant in Ludwigshafen, Germany. They studied cancer incidence and
mortality up to 1992 for the group of 243 men and developed TCDD dose
estimates based on work activity information, blood TCDD determinations on a
subset of the population, and estimates of TCDD elimination rates. The analy-
sis of cancer mortality showed a nonsignificant elevation of death for cancer of
the digestive organs in the total cohort (SMR = 1.2, CI 0.6–2.1, 11 cases) with
the lowest risk (SMR = 0.6) observed in the lowest-dose group (<0.1 µg/kg
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body weight). The medium-dose group (0.1–0.99 µg/kg body weight) reported
an SMR of 1.7 (CI 0.5–4.3), whereas the highest dose group (>1 µg/kg body
weight) had an SMR of 1.5 (CI 0.5–3.4). Incident cancer cases showed a similar
pattern, with a nonsignificant elevation of cancer of the digestive tract in the
total cohort (standardized incidence ratio [SIR] = 1.1, CI 0.6–1.9, 12 cases).
The lowest risk (SIR = 0.7) was observed in the lowest-dose group (<0.1 µg/kg
body weight). The medium-dose group (0.1–0.99 µg/kg body weight) reported
an SIR of 1.4 (CI 0.4–3.6), whereas the highest-dose group (>1 µg/kg body
weight) showed an SIR of 1.2 (CI 0.4–2.9). Separate analysis for incidence of
stomach cancer within this class revealed three cases overall (SIR = 1.0, CI
0.2–2.9), with no cases observed in the lowest-dose group, one case in the
medium-dose group (SIR = 1.3, CI 0.0–7.0), and two cases in the highest-dose
group (SIR = 1.7, CI 0.2–6.2).

Internal analysis of the cohort by proportional hazard analysis showed that
TCDD dose was significantly associated with both death from cancer of the
digestive tract (conditional regression ratio 1.5, CI 1.1–1.9) and incidence of
digestive cancer (conditional risk ratio 1.4, CI 1.1–1.7). Review of these cases
revealed that three had occurred among the four most highly exposed workers in
the cohort and that one (stomach cancer) involved a worker with an estimated
TCDD dose of 6.8 µg/kg and a second (pancreatic cancer), with an estimated dose
of 6.1 µg/kg. However, information provided for the third case classified as a
digestive cancer raises concerns. This case was a primary liver cancer with a dose
estimate of 8.3 µg/kg. It is unclear why this case was not classified as a hepa-
tobiliary cancer. Had it been, its exclusion from the digestive cancer analysis
would probably have weakened the reported association in the proportional haz-
ard analysis.

Ramlow et al. (1996) examined mortality in a cohort of workers exposed to
pentachlorophenol (PCP), as part of a larger study of Dow chemical manufactur-
ing workers exposed to the higher chlorinated dioxins. The study cohort was
assembled from company records, starting with a cohort of 2,192 workers ever
employed in a department with potential polychlorinated dibenzodioxin (PCDD)
exposure between 1937 and 1980.

In the study analysis, U.S. white male death rates (five-year age and calendar
specific) and the non-PCP and PCDD male Dow Michigan employees for 1940 to
1989 were both used as reference values to calculate expected deaths. Four expo-
sure groups were developed for TCDD (1 unit = very low, 1–1.9 units = low, 2–
2.9 units = medium, 3 units = high). Calculation of SMRs with exposure lagged
by 15 years using both the U.S. and the Dow referent populations found no
significant excess mortality for digestive cancer (SMR = 0.9, CI 0.4–1.6, 10
deaths). The vast majority of deaths observed were among the unexposed group,
leaving very few deaths distributed over the four categories of cumulative expo-
sure (unexposed, 517 deaths from digestive cancer; very low exposure, 1 death;
low exposure, 5 deaths; medium exposure, 4 deaths; high exposure, none).
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For the hepta- or octa-chlorinated dibenzodioxin (H/OCDD) groups, 2 units
was the low-exposure category; 2–2.9, units medium; and 3 or more units, high.
SMRs for cancers of the digestive system (15-year lagged exposure) showed no
significant excess compared to the U.S. and Dow referent populations. As for
TCDD, a very small proportion of the population was considered to have any
exposure, and very few cases were observed.

Gambini et al. (1997) investigated cancer mortality among a cohort of rice
growers in northern Italy. Using a set of registered farm owners consisting of 1,493
males who worked on farms from 1957 to 1992, they examined the cause of death
for 958 subjects and compared this with expected numbers calculated from national
rates. No direct exposure information was available, so employment on the farm
was used as a surrogate for exposure to the range of phenoxy herbicides employed
during the study period. Cancer mortality was evaluated for three GI sites (stomach,
pancreas, and intestines), and observed and expected deaths did not differ signifi-
cantly for any of these sites in the overall cohort (stomach: SMR = 0.9, CI 0.7–1.3,
39 deaths; pancreas: SMR = 0.9, CI 0.4–1.9, 7 deaths; intestines: SMR = 1.1, CI
0.7–1.6, 27 deaths). Stratification by age at death and duration of exposure (em-
ployment as a farmer) did not change the finding of nonsignificant differences.
Although the study population is small, it does describe the experience of a cohort
with good follow-up (99 percent) and long latency (37 percent of deaths observed
beyond the age of 80). It is limited by very crude exposure assessment, however,
and the degree to which the study subjects were actually exposed to phenoxy
herbicides cannot be established with any certainty.

Environmental Studies

Bertazzi et al. (1997) continued the follow-up of people environmentally ex-
posed to TCDD in Seveso, Italy. The events that led to the exposure and the
methods used to study this population have been described fully in the earlier
reports. This report updates the population after 15 years follow-up. Death from
cancer of the rectum was significantly elevated for men in zone B (SMR = 2.9, CI
1.2–5.9, 7 observed deaths). No other significant elevation of death from digestive
cancer overall or at any GI sites was observed in men or women in any exposure
zone. More detailed investigation of subjects in zone B showed that there were
nonsignificant elevations of death from digestive cancers overall for women in the
longest-latency (>10 years; overall digestive cancer: SMR = 1.5, CI 0.7–2.7, 10
deaths; stomach: SMR = 2.4, CI 0.8–5.7, 5 deaths) and length of stay (>10 years;
overall digestive cancer: SMR = 1.6, CI 0.8–2.9, 9 deaths; stomach: SMR = 2.3, CI
0.6–6.0, 4 deaths) groups, whereas men showed significant excesses of rectal can-
cer in the group with the longest length of stay (SMR = 7.2, CI 1.9–18.4, 4 deaths)
and the longest-latency group (SMR = 6.2, CI 1.7–15.9, 4 deaths).

Svensson et al. (1995) studied mortality and cancer incidence in two cohorts
of Swedish fishermen. One group (2,896 men) resided on the east coast of Swe-
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den and consumed fish from the Baltic Sea. These fatty fish (particularly salmon
and herring) are reported to contain elevated levels of polychlorinated biphenyls
(PCBs), polychlorinated dibenzofurans (PCDFs), and PCDDs. The other group
of fishermen (8,477) resided on the west coast of Sweden and was presumed to
have a higher intake of lean (and less contaminated) fish, including cod and flat
fish. This distinction in exposure by place of residence is reportedly confirmed by
the finding that blood levels of “dioxin-like compounds” were two times higher
among east coast than west coast fishermen; however, no data are provided to
support this point. East coast fishermen were found to have nonsignificantly
increased mortality from stomach cancer (SMR = 1.4, CI 0.8–2.2, 17 deaths) and
increased incidence of stomach cancer (SIR = 1.6, CI 1.0–2.4, 24 cases) com-
pared to Swedish national rates. No significant excess incidence or mortality was
seen among west coast fishermen. When the two groups were compared directly,
the east coast excess incidence of stomach cancer was 2.2 (incidence rate ratio
[IRR], CI 1.3–3.5). East coast fishermen were found to have significantly de-
creased incidence and mortality of cancer of the colon, which was not observed in
west coast fishermen. The degree to which the difference in stomach cancer
between east and west coast fishermen can be attributed to organochlorine expo-
sure is limited by the lack of any direct information on exposure, aside from the
above (unreferenced) statement that blood levels of dioxin-like compounds were
twice as high among east coast as west coast fishermen. The authors also report
that east coast fishermen consume smoked fish twice as often as west coast
fishermen, so the role of confounding exposures cannot be discounted.

Vietnam Veteran Studies

In a comparison of mortality between Army Chemical Corps Vietnam and
non-Vietnam veterans, Dalager et al. (1997) reported a significant excess of death
from digestive diseases, primarily cirrhosis, among Vietnam veterans. The study
compared 2,872 Vietnam veterans with 2,737 non-Vietnam veterans (all of whom
served in Chemical Corps specialties). All study subjects served at least 18
months’ active duty between 1965 and 1973, and vital status ascertainment was
complete for both groups. Nonsignificant decreases in deaths from digestive
system cancer were observed in both groups when compared to general U.S.
population rates. When Vietnam and non-Vietnam cohorts were compared di-
rectly, the crude rate ratio of GI cancer death was 4.8 (Vietnam versus non-
Vietnam). The adjusted RR calculated by proportional hazards modeling to in-
clude the effect of race, military rank, duration of service, and age at entry to
follow-up was 2.2 (CI 0.2–19.8). Direct exposure information on the two cohorts
was not available, and the presumption that Vietnam veterans had potential for
higher levels of dioxin exposure because of their duties involving Agent Orange
and other dioxin-contaminated herbicides (compared to non-Vietnam Chemical
Corps veterans) has not been verified.
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The Australian study Mortality of Vietnam Veterans: The Veteran Cohort
Study (Crane et al., 1997a) examined the mortality experience of male Australian
Vietnam veterans from 1980 to 1994. This cohort consists of 59,036 male veter-
ans, who were followed for a period ranging from 22 to 32 years. There were
2067 deaths recorded among this group from 1980 to 1994, and vital status was
ascertained for 96.9 percent of the cohort. There was a statistically significant
excess of death for all cancer (SMR = 1.2, CI 1.1–1.3) in the cohort, by compari-
son to the Australian white male population and by calculation of a standardized
relative mortality ratio (SRMR), which is the ratio of the cause-specific SMR and
the SMR for all other causes combined (SRMR = 1.2, CI 1.1–1.3). No excess
mortality was observed from cancer at any of the four GI sites. Death from cancer
of the colon (SMR = 1.2, CI 1.0–1.5), rectum (SMR = 0.6, CI 0.4–1.0), stomach
(SMR = 1.1, CI 0.7–1.5), and pancreas (SMR = 1.4, CI 1.0–1.9) did not exceed
expected numbers for all military Vietnam veterans, and when analyzed sepa-
rately by branch of service, only Navy veterans were reported to have excess
mortality for any GI site (colon cancer: SMR = 1.8, CI 1.0–2.8), which was not
statistically significant. The study authors have described the strengths and limi-
tations of this cohort study of Australian veterans, including virtually complete
identification of the study population, a period of follow-up ranging from 22 to
32 years, and vital status ascertainment of 96.9 percent. Among the weaknesses
of the study are the possibility of underascertainment of death and the uncertain
quality of exposure assessment regarding a variety of risk factors, including
smoking and alcohol consumption, as well as herbicide and dioxin exposure. The
examination of mortality among Australian National Service Vietnam veterans
(Crane et al., 1997b) reported similar findings for GI cancer.

Synthesis

With rare exceptions, studies on GI cancers and exposure to herbicide in
production, in agricultural use, from environmental sources, and among veteran
populations found RRs close to 1.0, providing no evidence of any increase in risk.
A reported statistically significant positive association in the BASF cohort is
rendered problematic by the inclusion of a liver cancer in the analysis. The
positive association reported for rectal cancer in males in zone B of the Seveso
cohort is not by itself compelling, and is not supported by findings in any other
zone or for females in the cohort.

Conclusions

Strength of Evidence in Epidemiologic Studies

This report, like its predecessors, concludes that there is limited/suggestive
evidence of no association between exposure to the herbicides (2,4-D, 2,4,5-T

(text continues on page 281)
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TABLE 7-1 Selected Epidemiologic Studies—Stomach Cancer

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

OCCUPATIONAL
New Studies
Kogevinas et al., 1997 IARC cohort

Workers exposed to TCDD
(or higher chlorinated dioxins) 42 0.9 (0.6–1.2)

Workers not exposed to TCDD
(or higher chlorinated dioxins) 30 0.9 (0.6–1.3)

Workers exposed to any phenoxy
herbicide or chlorophenol 72 0.9 (0.7–1.1)

Becher et al., 1996 German chemical production workers
Plant I 12 1.3 (0.7–2.2)
Plant II 0
Plant III 0
Plant IV 2 0.6 (0.1–2.3)

Gambini et al., 1997 Italian rice growers 39 0.9 (0.7–1.3)
Ott and Zober, 1996 BASF cleanup workers 3 1.0 (0.2–2.9)

TCDD <0.1 µg/kg body wt 0
TCDD 0.1–0.99 µg/kg body wt 1 1.3 (0.0–7.0)
TCDD >1 µg/kg body wt 2 1.7 (0.2–6.2)

Ramlow et al., 1996 Pentachlorophenol production workers
0 year latency 4 1.7 (0.4–4.3)
15 year latency 3 1.8 (0.4–5.2)

Studies reviewed in Update 1996
Blair et al., 1993 U.S. farmers in 23 states

White males 657 1.0 (1.0–1.1)
Nonwhite females 23 1.9 (1.2–2.8)

Bueno de Mesquita et al., Phenoxy herbicide workers NS
   1993
Collins et al., 1993 Monsanto 2,4-D production workers NS
Kogevinas et al., 1993 Female herbicide spraying and production

workers NS
Studies reviewed in VAO
Ronco et al., 1992 Danish male self-employed farm workers 286 0.9
Swaen et al., 1992 Dutch herbicide applicators 1 0.5 (0–2.7)c

Fingerhut et al., 1991 NIOSH cohort 10 1.0 (0.5–1.9)
Manz et al., 1991 German production workers 12 1.2 (0.6–2.1)
Saracci et al., 1991 IARC cohort 40 0.9 (0.6–1.2)
Wigle et al., 1990 Canadian farmers 246 0.9 (0.8–1.0)
Zober et al., 1990 BASF production workers—basic cohort 3 3.0 (0.8–11.8)
Alavanja et al., 1989 USDA forest/soil conservationists 9 0.7 (0.3–1.3)
Henneberger et al., 1989 Paper and pulp workers 5 1.2 (0.4–2.8)
Solet et al., 1989 Paper and pulp workers 1 0.5 (0.1–3.0)
Alavanja et al., 1988 USDA agricultural extension agents 10 0.7 (0.4–1.4)
Bond et al., 1988 Dow 2,4-D production workers 0 — (0.0–3.7)
Thomas, 1987 Flavor and fragrance chemical production

workers 1.4
Coggon et al., 1986 British MCPA production workers 26 0.9 (0.6–1.3)
Robinson et al., 1986 Paper and pulp workers 17 1.2 (0.7–2.1)
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Lynge, 1985 Danish male production workers 12 1.3
Blair, 1983 Florida pesticide applicators 4 1.2
Burmeister et al., 1983 Iowa residents

Farming exposures 1.3 (p < .05)
Wiklund, 1983 Swedish agricultural workers 2,599 1.1 (1.0–1.2)b

Burmeister, 1981 Farmers in Iowa 338 1.1 (p < .01)
Axelson et al., 1980 Swedish railroad workers—total exposure 3 2.2

ENVIRONMENTAL
New Studies
Bertazzi et al., 1997 Seveso residents

Males—zone A 0
Males—zone B 10 0.8 (0.4–1.5)
Males—zone R 76 0.9 (0.7–1.1)
Females—zone A 1 0.9 (0.0–5.3)
Females—zone B 7 1.0 (0.4–2.1)
Females—zone R 58 1.0 (0.8–1.3)

Svensson et al., 1995 Swedish fishermen mortality
East coast 17 1.4 (0.8–2.2)
West coast 63 0.9 (0.7–1.2)

Swedish fishermen incidence
East coast 24 1.6 (1.0–2.4)
West coast 71 0.9 (0.7–1.2)

Studies reviewed in Update 1996
Bertazzi et al., 1993 Seveso male residents—zone B 7 1.0 (0.5–2.1)

Female residents—zone B 2 0.6 (0.2–2.5)
Seveso male residents—zone R 45 0.9 (0.7–1.2)
Female residents—zone R 25 1.0 (0.6–1.5)

Studies reviewed in VAO
Pesatori et al., 1992 Seveso male residents—zones A and B 7 0.9 (0.4–1.8)

Female residents—zones A and B 3 0.8 (0.3–2.5)
Bertazzi et al., 1989a Seveso male residents—zones A, B, R 40 0.8 (0.6–1.2)

Female residents—zones A, B, R 22 1.0 (0.6–1.5)
Bertazzi et al., 1989b Seveso male residents—zone B 7 1.2 (0.6–2.6)

VIETNAM VETERANS
New Studies
Crane et al., 1997a Australian military veterans 32 1.1 (0.7–1.5)
Crane et al., 1997b Australian national service veterans 4 1.7 (0.3–>10)
Studies reviewed in VAO
Breslin et al., 1988 Army Vietnam veterans 88 1.1 (0.9–1.5)

Marine Vietnam veterans 17 0.8 (0.4–1.6)
Anderson et al., 1986a Wisconsin Vietnam veterans 3 —
Anderson et al., 1986b Wisconsin Vietnam veterans 1 —

a Given when available.
b 99% CI.
c Risk estimate is for stomach and small intestine.

TABLE 7-1 Continued

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a
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TABLE 7-2 Selected Epidemiologic Studies—Colon Cancer

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

OCCUPATIONAL
New Studies
Kogevinas et al., 1997 IARC cohort

Workers exposed to TCDD
(or higher chlorinated dioxins) 52 1.0 (0.8–1.3)

Workers not exposed to TCDD
(or higher chlorinated dioxins) 33 1.2 (0.8–1.6)

Workers exposed to any phenoxy
herbicide or chlorophenol 86 1.1 (0.8–1.3)

Becher et al., 1996 German chemical production workers
Plant I 2 0.4 (0.0–1.4)
Plant II 0
Plant III 1 2.2(0–12)
Plant IV 0

Gambini et al., 1997 Italian rice growers 27 1.1 (0.7–1.6)
Ott and Zober, 1996 BASF cleanup workers 5 1.0 (0.3–2.3)b

TCDD < 0.1 µg/kg body wt 2 1.1 (0.1–3.9)b

TCDD 0.1–0.99 µg/kg body wt 2 1.4 (0.2–5.1)b

TCDD > 1 µg/kg body wt 1 0.5 (0.0–3.0)b

Ramlow et al., 1996 Pentachlorophenol production workers
0 year latency 4 0.8 (0.2–2.1)
15 year latency 4 1.0 (0.3–2.6)

Studies reviewed in Update 1996
Blair et al., 1993 U.S. farmers in 23 states

White males 2,291 1.0 (0.9–1.0)
Bueno de Mesquita et al., Phenoxy herbicide workers NS
   1993
Collins et al., 1993 Monsanto 2,4-D production workers NS
Studies reviewed in VAO
Swaen et al., 1992 Dutch herbicide applicators 4 2.6 (0.7–6.5)
Ronco et al., 1992 Danish male self-employed farm workers 277 0.7 (p < .05)
Fingerhut et al., 1991 NIOSH cohort 25 1.2 (0.8–1.8)
Manz et al., 1991 German production workers 8 0.9 (0.4–1.8)
Saracci et al., 1991 IARC cohort 41 1.1 (0.8–1.5)
Zober et al., 1990 BASF production workers—basic cohort 2 2.5 (0.4–14.1)b

Alavanja et al., 1989 USDA forest conservationists 1.4 (0.7–2.8)
USDA soil conservationists 1.2 (0.7–2.0)

Henneberger et al., 1989 Paper and pulp workers 9 1.0 (0.5–2.0)
Solet et al., 1989 Paper and pulp workers 7 1.5 (0.6–3.0)
Alavanja et al., 1988 USDA agricultural extension agents 1.0 (0.7–1.5)
Bond et al., 1988 Dow 2,4-D production workers 4 2.1 (0.6–5.4)
Thomas, 1987 Flavor and fragrance chemical production

workers 0.6
Coggon et al., 1986 British MCPA production workers 19 1.0 (0.6–1.6)
Hoar et al., 1986 Kansas residents

No herbicide use 1.6 (0.8–3.6)
Herbicide use 1.5 (0.6–4.0)

Copyright © National Academy of Sciences. All rights reserved.

Veterans and Agent Orange: Update 1998
http://www.nap.edu/catalog/6415.html

http://www.nap.edu/catalog/6415.html


CANCER 277

TABLE 7-2 Continued

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

Robinson et al., 1986 Paper and pulp workers 7 0.4 (0.2–0.9)
Lynge, 1985 Danish male production workers 10 1.0
Blair, 1983 Florida pesticide applicators 5 0.8
Wiklund, 1983 Swedish agricultural workers 1,332 0.8 (0.7–0.8)c

Thiess et al., 1982 BASF production workers 0.4
Burmeister, 1981 Farmers in Iowa 1,064 1.0 (NS)
Hardell, 1981 Residents of Sweden

Exposed to phenoxy acids 11 1.3 (0.6–2.8)
Exposed to chlorophenols 6 1.8 (0.6–5.3)

ENVIRONMENTAL
New studies
Bertazzi et al., 1997 Seveso male residents

zone A 0
zone B 5 0.8 (0.3–2.0)
zone R 34 0.8 (0.6–1.1)

Seveso female residents
zone A 2 2.6 (0.3–9.4)
zone B 3 0.6 (0.1–1.8)
zone R 33 0.8 (0.6–1.1)

Svensson et al., 1995 Swedish fishermen mortality
East coast 4 0.1 (0.0–0.7)
West coast 58 1.0 (0.8–1.3)

Swedish fishermen incidence
East coast 5 0.4 (0.1–0.9)
West coast 82 0.9 (0.8–1.2)

Studies reviewed in Update 1996
Bertazzi et al., 1993 Seveso male residents—zone B 2 0.5 (0.1–2.0)

Female residents—zone B 2 0.6 (0.1–2.3)
Seveso male residents—zone R 32 1.1 (0.8–1.6)
Female residents—zone R 23 0.8 (0.5–1.3)

Studies reviewed in VAO
Lampi et al., 1992 Finnish community exposed to

chlorophenol contamination 9 1.1 (0.7–1.8)
Bertazzi et al., 1989a Seveso male residents—zones A, B, R 20 1.0 (0.6–1.5)

Female residents—zones A, B, R 12 0.7 (0.4–2.2)
Pesatori et al., 1992 Seveso male residents—zones A and B 3 0.6 (0.2–1.9)

Female residents—zones A and B 3 0.7 (0.2–2.2)

VIETNAM VETERANS
New studies
Crane et al., 1997a Australian military veterans 78 1.2 (1.0–1.5)
Crane et al., 1997b Australian national service veterans 6 0.6 (0.2–1.5)
Studies reviewed in Update 1996
Dalager et al., 1995a Women Vietnam veterans 2.8 (0.8–10.2)

Nurses 5.7 (1.2–27.0)
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TABLE 7-2 Continued

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

Studies reviewed in VAO
Breslin et al. 1988 Army Vietnam veterans 209 1.0 (0.7–1.3)d

Marine Vietnam veterans 33 1.3 (0.7–2.2)d

Anderson et al., 1986a Wisconsin Vietnam veterans 4 —
Anderson et al., 1986b Wisconsin Vietnam veterans 6 1.0 (0.4–2.2)

a Given when available.
b Colon and rectal cancer results are combined in this study.
c 99% CI.
d Intestinal and other GI cancer results are combined in this study.

TABLE 7-3 Selected Epidemiologic Studies—Rectal Cancer

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

OCCUPATIONAL
New studies
Kogevinas et al., 1997 IARC cohort

Workers exposed to TCDD
(or higher chlorinated dioxins) 29 1.3 (0.9–1.9)

Workers not exposed to TCDD
(or higher chlorinated dioxins) 14 0.7 (0.4–1.2)

Workers exposed to any phenoxy
herbicide or chlorophenol 44 1.1 (0.8–1.4)

Becher et al., 1996 German chemical production workers
Plant I 6 1.8 (0.7–4.0)
Plant II 0
Plant III 0
Plant IV 1 0.9 (0.0–4.9)

Ramlow et al., 1996 Pentachlorophenol production workers
0 year latency 0
15 year latency 0

Studies reviewed in Update 1996
Blair et al., 1993 U.S. farmers in 23 states

White males 367 1.0 (0.9–1.1)
Bueno de Mesquita et al., Phenoxy herbicide workers NS
   1993
Studies reviewed in VAO
Ronco et al., 1992 Danish male self-employed farmers 309 0.8 (p < .05)
Fingerhut et al., 1991 NIOSH cohort 5 0.9 (0.3–2.1)
Saracci et al., 1991 IARC cohort 24 1.1 (0.7–1.6)
Alavanja et al., 1989 USDA forest/soil conservationists 9 1.0 (0.5–1.9)
Henneberger et al., 1989 Paper and pulp workers 1 0.4 (0.0–2.1)

Copyright © National Academy of Sciences. All rights reserved.

Veterans and Agent Orange: Update 1998
http://www.nap.edu/catalog/6415.html

http://www.nap.edu/catalog/6415.html


CANCER 279

TABLE 7-3 Selected Epidemiologic Studies—Rectal Cancer

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

Alavanja et al., 1988 USDA agricultural extension agents 5 0.6 (0.2–1.3)
Bond et al., 1988 Dow 2,4-D production workers 1 1.7 (0.0–9.3)
Thomas, 1987 Flavor and fragrance chemical

production workers 2.5
Coggon et al., 1986 British MCPA chemical workers 8 0.6 (0.3–1.2)
Lynge, 1985 Danish male production workers 14 1.5
Blair, 1983 Florida pesticide applicators 2 1.0
Wiklund, 1983 Swedish agricultural workers 1,083 0.9 (0.9–1.0)b

ENVIRONMENTAL
New studies
Bertazzi et al., 1997 Seveso male residents

zone A 0
zone B 7 2.9 (1.2–5.9)
zone R 19 1.1 (0.7–1.8)

Seveso female residents
zone A 0
zone B 2 1.3 (0.1–4.5)
zone R 12 0.9 (0.5–1.6)

Svensson et al., 1995 Swedish fishermen mortality
East coast 4 0.7 (0.2–1.9)
West coast 31 1.0 (0.7–1.5)

Swedish fishermen incidence
East coast 9 0.9 (0.4–1.6)
West coast 59 1.1 (0.8–1.4)

Studies reviewed in Update 1996
Bertazzi et al., 1993 Seveso male residents—zone B 3 1.4 (0.4–4.4)

Female residents—zone B 2 1.3 (0.3–5.4)
Seveso male residents—zone R 17 1.1 (0.7–1.9)
Female residents—zone R 7 0.6 (0.3–1.3)

Studies reviewed in VAO
Pesatori et al., 1992 Seveso male residents—zones A and B 3 1.2 (0.4–3.8)

Female residents—zones A and B 2 1.2 (0.3–4.7)
Bertazzi et al., 1989a Seveso male residents—zones A, B, R 10 1.0 (0.5–2.0)

Female residents—zones A, B, R 7 1.2 (0.5–2.7)
Bertazzi et al., 1989b Seveso male residents—zone B 2 1.7 (0.4–7.0)

VIETNAM VETERANS
New studies
Crane et al., 1997a Australian military veterans 16 0.6 (0.4–1.0)
Crane et al., 1997b Australian national service veterans 3 0.7
Studies reviewed in VAO
Anderson et al., 1986a Wisconsin Vietnam veterans 1 —
Anderson et al., 1986b Wisconsin Vietnam veterans 1 —

a Given when available.
b 99% CI.
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TABLE 7-4 Selected Epidemiologic Studies—Pancreatic Cancer

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

OCCUPATIONAL
New studies
Kogevinas et al., 1997 IARC cohort

Workers exposed to TCDD
(or higher chlorinated dioxins) 30 1.0 (0.7–1.4)

Workers not exposed to TCDD
(or higher chlorinated dioxins) 16 0.9 (0.5–1.4)

Workers exposed to any phenoxy
herbicide or chlorophenol 47 0.9 (0.7–1.2)

Becher et al., 1996 German chemical production workers
Plant I 2 0.6 (0.1–2.3)
Plant II 0
Plant III 0
Plant IV 2 1.7 (0.2–6.1)

Gambini et al., 1996 Italian rice growers 7 0.9 (0.4–1.9)
Ramlow et al., 1996 Pentachlorophenol production workers

0 year latency 2 0.7 (0.1–2.7)
15 year latency 2 0.9 (0.1–3.3)

Studies reviewed in Update 1996
Blair et al., 1993 U.S. farmers in 23 states

White males 1,133 1.1 (1.1–1.2)
Bueno de Mesquita et al., Phenoxy herbicide workers NS
   1993
Studies reviewed in VAO
Ronco et al., 1992 Danish self-employed male farm workers 137 0.6 (p < .05)
Swaen et al., 1992 Dutch herbicide applicators 3 2.2 (0.4–6.4)
Fingerhut et al., 1991 NIOSH cohort 10 0.8 (0.4–1.6)
Saracci et al., 1991 NIOSH cohort 26 1.1 (0.7–1.6)
Alavanja et al., 1989 USDA forest conservationists 1.2 (0.4–3.4)

USDA soil conservationists 1.1 (0.5–2.2)
Henneberger et al., 1989 Paper and pulp workers 9 1.9 (0.9–3.6)
Solet et al., 1989 Paper and pulp workers 1 0.4 (0.0–2.1)
Alavanja et al., 1988 USDA agricultural extension agents 21 1.3 (0.8–1.9)
Thomas, 1987 Flavor and fragrance chemical production

workers 1.4
Coggon et al., 1986 British MCPA production workers 9 0.7 (0.3–1.4)
Robinson et al., 1986 Paper and pulp workers 4 0.3 (0.1–1.1)
Lynge, 1985 Danish male production workers 3 0.6
Blair, 1983 Florida pesticide applicators 4 1.0
Wiklund, 1983 Swedish agricultural workers 777 0.8 (0.8–0.9)b

Burmeister, 1981 Farmers in Iowa 416 1.1

ENVIRONMENTAL
New studies
Bertazzi et al., 1997 Seveso residents

Males—zone A 1 1.9 (0.0–10.5)
Males—zone B 2 0.6 (0.1–2.0)

Copyright © National Academy of Sciences. All rights reserved.

Veterans and Agent Orange: Update 1998
http://www.nap.edu/catalog/6415.html

http://www.nap.edu/catalog/6415.html


CANCER 281

TABLE 7-4 Continued

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

Males—zone R 20 0.8 (0.5–1.2)
Females—zone A 0
Females—zone B 1 0.5 (0.0–3.1)
Females—zone R 11 0.7 (0.4–1.3)

Svensson et al., 1995 Swedish fishermen mortality
East coast 5 0.7 (0.2–1.6)
West coast 33 0.8 (0.6–1.2)

Swedish fishermen incidence
East coast 4 0.6 (0.2–1.6)
West coast 37 1.0 (0.7–1.4)

Studies reviewed in VAO
Pesatori et al., 1992 Seveso male residents—zones A and B 2 1.0 (0.3–4.2)

Female residents—zones A and B 1 1.6 (0.2–12.0)
Bertazzi et al., 1989b Seveso male residents—zone B 2 1.1 (0.3–4.5)
Bertazzi et al., 1989a Seveso male residents—zones A, B, R 9 0.6 (0.3–1.2)

Female residents—zones A, B, R 4 1.0 (0.3–2.7)

VIETNAM VETERANS
New studies
Crane et al., 1997a Australian military veterans 38 1.4 (1.0–1.9)
Crane et al., 1997b Australian national service veterans 6 1.5
Studies reviewed in Update 1996
Visintainer et al., 1995 Michigan Vietnam veterans
Studies reviewed in VAO
Thomas et al., 1991 Women Vietnam veterans 5 2.7 (0.9–6.2)
Breslin et al., 1988 Army Vietnam veterans 82 0.9 (0.6–1.2)

Marine Vietnam veterans 18 1.6 (0.5–5.8)
Anderson et al., 1986a Wisconsin Vietnam veterans 6 5.5 (2.8–10.9)
Anderson et al., 1986b Wisconsin Vietnam veterans 4 —

a Given when available.
b 99% CI

and its contaminant TCDD, cacodylic acid, and picloram) and gastrointestinal
cancers (stomach, pancreatic, rectal, and colon cancers). The evidence regarding
association was drawn from occupational and other studies in which subjects
were exposed to a variety of herbicides and herbicide components.

Biologic Plausibility

Although a possible association between these exposures and cancer at gas-
trointestinal sites is considered plausible given the current knowledge of ways in
which dioxin and herbicides affect human systems, the literature reviewed for
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this update does not support a change from the previous conclusion of limited/
suggestive evidence of no association. A thorough discussion of biologic plausi-
bility with respect to exposure to TCDD or herbicides and gastrointestinal can-
cers is contained in Chapter 3; a summary is presented in the conclusion to this
chapter.

HEPATOBILIARY CANCERS

Background

This category includes cancers of the liver (ICD·9 155.0,155.2) and intrahe-
patic bile duct (ICD·9 155.1). According to American Cancer Society estimates,
9,300 men and 4,600 women will be diagnosed with liver cancer in the United
States in 1998; 7,900 men and 5,100 women will die from the disease (ACS,
1998). Liver cancer is expected to account for about 1 percent of new diagnoses
and 2 percent of cancer deaths in the United States in 1998. This disparity may be
due to misclassification of metastatic cancers as primary liver cancer, leading to
overreporting of deaths due to liver cancer (Percy et al., 1990). In developing
countries, especially sub-Saharan Africa and Southeast Asia, liver cancers are
common and are among the leading causes of death. The known risk factors for
liver cancer include chronic infection with hepatitis B or hepatitis C virus and
exposure to the carcinogens aflatoxin and vinyl chloride. In the general popula-
tion, the incidence of liver and intrahepatic bile duct cancer increases slightly
with age, and remains greater for men than women and greater for African Ameri-
cans than whites throughout ages 45–59 years.

Average Annual Cancer Incidence (per 100,000 individuals) in the United Statesa

Liver and Intrahepatic Bile Duct Cancers
45–49 years of age 50–54 years of age 55–59 years of age
all races white black all races white black all races white black

males 5 3 11 8 5 15 12 9 19
females 2 1 3 2 1 4 4 3 4

a SEER nine standard registries crude, age-specific rate, 1990–1994.

Summary of VAO and Update 1996

Occupational Studies

Among studies of occupational groups, mortality studies by Lynge (1985),
Collins et al. (1993), Fingerhut et al. (1991), and Saracci et al. (1991) found no
elevation of risk. In studies of agricultural or forestry workers, Wiklund (1983),
Hardell et al. (1984), Ronco et al. (1992), Asp et al. (1994), and Blair et al. (1993)
observed no evidence of increased liver cancer. In a study of mortality among
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pulp and paper workers, Solet et al. (1989) observed a nonsignificant excess of
deaths from liver cancer, based on two deaths.

Environmental Studies

A follow-up of the population involved in the Seveso incident (Bertazzi et
al., 1989b and Bertazzi et al., 1993) reported a statistically significant excess in
liver cancer mortality for female residents of zone B (RR = 3.3, CI 1.3–8.1).
Nonsignificant excesses and deficits in the risk of death due to liver cancer were
observed among males in the three exposure zones and among females living in
the other two zones. Additional liver cancer incidence data show similar results
(Pesatori et al., 1992). Data from U.S. populations living in contaminated areas
do not add any useful information. Residents of the Quail Run trailer park in
Times Beach, Missouri, the site of a major release of TCDD-contaminated oil,
were free from diagnosed liver cancer, whereas 1.5 cases were expected (Hoffman
et al., 1986; Stehr-Green et al., 1987).

A case-control study by Cordier et al. (1993) described the hepatocellular
carcinoma risk among 152 North Vietnamese cases and 241 controls, in relation
to viral infections and chemical exposures. The dominant risk factor was found to
be positivity for hepatitis B surface antigen, which carried an odds ratio (OR) of
0.62 (95% CI 0.30–1.28). Use of organochlorine pesticides did not indicate any
statistically significant trend, but military service in South Vietnam did. Those
who served for more than 10 years in South Vietnam (N = 11) had an OR for
hepatocellular carcinoma of 8.8 (CI 1.9–41). However, direct contact with aerial
spraying resulted in a slight, nonsignificantly increased OR of 1.3.

Vietnam Veteran Studies

Studies of liver cancer among Vietnam veterans have not found a significant
excess of mortality from liver cancer; however, the studies are hampered by the
small size. Studies include those of Wisconsin Vietnam veterans by Anderson et
al. (1986a,b), and the mortality component of the Centers for Disease Control and
Prevention’s (CDC’s) Vietnam Experience Study (Boyle et al., 1987). In a larger
mortality study among U.S. Army and Marine Corps Vietnam veterans, Breslin
et al. (1988) identified 34 liver cancer deaths among Army veterans; the propor-
tional mortality ratio (PMR) was 1.0 (CI 0.8–1.4). The data from Marines are
consistent with this result, although there were fewer deaths among the latter
group.

The CDC’s Selected Cancers Study (CDC, 1990) included a pathologic re-
view of studies to confirm the diagnosis of 130 men with primary liver cancer.
After adjusting for design and a range of established risk factors, the RR was 1.2
(CI 0.5–2.7). The risk for Vietnam veterans was slightly lower than for men who
served elsewhere in the military.
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Update of the Scientific Literature

Occupational Studies

Production Workers In an update and expansion of the IARC cohort study,
Kogevinas et al. (1997) examined cancer mortality in a cohort of 26,615 male and
female workers engaged in the production or application of phenoxy herbicides.
These workers were assembled from 12 countries, drawn from national studies
that followed the same core protocol developed jointly by the participants and
coordinated by IARC.

No excess risk of death from hepatobiliary cancer was observed among the
group of all workers exposed to any phenoxy herbicide or chlorophenol. When
this group was divided into those exposed and unexposed to TCDD or higher
chlorinated dioxins, the TCDD-exposed group had a higher risk (SMR = 0.87, CI
0.45–1.52) than the unexposed group (SMR = 0.41, CI 0.09–1.22), and none
achieved statistical significance. More detailed analysis by exposure variables
such as duration and time since first exposure was not conducted for hepatobiliary
cancers.

Although the study includes large numbers of workers likely to be exposed at
levels substantially higher than the general population exposures, the lack of
information about actual exposures limits the investigator’s ability to examine
exposure–response relationships within the cohort. In addition, the inclusion of
workers in the exposed group based on ever having worked in a job considered
exposed makes it impossible to distinguish heavily exposed workers from those
with very minor exposures.

Becher et al. (1996) examined cancer mortality among workers in four Ger-
man facilities that produced phenoxy herbicides and chlorophenols. The popula-
tion included workers who had a least one month of employment, resulting in a
cohort consisting of 2,479 male workers. The cohort was assembled from four
plants; analysis was conducted on the total cohort, divided into four subcohorts
that corresponded to each plant considered separately.

Based on production information and limited blood dioxin measurements,
subcohorts I and II are supposed to have higher TCDD exposures than subcohorts
III and IV. Of the four subcohorts, only group IV had at least one observed death
for hepatobiliary cancer. In this group, one death was observed (0.8 expected) for
an SMR of 1.2 (CI 0–6.9).

Agricultural Workers Cancer mortality among a cohort of rice growers in
northern Italy was investigated by Gambini et al. (1997). Using a set of registered
farm owners consisting of 1,493 males who worked on farms from 1957 to 1992,
they examined the cause of death for 958 subjects and compared this with ex-
pected numbers calculated from national rates. No direct exposure information
was available, so employment on the farm was used as a surrogate for exposure to
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the range of phenoxy herbicides employed during the study period. Mortality was
evaluated for liver cancer, and observed and expected deaths did not differ sig-
nificantly in the overall cohort (SMR = 1.3, CI 0.5–2.6). Stratification by age at
death and duration of exposure (employment as a farmer) did not change the
finding of nonsignificant differences. Although the study population is small, it
does describe the experience of a cohort with good follow-up (99 percent) and
long latency (37 percent of deaths observed beyond age 80). It is limited by a very
crude exposure assessment, however, and the degree to which study subjects
were actually exposed to phenoxy herbicides cannot be established with any
certainty.

Environmental Studies

Bertazzi et al. (1997) continued the follow-up of the people environmentally
exposed to TCDD in Seveso, Italy. The events that led to the exposure and the
methods used to study this population have been fully described in earlier reports.
This report updates the population after 15 years’ follow-up. Death from liver
cancer showed nonsignificant decreases in all three exposure groups except for
women in zone B, who had a nonsignificant elevation (SMR = 1.3, CI 0.3–3.8, 3
cases). More detailed investigation of exposed subjects in zone B was not con-
ducted for liver cancer.

Svensson et al. (1995) studied mortality and cancer incidence in two cohorts
of Swedish fishermen. One group (2,896 men) resided on the east coast of Swe-
den and consumed fish from the Baltic Sea. These fatty fish (particularly salmon
and herring) are reported to contain elevated levels of PCB, PCDD, and PCDF.
The other group of fishermen (8,477) resided on the west coast of Sweden and
were presumed to have a higher intake of lean (and less contaminated) fish,
including cod and flat fish. This distinction in exposure by place of residence is
reportedly confirmed by the study’s finding that blood levels of dioxin-like com-
pounds were two times higher among east coast than west coast fishermen; how-
ever, no data were provided to support this point. East and west coast fishermen
were found to have nonsignificantly decreased mortality from liver cancer. East
coast fishermen had a nonsignificantly increased incidence of liver cancer (SIR =
1.31, CI 0.48–2.85, 6 cases) compared to national Swedish rates. A nonsignifi-
cantly decreased incidence was seen among west coast fishermen.

Vietnam Veteran Studies

The Australian study Mortality of Vietnam Veterans: The Veteran Cohort
Study (Crane et al., 1997a) examined the mortality experience of male Australian
Vietnam veterans from 1980 to 1994. The cohort consists of 59,036 male veter-
ans, who were followed from 22 to 32 years. There were 2,067 deaths recorded
among this group from 1980 to 1994, and vital status was ascertained for 96.9
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percent of the cohort. There was a statistically significant excess of death for all
cancer (SMR = 1.21, CI 1.11–1.31) in this cohort compared to the Australian
white male population and according to the SRMR (1.2, CI 1.1–1.3). No excess
mortality was observed from cancer of the liver in the military population overall
(SMR = 0.6, CI 0.3–1.2) or when analyzed separately by branch of service. The
authors have described the strengths and limitations of the Australian veterans
cohort study, including virtually complete identification of the study population,
a period of follow-up ranging from 22 to 32 years, and vital status ascertainment
of 96.9 percent. Among the weaknesses of the study are the possibility of under-
ascertainment of death, and uncertain quality of exposure assessment regarding a
variety of risk factors, including smoking and alcohol consumption, as well as
herbicide and dioxin exposure.

The examination of mortality among Australian National Service Vietnam
veterans (Crane et al., 1997b) reported similar findings for hepatobiliary
cancer.

Synthesis

VAO and Update 1996 found that there were relatively few occupational,
environmental, or veteran studies of liver cancer (Table 7-5), and most of these
are small in size and have not controlled for risk factors related to lifestyle. In
summary, given the methodological difficulties associated with most of the few
existing studies, the evidence regarding liver cancer was considered inadequate
or insufficient to determine whether an association with herbicides exists. The
earlier conclusion is unchanged in this report.

Conclusions

Strength of Evidence in Epidemiologic Studies

This committee finds no change in the conclusion of inadequate or insuffi-
cient evidence to determine whether an association exists between exposure to
the herbicides (2,4-D, 2,4,5-T and its contaminant TCDD, cacodylic acid, and
picloram) and hepatobiliary cancer.

The evidence regarding association is drawn from occupational and other
studies in which subjects were exposed to a variety of herbicides and herbicide
components. Most of these studies are small in size and have not fully controlled
for lifestyle-related risk factors.

Biologic Plausibility

Although a possible association between the exposures considered here and
hepatobiliary cancer is considered plausible given the current knowledge of ways
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TABLE 7-5 Selected Epidemiologic Studies—Hepatobiliary Cancer

Exposed Estimated Risk
Reference Study Population Casesa (95% CI)a

OCCUPATIONAL
New studies
Kogevinas et al., 1997 IARC cohort

Workers exposed to TCDD
(or higher chlorinated dioxins) 12 0.9 (0.4–1.5)

Workers not exposed to TCDD
(or higher chlorinated dioxins) 3 0.4 (0.1–1.2)

Workers exposed to any phenoxy
herbicide or chlorophenol 15 0.7 (0.4–1.2)

Gambini et al., 1996 Italian rice growers 7 1.3 (0.5–2.6)
Ott and Zober, 1996 BASF cleanup workers 2 2.1 (0.3–8.0)

TCDD <0.1 µg/kg body wt 1 2.8 (0.1–15.5)
TCDD 0.1–0.99 µg/kg body wt 0
TCDD >1 µg/kg body wt 1 2.8 (0.1–15.5)

Becher et al., 1996 German chemical production workers 1 1.2 (0.0–6.9)
Ramlow et al., 1996 Pentachlorophenol production workers

0 year latency 0
15 year latency 0

Studies reviewed in Update 1996
Asp et al., 1994 Finnish herbicide applicators 2 0.6 (0.1–2.2)
Blair et al., 1993 U.S. farmers in 23 states 326 1.0 (0.9–1.1)
Collins et al., 1993 Monsanto 2,4-D production workers 2 1.4 (0.2–5.2)
Studies reviewed in VAO
Ronco et al., 1992 Danish and Italian farm workers

Danish male self-employed farmers 23 0.4
Employees of Danish farmers 9 0.8
Female family workers 5 0.5

Fingerhut et al., 1991 NIOSH cohort 6 1.2 (0.4–2.5)
20 years latency 1 0.6 (0.0–3.3)

Saracci et al., 1991 IARC cohort 4 0.4 (0.1–1.1)
Solet et al., 1989 Paper and pulp workers 2 2.0 (0.2–7.3)
Bond et al., 1988 Dow 2,4-D production workers 1.2
Lynge, 1985 Danish production workers 3 1.0
Hardell et al., 1984 Male residents of northern Sweden 102 1.8 (0.9–4.0)
Wiklund, 1983 Swedish agricultural workers 103 0.3 (0.3–0.4)b

Zack and Suskind, 1980 Monsanto production workers 0 —

ENVIRONMENTAL
New studies
Bertazzi et al., 1997 Seveso male residents

zone A 0
zone B 4 0.6 (0.2–1.4)
zone R 35 0.7 (0.5–1.0)

Seveso female residents
zone A 0
zone B 4 1.1 (0.3–2.9)
zone R 25 0.8 0.5–1.3)
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Svensson et al., 1995 Swedish fishermen mortality
East coast 1 0.5 (0.0–2.6)
West coast 9 0.9 (0.4–1.7)

Swedish fishermen incidence
East coast 6 1.3 (0.5–2.8)
West coast 24 1.0 (0.6–1.5)

Studies reviewed in Update 1996
Bertazzi et al., 1993 Seveso male residents—zone B 5 1.8 (0.7–4.4)

Female residents—zone B 5 3.3 (1.3–8.1)
Seveso male residents—zone R 11 0.5 (0.3–1.0)
Female residents—zone R 12 0.9 (0.5–1.7)

Cordier et al., 1993 Military service in South Vietnam for
>10 years after 1960 11 8.8 (1.9–41.0)

Studies reviewed in VAO
Pesatori et al., 1992 Seveso male residents—zones A and B 4 1.5 (0.5–4.0)

Female residents—zones A and B 1 1.2 (0.2–9.1)
Bertazzi et al., 1989b Seveso male residents—zone B 3 1.2 (0.4–3.8)

Male zone R residents 7 0.4 (0.2–0.8)
Stehr et al., 1986 Missouri residents 0 —
Hoffman et al., 1986 Residents of Quail Run Mobile Home Park 0 —

VIETNAM VETERANS
New studies
Crane et al., 1997a Australian military veterans 8 0.6 (0.3–1.2)
Crane et al., 1997b Australian national service veterans 1 —
Studies reviewed in VAO
CDC, 1990c U.S. men born between 1921 and 1953 8 1.2 (0.5–2.7)
Breslin et al., 1988 Army Vietnam veterans 34 1.0 (0.8–1.4)

Marine Vietnam veterans 6 1.2 (0.5–2.8)
Anderson et al., 1986a,b Wisconsin Vietnam veterans 0 —

a Given when available.
b 99% CI.

TABLE 7-5 Continued

Exposed Estimated Risk
Reference Study Population Casesa (95% CI)a

in which dioxin and herbicides affect human systems, the literature reviewed for
this update does not support a change from the previous conclusion of inadequate
or insufficient evidence to determine whether an association exists. A thorough
discussion of biologic plausibility with respect to exposure to TCDD or herbi-
cides and hepatobiliary cancer is contained in Chapter 3; a summary is presented
in the conclusion to this chapter.

NASAL/NASOPHARYNGEAL CANCER

Background

There are many types of nasal (ICD·9 160.0–160.9) and nasopharyngeal
(ICD·9 147.0–147.9) cancer, although undifferentiated carcinoma, squamous
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cell carcinoma and lymphomas account for the vast majority of maligancies.
The epithelium of the nasal and nasopharyngeal cavities is partly squamous,
partly columnar, and partly ciliated pseudostratified columnar. There are also
serous and mucous glands and lymphoid aggregates in close association with
the epithelium.

The American Cancer Society estimates that approximately 4,100 men
and 1,200 women will be diagnosed with nasal, pleural, tracheal, and other
respiratory system cancers in the United States in 1998 and that some 700 men
and 500 women will die from the diseases (ACS, 1998). Roughly speaking,
nasal and nasopharyngeal cancers account for between one-third and one-half
of these totals. The American Cancer Society (1998) estimates suggest that
approximately 6,500 men and 2,100 women will be diagnosed with cancers of
the pharynx (including nasopharynx, tonsil, oropharynx, hypopharynx, and
buccal cavity) and that 1,500 men and 600 women will die from them. Na-
sopharyngeal cancers make up approximately one in five of these cancers. The
incidence rates reported below show that men are at a greater risk than women
for these diseases and that incidence increases with age, although the very
small number of cases indicates that care should be exercised in interpreting
the numbers.

Nasopharyngeal cancer is relatively common in China and Southeast Asia. It
is also more common in Chinese and Vietnamese Americans than in whites,
African Americans, or other groups, suggesting that genetic factors may play a
role in this disease (Miller et al., 1996). There is no similar association for nasal
cancer. Reported risk factors for nasal cancer include occupational exposure to
nickel and chromium compounds (Hayes, 1997), wood dust (Demers et al., 1995),
and formaldehyde (Blair and Kazerouni, 1997). Studies of nasopharyngeal can-
cer have reported associations with the consumption of salt-preserved foods
(Miller et al., 1996), cigarette smoking (Zhu et al., 1995), and Epstein-Barr virus
(Mueller, 1995).

Average Annual Cancer Incidence (per 100,000 individuals) in the United Statesa

Nasal and Nasopharyngeal Cancers
45–49 years of age 50–54 years of age 55–59 years of age
all races white black all races white black all races white black

Nose, nasal cavity, and mid ear
males 1.0 0.8 1.3 1.3 1.3 1.7 1.8 1.8 2.2
females 0.5 0.5 1.1 0.9 0.7 1.8 0.8 0.7 2.2
Nasopharynx
males 1.0 0.3 1.6 2.3 1.3 2.6 2.8 1.7 3.2
females 0.5 0.3 0.3 0.6 0.4 b 0.9 0.6 1.7

a SEER nine standard registries crude, age-specific rate, 1990–1994.
b Insufficient data to provide meaningful incidence rate.
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Summary of VAO and Update 1996

Studies that specifically considered nasal and nasopharyngeal cancers were
very limited. Occupational studies included phenoxy herbicide production work-
ers and sprayers, herbicide applicators, agricultural workers, and paper and pulp
workers. These studies had very few cases of nasal or nasopharyngeal cancers
and the results were inconsistent. The sole environmental study was the Seveso
follow-up, with no cases reported in the two exposed zones, A and B. Vietnam
veteran studies found no significant associations for these cancers.

Update of the Scientific Literature

Occupational Studies

IARC (Kogevinas et al., 1997) has brought together almost all of the phe-
noxy herbicide production workers in 36 cohorts in 12 countries (Fingerhut et al.,
1991; Sarraci et al., 1991; Manz et al., 1991; Flesch-Janys et al., 1995; Becher et
al., 1996) for a joint analysis. This cohort contains 26,976 workers and was
divided into those who were exposed to TCDD or higher chlorinated dioxins and
those who were not so. The combined cohort study showed no effect of phenoxy
herbicide exposure on oral cavity and pharyngeal cancers (26 cases coded ICD·9
140–149), RR = 1.1 (CI 0.7–1.6). None of the three deaths from cancer of the
nose and nasal sinuses (ICD·9 160), RR = 1.6 (CI 0.3–4.7) were in the TCDD-
exposed group.

Environmental Studies

In the earlier Seveso population study (Bertazzi et al., 1993) no cases of nasal or
nasopharyngeal cancer were observed in zones A and B. Two cases were seen in
zone R, with 2.8 expected. In the more recent follow-up of the Seveso population
(Bertazzi et al., 1997) nasopharyngeal cancers are not specifically mentioned.

Vietnam Veteran Studies

The mortality experience of Australian Vietnam veterans was compared to that
of the general public for 1964–1979 and 1980–1994 (Crane et al., 1997a). During
1964–1979, no cases of nasal or nasopharyngeal cancer deaths were found, whereas
0.8 was expected. For 1980–1994, there were two deaths due to nasal and two to
nasopharyngeal cancers, whereas 1.7 and 3.9 were expected, respectively. A com-
panion study comparing conscripted Australian veterans of Vietnam with military
personnel who did not serve there reported an RR of 1.3 for nasopharyngeal cancer
based on a single death in each of the populations between 1982 and 1994 (Crane et
al., 1997b). There was one death due to nasal cancer in the comparison population
and none in Vietnam veterans over the same period.
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Synthesis

Nasal and nasopharyngeal cancers are relatively rare in many parts of the
world and thus difficult to study epidemiologically. Scientific evidence on the
association between herbicide exposure and nasopharyngeal cancer continues to
be too sparse to make a definitive statement.

TABLE 7-6 Selected Epidemiologic Studies—Nasal/Nasopharyngeal Cancer

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

OCCUPATIONAL
New studies
Kogevinas et al., 1997 IARC cohort

Oral cavity and pharynx cancer
(ICD·9 140–9) 26 1.1 (0.7–1.6)
Nose and nasal sinuses cancer
(ICD·9 160) 3 1.6 (0.3–4.7)

Studies reviewed in Update 1996
Asp et al., 1994 Finnish herbicide applicators 1 0.5 (0.01–2.9)
Studies reviewed in VAO
Ronco et al., 1992 Danish and Italian farm workers 0.6 (NS)
Saracci et al., 1991 IARC cohort 3 2.9 (0.6–8.5)
Coggon et al., 1986 British MCPA production workers 3 4.9 (1.0–14.4)
Robinson et al., 1986 Paper and pulp workers 0  —
Wiklund, 1983 Swedish agricultural workers 64 0.8 (0.6–1.2)
Hardell et al., 1982 Residents of northern Sweden

Phenoxy acid exposure 8 2.1 (0.9–4.7)
Chlorophenol exposure 9 6.7 (2.8–16.2)

ENVIRONMENTAL
Studies reviewed in VAO
Bertazzi et al., 1993 Residents in Seveso (zone R) 2 2.6 (0.5–13.3)

VIETNAM VETERANS
New studies
Crane et al., 1997a Australian military veterans

Nasal cancer 2 1.2 (0.2–4.4)
Nasopharyngeal cancer 2 0.5 (0.1–1.9)

Crane et al., 1997b Australian national service veterans
Nasal cancer 0 0 (0.0–>10)
Nasopharyngeal cancer 1 1.3 (0.0–>10)

Studies reviewed in VAO
CDC, 1990 U.S. men born between 1921 and 1953

Vietnam veterans 2 0.7 (0.1–3.0)

NOTE: NS = not significant.
a Given when available.
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Conclusions

Strength of Evidence in Epidemiologic Studies

There is inadequate or insufficient evidence to determine whether an asso-
ciation exists between exposure to the herbicides (2,4-D, 2,4,5-T and its con-
taminant TCDD, cacodylic acid, and picloram) and nasal or nasopharyngeal
cancer. The evidence regarding association is drawn from occupational and
other studies in which subjects were exposed to a variety of herbicides and
herbicide components.

Biologic Plausibility

A thorough discussion of biologic plausibility with respect to exposure to
TCDD or herbicides and nasal or nasopharyngeal cancer is contained in Chapter
3; a summary is presented in the conclusion to this chapter.

LARYNGEAL CANCER

Background

According to American Cancer Society estimates, 9,000 men and 2,100
women will be diagnosed with cancer of the larynx (ICD·9 161.0–161.9) in the
United States in 1998, and 3,400 men and 900 women will die from the disease
(ACS, 1998). These numbers represent approximately 1 percent of new cancer
diagnoses and deaths. Cancer of the larynx is more common in men than women,
with an overall ratio in the United States of about 5:1. Incidence also increases
with age in the 45–59 age group.

Risk factors include tobacco and alcohol, which act individually and syner-
gistically. Research suggests that gastroesophageal reflux, human papillomavirus,
a weakened immune system, and occupational exposure to asbestos and certain
chemicals and dusts may also increase incidence (ACS, 1998).

Average Annual Cancer Incidence (per 100,000 individuals) in the United Statesa

Laryngeal Cancer
45–49 years of age 50–54 years of age 55–59 years of age
all races white black all races white black all races white black

males 6 6 16 13 13 25 22 20 43
females 1 1 3 3 3 8 6 6 10

a SEER nine standard registries crude, age-specific rate, 1990–1994.
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Summary of VAO and Update 1996

In nearly all studies analyzing respiratory cancers, the authors either group
all of the different types of cancer in this broad group together (ICD·9 161–165,
which include trachea, bronchus, lung, and larynx) or present data for the largest
category within the group (ICD·9 162, which includes trachea, bronchus, and
lung). However, in a few studies, data are separated to allow assessment of
laryngeal cancer.

Of note are five studies of production workers in which data for laryngeal
cancer (ICD·9 161) are presented separately (Coggon et al., 1986; Bond et al.,
1988; Fingerhut et al., 1991; Manz et al., 1991; Saracci et al., 1991). Although the
numbers are too small to draw strong conclusions, the consistency of a mild
elevation in RR is suggestive of an association for laryngeal cancer. Pooling all
but the Coggon data (Coggon et al., 1986, 1991) yields an OR of 1.8 (CI 1.0–3.2).
As mentioned above, the potential confounders of an occupational risk for this
cancer include tobacco and alcohol consumption. These studies did not directly
control for smoking, although its magnitude in Manz et al. (1991) and Fingerhut
et al. (1991) is not likely to be large. There is no information on alcohol consump-
tion in any of the studies.

Other than these studies of production workers, only one study reported
separate results for cancer of the larynx: a proportional cancer mortality ratio
(PCMR) study was performed for farmers in 23 states, using occupational infor-
mation from death certificates (Blair et al., 1993). Based on 162 deaths from
laryngeal cancer in white male farmers, the PCMR was significantly decreased,
at 0.7 (CI 0.6–0.8). This is consistent with a significant decrease in lung cancer in
the same subgroup. The PCMR for laryngeal cancer in nonwhite male farmers
was 1.1 (CI 0.8–1.5), based on 32 deaths. There were no deaths from this cancer
in female farmers.

Update of the Scientific Literature

Occupational Studies

The IARC joint analysis (Kogevinas et al., 1997) of phenoxy herbicide pro-
duction workers reported an SMR for laryngeal cancer of 1.6 (CI 1.0–2.5), based
on 21 deaths among 21,863 workers in cohorts from 12 countries. Workers ex-
posed to TCDD or higher chlorinated dioxins had an SMR of 1.7 (CI 1.0–2.8),
based on 12 deaths among 13,831 workers.

Ramlow et al. (1996) examined the mortality of 770 workers potentially ex-
posed to PCP between 1937 and 1980. Dioxin is an unintended by-product of PCP
production. Exposure was estimated on the basis of job description information and
industrial hygiene characterizations of the job environment. The SMR, calculated
without any factoring for latency, was 2.9 (CI 0.3–10.3), based on two deaths.
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Gambini et al. (1997) investigated cancer mortality in rice growers in northern
Italy for 1957–1992. Employment on the farm was used as a surrogate for exposure
to the range of phenoxy herbicides including 2,4-D and 2,4,5-T. An SMR of 0.9 (CI
0.4–1.9) was calculated, based on seven cases among 1,493 subjects.

Veterans Studies

Watanabe and Kang (1996) compare laryngeal cancer rates among Army and
Marine Vietnam veterans with veterans who did not serve in Vietnam. Among
Army veterans, the PMR for cancer of the larynx was 1.3 for Vietnam veterans
and 0.9 for non-Vietnam veterans, based on 50 and 34 deaths, respectively. The
corresponding numbers for Marines are 0.7 versus 1.4, based on four deaths in
each group.

The Australian Vietnam veteran study (Crane et al., 1997a) found an SMR of
1.3 (0.7–2.3) based on 12 laryngeal cancer deaths. A second study examining the

TABLE 7-7 Selected Epidemiologic Studies—Laryngeal Cancer

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

OCCUPATIONAL
New Studies
Gambini et al., 1997 Italian rice growers 7 0.9 (0.4–1.9)
Kogevinas et al., 1997 IARC cohort 21 1.6 (1.0–2.5)

Workers exposed to TCDD
(or higher chlorinated dioxins) 12 1.7 (1.0–2.8)

Ramlow et al., 1996 Pentachlorophenol production workers 2 2.9 (0.3–10.3)

Studies reviewed in Update 1996
Blair et al., 1993 U.S. farmers in 23 states

White males 162 0.7 (0.6–0.8)
Nonwhite males 32 1.1 (0.8–1.5)

Studies reviewed in VAO
Fingerhut et al., 1991 NIOSH cohort

1 year exposure, 20 years latency 3 2.7 (0.6–7.8)
Manz et al., 1991 German production workers 2 2.0 (0.2–7.1)
Saracci et al., 1991 IARC cohort—exposed subcohort 8 1.5 (0.6–2.9)
Bond et al., 1988 Dow 2,4-D production workers 1 3.0 (0.4–16.8)
Coggon et al., 1986 British MCPA production workers 4 2.3 (0.5–4.5)

VIETNAM VETERANS
New Studies
Crane et al., 1997a Australian military veterans 12 1.3 (0.7–2.3)
Crane et al., 1997b Australian national service veterans 0 0 (0–>10)
Watanabe and Kang, 1996 Army Vietnam veterans 50 1.3

Marine Vietnam veterans 4 0.7
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mortality experience of conscripted Australian veterans relative to military per-
sonnel who did not serve in the conflict reported no laryngeal cancer deaths
among Vietnam veterans and one in the comparison population between 1982
and 1994 (Crane et al., 1997b).

Synthesis

Studies published since Update 1996 continue to support the conclusion that
there is limited/suggestive evidence of an association. The committee concluded
that the evidence for this association was limited/suggestive rather than sufficient
because of the inconsistent pattern of positive findings across populations with
various degrees and types of exposure and because the most important risk fac-
tors for laryngeal cancers—cigarette smoking and alcohol consumption—were
not fully controlled for or evaluated in the studies.

Conclusions

Strength of Evidence in Epidemiologic Studies

There is limited/suggestive evidence of an association between exposure to
the herbicides (2,4-D, 2,4,5-T and its contaminant TCDD, cacodylic acid, and
picloram) and laryngeal cancer. The evidence regarding association is drawn
from occupational and other studies in which subjects were exposed to a variety
of herbicides and herbicide components.

Biologic Plausibility

A thorough discussion of biologic plausibility with respect to exposure to
TCDD or herbicides and laryngeal cancer is contained in Chapter 3; a summary is
presented in the conclusion to this chapter.

LUNG CANCER

Background

Lung cancer (carcinomas of the lung and bronchus, ICD·9 162.2–162.9) is
the leading cause of cancer death in the United States. According to American
Cancer Society estimates, 91,400 men and 80,100 women will be diagnosed with
this cancer in the United States in 1998, and approximately 93,100 men and
67,000 women will die from the disease (ACS, 1998). These numbers represent
roughly 14 percent of new cancer diagnoses and 28 percent of cancer deaths in
1998. The principal types of lung neoplasms are identified collectively as bron-
chogenic carcinoma (“bronchus” is the term used to describe either of the two
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main branches of the trachea) or carcinoma of the lung. The lung is also a
common site for the development of metastatic cancer.

Lung cancer incidence can vary greatly in the age groups that describe most
Vietnam veterans. For men and women, the incidence of lung cancer increases
rapidly beginning about age 40. Incidence in 50–54 year olds is double that of
45–49 year olds; and it doubles again for 55–59 year olds. The rate for African-
American males is consistently higher than for females or white males.

The American Cancer Society estimates that more than 90 percent of lung
cancers in males are the result of tobacco smoking (ACS, 1998). Tobacco smoke
may include both tumor initiators and promoters. Among the other risk factors
are occupational exposure to asbestos, chromium, nickel, aromatic hydrocarbons,
and radioactive ores.

Average Annual Cancer Incidence (per 100,000 individuals) in the United Statesa

Lung and Bronchus Cancer
45–49 years of age 50–54 years of age 55–59 years of age
all races white black all races white black all races white black

males 40 35 86 90 82 196 171 161 320
females 30 29 46 65 66 86 113 116 133

a SEER nine standard registries crude, age-specific rate, 1990–1994.

Summary of VAO and Update 1996

Numerous studies were considered in the earlier reports that specifically
evaluated lung cancer and its relationship to herbicides. These included both
cohort and case-control studies, which were primarily occupational. The stron-
gest data in support of a lung cancer association come from the phenoxy herbi-
cide formulators (Fingerhut et al., 1991; Manz et al., 1991). In both studies,
attempts were made to compare the exposed workers to comparable worker
groups with assumed similar smoking patterns. The large studies of farmers that
did not show an association were not particularly informative due to lower smok-
ing rates among farmers compared to the general population. The environmen-
tally exposed Seveso population had relatively few lung cancers but had too short
a follow-up period to conclude anything about lung cancer and TCDD.

Most studies either considered respiratory cancers as a group (ICD·9 161–
165) or specifically addressed cancer of the lung and bronchus.

Update of the Scientific Literature

Occupational Studies

IARC (Kogevinas et al., 1997) has brought together almost all of the phenoxy
herbicide production workers in 36 cohorts in 12 countries (Fingerhut et al., 1991;
Manz et al., 1991; Sarraci et al., 1991; Flesch-Janys et al., 1995; Becher et al., 1996)
for a joint analysis. This cohort contains 26,976 workers and was divided into those
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who were exposed to TCDD or higher chlorinated dioxins and those who were not
exposed. There were 225 lung cancer deaths in the exposed group, and 148 lung
cancer deaths among unexposed workers. Lung cancer deaths were slightly el-
evated for the entire worker cohort, with an SMR of 1.1 (CI 1.0–1.2). No relation-
ship was observed between incidence and years since first exposure or duration of
exposure. For the TCDD-exposed group, the SMR was 1.1 (CI 1.0–1.3), whereas
the non-TCDD exposed group had an SMR of 1.0 (CI 0.9–1.2). Becher et al. (1996)
separately report 47 deaths from lung cancer in workers from four phenoxy herbi-
cide plants examined as part of the IARC cohort (SMR = 1.4, CI 1.1–1.9). No
association was observed between mortality and time since first exposure.

Ott and Zober (1996) updated their research on 243 male workers exposed to
TCDD during the cleanup of a TCP reactor that exploded in 1953 at a BASF plant
in Ludwigshafen, Germany. Dose estimates for these individuals were developed
from work activity information, blood TCDD determinations on a subset of the
population, and estimates of TCDD elimination rates: 11 deaths from respiratory
cancers were identified during 1953–1992, 7 of them among the 69 workers with
the highest estimated TCDD dose (SMR = 2.4, CI 1.0–5.0). There was also a
trend of increased incidence with increased estimated dose for 8 observed cases
of lung or bronchus cancer in the highest-dose group (out of eleven total) between
1960 and 1993, yielding an SIR of 2.2 (CI 1.0–4.3).

Ramlow et al. (1996) examined the mortality of 770 workers potentially
exposed to PCP between 1937 and 1980. Dioxin is an unintended by-product of
PCP production. Exposure was estimated on the basis of job description informa-
tion and industrial hygiene characterizations of the job environment. Sixteen lung
cancers were observed in the cohort, twelve of them in the higher estimated
exposure group (RR = 1.1, CI 0.7–2.0).

The Svensson et al. (1995) study of Swedish fishermen reported a nonsig-
nificant decrease in lung and larynx cancer mortality relative to the general
population (SMR = 0.8, CI 0.5–1.3, based on 16 cases) in a group hypothesized to
have greater exposure to PCB, PCDD, and PCDF through consumption of con-
taminated fish. This same group had a nonsignificantly elevated incidence of
lung cancer (SIR = 1.2, CI 0.8–1.8, based on 24 cases).

Gambini et al. (1997) investigated cancer mortality among a cohort of 1,493
rice growers in northern Italy during 1957–1992. Employment on the farm was
used as a surrogate for exposure to the range of phenoxy herbicides including 2,4-
D and 2,4,5-T. Researchers reported an SMR for lung cancer of 0.8 (CI 0.6–1.1)
based on 46 cases. Lower lung cancer mortality has also been observed in studies
of farmers in the United States (e.g., Blair et al., 1993).

Environmental Studies

Studies of the population exposed to TCDD in a 1976 industrial accident in
Seveso, Italy, included estimates of lung cancer risk (Bertazzi et al., 1989b;
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Pesatori et al., 1992; Bertazzi, 1993; Bertazzi et al., 1997). Fifteen years of
follow-up for mortality and cancer incidence demonstrated an inconsistent pat-
tern of lung cancer rates in the different exposed groups, as well as between
males and females. People most heavily exposed (those living in zone A at the
time of the accident, but subsequently evacuated permanently) were too few in
number (four observed lung cancer deaths in 15 years) to provide information. In
zone B, the lung cancer incidence in males was slightly elevated, based on 34
observed cases (RR = 1.2, CI 0.9–1.7), and there were two observed cases among
women (expected number 3.5). The largest and least contaminated area, zone R,
was not found to have elevated lung cancer incidence in either males (176 ob-
served cases, RR = 0.9, CI 0.8–1.0), or females (29 observed cases, RR = 1.0, CI
0.7–1.5).

The Seveso studies followed the population for 15 years after the accident. If
the release of TCDD did increase the risk for lung cancers, one might not expect
to see a full impact on tumor incidence for some years to come. At least another
five years is needed before the impact of the accident on cancer incidence can be
meaningfully assessed.

Vietnam Veteran Studies

Watanabe has updated his work (Watanabe and Kang, 1995,1996) compar-
ing lung cancer rates among Army and Marine Vietnam veterans with non-
Vietnam veterans. Among Army veterans, the PMR for lung cancer was 1.1 for
Vietnam veterans and 1.1 for non-Vietnam veterans based on 1,139 and 1,141
lung cancer deaths, respectively. The corresponding numbers for Marines are 1.2
and 0.9 based on 215 and 77 deaths, respectively. Twenty-two U.S. Army Chemi-
cal Corps units assigned to Vietnam between 1966 and 1971 have been followed
for vital status. In a review of Chemical Corps units by Dalager and Kang (1997),
11 lung cancer deaths among Vietnam units were found, compared to 3 among
units not in Vietnam, for an RR of 1.4 (CI 0.4–5.4). A case-control study of lung
cancer mortality in Vietnam veterans (Mahan et al., 1997) found an increased OR
of 1.4 (CI 1.0–1.9) based on 111 cases.

In a study (Crane et al., 1997a) of the mortality of all Australian Vietnam
service personnel compared with the general population, 212 lung cancer deaths
were found with an adjusted 164 expected for an SMR of 1.3 (CI 1.1–1.5). A
second study (Crane et al., 1997b) compared cases among Vietnam veterans with
those who did not serve in Vietnam. Lung cancer mortality showed an RR of 2.2
(CI 1.1–4.3) based on 27 deaths in the Vietnam group.

Synthesis

Since Update 1996, there have been several studies of respiratory cancer
among occupationally exposed groups and Vietnam veterans. Newly published
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studies of phenoxy herbicide production workers (Kogevinas et al., 1997) and
workers exposed as a result of an industrial accident (Ott and Zober, 1996) show
small but statistically significant excesses of lung cancer mortality. Results in
both studies indicate higher estimated risk for individuals with higher estimated
exposure. A third study addressing workers potentially exposed to dioxins in-
cluding TCDD and other congeners (Ramlow et al., 1996) reported a RR indistin-
guishable from 1. A study of rice farmers in Italy found lower lung cancer
incidence than observed in the general population, which is similar to results
found in studies of U.S. farmers and may reflect lower smoking incidence in this
occupational group.

Newer data from Seveso do not indicate any increase in lung cancer mortal-
ity in this environmentally exposed group, but an insufficient number of years
have passed since exposure to draw conclusions about any effect the accidental
exposure may have had.

Although increases in respiratory cancers were seen in new studies of Viet-
nam veterans, there is evidence that cigarette smoking was more prevalent among
Vietnam veterans than among non-Vietnam veterans (McKinney et al., 1997).
Also, veterans smoked at a higher rate than the general public both in the United
States and Australia (O’Toole et al., 1996; McKinney et al., 1997). Current
studies of lung cancer risk in veterans are of limited usefulness in evaluating the
effect of herbicide exposure because it is not possible to identify the soldiers
likely to have been exposed to herbicides and smoking information is not avail-
able. The studies do, however, show a consistent pattern of increased lung cancer
mortality among those who served in Vietnam.

In summary, the most recently published studies continue to support the
placement of lung and trachea cancer in the category “limited/suggestive
evidence of an association.” Several studies suggest a higher rate of these
cancers in individuals with known exposure to phenoxy herbicides or dioxin,
and there is some evidence of a dose–response relationship. Whereas smok-
ing undoubtedly plays a role in these cancers, the consistency of the finding
across several studies argues against the notion that it is the sole explanatory
factor.

Conclusions

Strength of Evidence in Epidemiologic Studies

There is limited/suggestive evidence of an association between exposure to
herbicides and/or dioxin and cancers of the lung/bronchus and trachea. The
primary evidence comes from studies of individuals occupationally exposed to
phenoxy herbicides. Although studies show an increase in lung cancer among
Vietnam veterans in the United States and Australia, the lack of information
regarding herbicide exposure and cigarette smoking limits their usefulness.
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TABLE 7-8 Selected Epidemiologic Studies—Lung/Bronchus Cancer

Estimated
Exposed Risk

Reference Study Population Cases (95% CI)

OCCUPATIONAL
New Studies
Gambini et al., 1997 Italian rice growers 45 0.8 (0.6–1.1)
Kogevinas et al., 1997 Phenoxy herbicides: 36 cohorts

Exposed to TCDD or higher PCDD 225 1.1 (1.0–1.3)
Exposed to no or lower PCDD 148 1.0 (0.9–1.2)

Becher et al., 1996 German chemical production workers 47 1.4 (1.1–1.9)
Ott and Zober, 1996 BASF cleanup workers 6 3.1 (1.1–6.7)
Ramlow et al., 1996 Pentachlorophenol production workers 18 1.0 (0.6–1.5)
Studies reviewed in Update 1996
Asp et al., 1994 Finnish herbicide applicators 37 1.0 (0.7–1.4)
Blair et al., 1993 U.S. farmers in 23 states

White males 6,473 0.9 (0.9–0.9)
Nonwhite males 664 1.0 (0.9–1.1)

Bloemen et al., 1993 Dow 2,4-D production workers 9 0.8 (0.4–1.5)
Kogevinas et al., 1993 Female herbicide spraying and

production workers 2 1.4 (0.2–4.9)
Lynge, 1993 Danish male production workers 13 1.6 (0.9–2.8)
Studies reviewed in VAO
Bueno de Mesquita et al., Phenoxy herbicide workers 9 1.7 (0.5–6.3)
   1993
Swaen et al., 1992 Herbicide applicators 12 1.1 (0.6–1.9)
Coggon et al., 1991 Phenoxy herbicide production workers 19 1.3 (0.8–2.1)

14 1.2 (0.7–2.1)
Fingerhut et al., 1991 TCDD-exposed workers 89 1.1 (0.9–1.4)

>1 year exposure; >20 years latency 40 1.4 (1.0–1.9)
Green, 1991 Herbicide sprayers in Ontario 5 1.1 (0.4–2.5)
Manz et al., 1991 Phenoxy herbicide production workers 26 1.7 (1.1–2.4)
Saracci et al., 1991 Herbicide spraying and production

workers 173 1.0 (0.9–1.2)
Probably exposed subgroup 11 2.2 (1.1–4.0)

McDuffie et al., 1990 Saskatchewan farmers applying
herbicides 103 0.6

Zober et al., 1990 TCDD reactor accident workers 6 1.6
High exposure 4 2.0 (0.6–5.2)
Chloracne 6 1.8 (0.7–4.0)

Wiklund et al., 1989 Pesticide applicators in Sweden 38 0.5 (0.4–0.7)
Bond et al., 1988 Dow 2,4-D production workers

(15 years latency) 9 1.2 (0.6–2.3)
Low cumulative exposure 1 0.7
Medium cumulative exposure 2 1.0
High cumulative exposure 5 1.7

Coggon et al., 1986 MCPA production workers 101 1.2 (1.0–1.4)
Background exposure 39 1.0 (0.7–1.4)
Low-grade exposure 35 1.1 (0.8–1.6)
High-grade exposure 43 1.3 (1.0–1.8)
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Lynge, 1985 Danish production workers
Males 38 1.2
Females 6 2.2

Manufacture and packing only—males 11 2.1 (1.0–3.7)
Blair et al., 1983 Licensed pesticide applicators in Florida,

lawn and ornamental herbicides only 7 0.9 (0.4–1.9)
Axelson et al., 1980 Herbicide sprayers in Sweden 3 1.4 (0.3–4.0)
Bender et al., 1989 Herbicide sprayers in Minnesota 54 0.7 (0.5–0.9)

ENVIRONMENTAL
New Studies
Bertazzi et al., 1997 Seveso residents

zone A—males 4 0.8 (0.2–2.1)
zone A—females 0 0.0 (0.0–5.8)
zone B—males 40 1.2 (0.9–1.7)
zone B—females 2 0.5 (0.1–1.8)
zone R—males 208 0.9 (0.8–1.1)
zone R—females 35 1.1 (0.8–1.5)

Svensson et al., 1995 Swedish fishermen mortality
East coast 16 0.8 (0.5–1.3)
West coast 77 0.9 (0.7–1.1)

Studies reviewed in VAO
Bertazzi, 1993 Seveso residents first ten years after

accident
zone A—males 2 0.8 (0.2–3.4)
zone A—females 0 —
zone B—males 18 1.1 (0.7–1.8)
zone B—females 0 —
zone R—males 96 0.8 (0.7–1.0)
zone R—females 16 1.5 (0.8–2.5)

VIETNAM VETERANS
New Studies
Crane et al., 1997a Australian military veterans 212 1.3 (1.1–1.5)
Crane et al., 1997b Australian national service veterans 27 2.2 (1.1–4.3)
Dalager and Kang, 1997 Army Chemical Corps Veterans 11 1.4 (0.4–5.4)
Mahan et al., 1997 Case-control 111 1.4 (1.0–1.9)
Watanabe and Kang, 1996 Vietnam service Army 1,139 1.1

Non-Vietnam 1,141 1.1
Vietnam service Marines 215 1.2
Non-Vietnam 77 0.9

Watanabe and Kang, 1995 Vietnam service Marines v. non-
Vietnam 42 1.3 (0.8–2.1)

TABLE 7-8 Continued

Estimated
Exposed Risk

Reference Study Population Cases (95% CI)
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Biologic Plausibility

A thorough discussion of biologic plausibility with respect to exposure to
TCDD or herbicides and cancers of the lung/bronchus and trachea is contained in
Chapter 3; a summary is presented in the conclusion to this chapter.

BONE CANCER

Background

According to the American Cancer Society, approximately 1,300 men and
1,100 women will be diagnosed with bone or joint cancer (ICD·9 170.0–170.9) in
the United States in 1998, and 800 men and 600 women will die as a result of this
cancer (ACS, 1998). Primary bone cancers are among the least common malig-
nancies. The bones are, however, frequent sites for secondary tumors of other
cancers that have metastasized (i.e., have spread from another site). Only the
primary cancers are considered here.

Bone cancer is more common in teenagers than adults. The incidence among
individuals in the age groups that characterize most Vietnam veterans is quite
low, and care should be exercised when interpreting the numbers presented
below.

Among the risk factors for adults contracting bone and joint cancer are
exposure to ionizing radiation from treatment for other cancers and a history of
certain noncancerous bone diseases.

Average Annual Cancer Incidence (per 100,000 individuals) in the United Statesa

Bone and Joint Cancer
45–49 years of age 50–54 years of age 55–59 years of age
all races white black all races white black all races white black

males 1.0 1.1 0.3 0.8 0.8 0.4 1.2 1.2 1.1
females 0.5 0.5 0.5 0.6 0.6 0.4 0.7 0.6 0.4

a SEER nine standard registries crude, age-specific rate, 1990–1994.

Summary of VAO and Update 1996

Studies of bone cancer and herbicide exposure have included chemical pro-
duction workers (Coggon et al., 1986; Bond et al., 1988; Zober et al., 1990;
Fingerhut et al., 1991; Collins et al., 1993); agricultural workers (Burmeister,
1981; Wiklund, 1983; Ronco et al., 1992; Blair et al., 1993); and Vietnam veter-
ans (Lawrence et al., 1985; Anderson et al., 1986a,b; Breslin et al., 1988). Very
few of these studies reported more than a handful of cases, typically resulting in
very wide confidence intervals, and there was little evidence of elevated risk from
any single study. Point estimates of risk are relatively evenly distributed on both
sides of the “no-effect” estimated risk of 1.0.
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Update of the Scientific Literature

Occupational Studies

The most important new study is of the IARC combined occupational co-
horts (Kogevinas et al., 1997). This study found five cases of bone cancer and an
SMR of 1.2 (CI 0.4–2.8) for all workers, with the SMR lower (1.1) in those
exposed to TCDD than in those not exposed (1.4). Ramlow and colleague’s
(1996) study of 770 pentachlorophenol workers reported no deaths from bone
cancer. A study of rice growers in northern Italy (Gambini et al., 1997) identified
one death. Hertzman’s study of 26,000 Canadian sawmill workers presumptively
exposed to dioxin-contaminated chlorophenate (Hertzman et al., 1997) reported
five bone cancer deaths, with an SMR of 1.3 (CI 0.5–2.7). The SIR, based on four
cases, was 1.1 (CI 0.4–2.4). These ratios were based on outcomes determined by
record linkage to national data bases.

Environmental Studies

In Bertazzi and colleague’s continued follow-up of individuals exposed to
TCDD as the result of a 1976 industrial accident near Seveso, Italy (Bertazzi et
al., 1997), two deaths occurred in men from the lowest exposure zone, zone R
(SMR = 0.5). Among women, one death occurred in contaminated zone B and
seven in zone R (SMR = 2.4, CI 1.0–4.9).

Vietnam Veteran Studies

No bone cancer results are reported in any of the DVA Vietnam veteran
studies (Dalager et al., 1995a; Watanabe and Kang, 1995, 1996). The most recent
study of Ranch Hands (Air Force Health Study, 1996) reports no bone cancer
deaths. The Australian veteran studies (Crane et al., 1997a,b) do not specifically
report bone cancer outcomes. Only Clapp’s update of his study of Massachusetts
veterans reports bone cancer outcomes: four cases observed, with an OR of 0.9
(CI 0.1–11.3), comparing Vietnam veterans to Vietnam era veterans who did not
serve in Vietnam. No bone cancer results are reported in any of the other Vietnam
veteran studies.

Synthesis

There is minimal new information on this very rare disease, for which few
data existed before. The new studies do not change the conclusions of VAO and
Update 1996 concerning bone cancer.
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Conclusions

Strength of Evidence in Epidemiologic Studies

There is inadequate or insufficient evidence to determine whether an asso-
ciation exists between exposure to the herbicides (2,4-D, 2,4,5-T and its contami-
nant TCDD, cacodylic acid, and picloram) and bone cancer. The evidence
regarding association is drawn from occupational and other studies in which
subjects were exposed to a variety of herbicides and herbicide components.

Biologic Plausibility

A thorough discussion of biologic plausibility with respect to exposure to
TCDD or herbicides and bone cancer is contained in Chapter 3; a summary is
presented in the conclusion to this chapter.

Chondrosarcomas of the Skull

The DVA asked the committee responsible for this report to give special
attention to the issue of classification of chondrosarcomas of the skull. “Chondro-
sarcoma” is the general name for a class of neoplasms derived from cartilage cells
or their precursors. Most chondrosarcomas develop in the interior of the bone or
on the bone surface. Certain rare chondrosarcomas involve soft tissue.

The studies used by the committee in its consideration of the effects of herbi-
cide or dioxin exposure relied on ICD·9 codes to classify health outcomes. ICD·9
code 170 is the general classification for “malignant neoplasms of bone and articu-
lar cartilage.” More specifically, chondrosarcomas arising in the skull, mandible, or
vertebral column are classified under ICD·9 codes 170.0–170.2, the same codes
used for bone cancers at these sites. Soft-tissue sarcomas are classified under ICD·9
codes 171.0–171.9 and 164.1 (heart neoplasms). The definition of code 171, “ma-
lignant neoplasm of connective and other soft tissue,” explicitly excludes tumors
involving articular cartilage but includes cartilage in areas such as the eye and ear.

The committee did not identify any studies that specifically examined herbi-
cide or dioxin exposure and chondrosarcoma incidence. The classifications dis-
cussed above mean that any association between herbicide or dioxin exposure
and skull chondrosarcomas will be subsumed under the discussion of bone can-
cer. However, this epidemiologic classification is not intended to be a substitute
for the expert judgment of pathologists in individual cases.

SOFT-TISSUE SARCOMAS

Background

The American Cancer Society estimates that 3,700 men and 3,300 women
will be diagnosed with soft-tissue sarcoma (STS) (ICD·9 171.0–171.9, 164.1) in
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TABLE 7-9 Selected Epidemiologic Studies—Bone Cancer

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

OCCUPATIONAL
New Studies
Gambini et al., 1997 Italian rice growers 1
Hertzman et al., 1997 British Columbia sawmill workers

Mortality 5 1.3 (0.5–2.7)
Incidence 4 1.1 (0.4–2.4)

Kogevinas et al., 1997 IARC cohort 5 1.2 (0.4–2.8)
Workers exposed to TCDD

(or higher chlorinated dioxins) 1.1
Workers not exposed to TCDD

(or higher chlorinated dioxins) 1.4
Ramlow et al., 1996 Pentachlorophenol production workers 0
Studies reviewed in Update 1996
Blair et al., 1993 U.S. farmers in 23 states 49 1.3 (1.0–1.8)
Collins et al., 1993 Monsanto 2,4-D production workers 2 5.0 (0.6–18.1)
Studies reviewed in VAO
Ronco et al., 1992 Danish male self-employed farm workers 9 0.9
Fingerhut et al., 1991 NIOSH cohort 2 2.3 (0.3–8.2)
Zober et al., 1990 BASF production workers 0 —  (0.0–70.0)
Bond et al., 1988 Dow 2,4-D production workers 0 —  (0.0–31.1)
Coggon et al., 1986 British MCPA production workers 1 0.9 (0.0–5.0)
Wiklund, 1983 Swedish agricultural workers 44 1.0 (0.6–1.4)b

Burmeister, 1981 Farmers in Iowa 56 1.1 (NS)

ENVIRONMENTAL
New Studies
Bertazzi et al., 1997 Seveso

Men in zone R 2 0.5
Women in zone B 1 —  (0.0–14.4)
Women in zone R 7 2.4 (1.0–4.9)

VIETNAM VETERANS
New Studies
Clapp, 1997 Massachusetts Vietnam veterans 4 0.9 (0.1–11.3)
AFHS, 1996 Ranch Hands 0
Studies reviewed in VAO
Breslin et al., 1988 Army Vietnam veterans 27 0.8 (0.4–1.7)

Marine Vietnam veterans 11 1.4 (0.1–21.5)
Anderson et al., 1986a Wisconsin Vietnam veterans 1 —
Anderson et al., 1986b Wisconsin Vietnam veterans 1 —
Lawrence et al., 1985 New York Vietnam veterans 8 1.0 (0.3–3.0)

NOTE: NS = not significant.
a Given when available.
b 99% CI.
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the United States in 1998 and that 2,000 men and 2,300 women will die from
these cancers (ACS, 1998). STSs arise in the soft somatic tissues that occur
within and between organs. Three of the most common types of STS—liposar-
coma, fibrosarcoma, and rhabdomyosarcoma—occur in similar numbers in men
and women. Because of the diverse characteristics of STS, accurate diagnosis and
classification can be difficult.

There is no consistent pattern to the incidence of STSs over the age groups
that describe most Vietnam veterans.

Among the risk factors for these cancers are exposure to ionizing radiation
from treatment for other cancers and certain inherited conditions including
Gardner’s syndrome, Li-Fraumeni syndrome, and neurofibromatosis. Several
chemical exposures have also been identified as possible risk factors (Zahm and
Fraumeni, 1997).

Average Annual Cancer Incidence (per 100,000 individuals) in the United Statesa

Soft-Tissue Sarcomas (including malignant neoplasms of the heart)
45–49 years of age 50–54 years of age 55–59 years of age
all races white black all races white black all races white black

males 3.0 2.9 3.1 3.5 3.8 2.6 4.7 4.0 7.5
females 2.1 1.7 4.4 2.4 2.3 3.6 2.9 2.8 3.0

a SEER nine standard registries crude, age-specific rate, 1990–1994.

Summary of VAO and Update 1996

The strongest evidence for an association between STS and exposure to phe-
noxy herbicides comes from a series of case-control studies conducted in Sweden
(Hardell and Sandstrom, 1979; Eriksson et al., 1981, 1990; Hardell and Eriksson,
1988). The studies, involving a total of 506 cases, show an association between
STS and exposure to phenoxy herbicides, chlorophenols, or both. The committee
concluded that although these studies have been criticized, there is insufficient
justification to discount the consistent pattern of elevated risks and the clearly
described and sound methods employed. The methodology and findings from these
studies are reviewed in detail in VAO. These findings are supported by a signifi-
cantly increased risk in a National Institute for Occupational Safety and Health
(NIOSH) study (SMR = 9.2, CI 1.9–27.0) for production workers most highly
exposed to TCDD (Fingerhut et al., 1991) and a similar increased risk in the IARC
cohort (SMR = 6.1, CI 1.7–15.5) for deaths that occurred between 10 and 19 years
after first exposure (Saracci et al., 1991; Kogevinas et al., 1992), using a fairly
crude exposure classification. These are the two largest, as well as the most highly
exposed, occupational cohorts. Some studies in other occupational, environmental,
and veteran groups showed an increased risk for STS, but the results were com-
monly nonsignificant, possibly because of small sample sizes (related to the rela-
tive rarity of STS in the population).
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A nested case-control study of STS within the IARC multicountry worker
cohort (Kogevinas et al., 1995) was done using eleven cases of STS and five
controls per case. Detailed exposure reconstruction was performed for all cases
of STS and a set of controls by a team of industrial hygienists who did not know
case or control status (Kauppinen et al., 1994). The team estimated cumulative
exposures to TCDD and numerous phenoxy herbicides and related chemicals.
There were associations between STS risk and exposure to “any phenoxy herbi-
cide,” “any dioxin,” and several other definitions of exposure. The authors noted
that because many of the workers had multiple exposures and few had single
exposures, it is difficult to conclude with confidence that the risk is more strongly
associated with any specific exposure to the broad class of phenoxy acids and
related compounds. There was evidence of increasing risk with increasing cumu-
lative exposure to several agents, including TCDD and 2,4-D, a herbicide that
does not contain TCDD.

Collins et al. (1993) point out that “all but one of the confirmed STS cases
among more than 5000 workers in 12 plants mentioned in the Fingerhut et al.
[(1991)] study occurred among the 754 persons in the [Monsanto] study” and,
based on a detailed analysis of the exposure histories of STS cases, argue that
TCDD is unlikely to be responsible, but that 4-aminobiphenyl may be.

Several authors reported additional years of follow-up in occupational cohort
studies (Bloemen et al., 1993; Lynge, 1993; Asp et al., 1994). Lynge (1993)
found the risk of STS similar to that reported in the earlier study of this cohort of
Danish herbicide manufacturers (Lynge, 1985). There were 5 cases of STS ob-
served, versus 2.5 expected (RR = 2.0, CI 0.7–4.8). When the definition of
exposure was restricted to those with at least one year of work in exposed areas
and a ten-year interval was applied between the start of exposure and the time
during follow-up when subjects began to be at risk, there were 3 observed cases,
compared to 0.5 cases expected (RR = 6.4, CI 1.3–18.7). These workers were
engaged in the manufacture of 2,4-D and a related herbicide, 4-chloro-2-methyl-
phenoxyacetic acid (MCPA), but not 2,4,5-T.

In the United States, a PCMR study was performed of farmers in 23 states,
using occupational information from death certificates (Blair et al., 1993). Based
on 98 deaths from STS in white male farmers, the PCMR was 0.9 (CI 0.8–1.1).
The numbers of deaths due to STS were small and nonsignificant in the other
racial and gender groups: nonwhite males and white and nonwhite females.

The Bertazzi et al. (1993) study of cancer incidence in Seveso, Italy, yielded
results similar to those reported in earlier publications of this group (Bertazzi et
al., 1989a,b; Pesatori et al., 1992). In the small, most heavily exposed group
(zone A), no cases of STS were observed when the class is defined as tumors in
ICD 171, “malignant neoplasms of connective and other soft tissues.” There were
two cases of “soft tissue sarcomas of parenchymal origin,” which are not in-
cluded in ICD 171 but, according to some classifications, belong in the group of
tumors under consideration (Mack, 1995). It is difficult to evaluate this finding,
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because of the problem of estimating a comparable expected incidence for the
same tumors, but the authors noted that 1.4 cases would be expected in this cohort
when cancers including ICD 171 and cancers of parenchymal origin are com-
bined. In the larger but less exposed group from zone B, no cases of ICD 171
cancers were observed, whereas about 0.5 was expected. Zone R is the largest
group, with considerably lower exposures to TCDD on average. Two cases of
STS (ICD 171) were observed in females (RR = 1.6, 95% CI 0.3–7.4). In males,
six cases were observed, yielding an RR of 2.8 (CI 1.0–7.3). There appeared to be
a trend in increasing risk with increasing duration of residence in zone R.

A PMR study that examined the causes of death among veterans on the state
of Michigan’s Vietnam era bonus list was recently reported (Visintainer et al.,
1995). The mortality rates of 3,364 Vietnam veterans were compared to the
mortality rates of 5,229 veterans who served elsewhere. Based on eight deaths
from STS, the PMR was 1.1 (CI 0.5–2.2). No data were available to identify
whether individual Vietnam veterans had been exposed to herbicides.

Update of the Scientific Literature

There have been no studies since Update 1996 that focused exclusively on
the STS–TCDD relationship, although it often receives special attention in stud-
ies that look at multiple cancer types. Most of the literature since Update 1996
consists of longer-term follow-up, or expansion, of previously described cohorts.
Because STS is such a rare cancer, continued follow-up typically adds few cases
to the total, so most of the previously noted suggestive trends persist in the
updated reports. No further studies have been done of the original Swedish co-
horts that still form the strongest evidence for this connection.

Occupational Studies

As with the other cancer types, the largest occupational cohort to be studied
is that in the IARC international study of 21,863 workers in Europe and the
United States (Kogevinas et al., 1997). This cohort includes subjects in the 10-
country cohort originally described in 1992 (Kogevinas et al., 1992), as well as
several German cohorts that had been reported on separately since Update 1996
(Becher et al., 1996; Flesch-Janys et al., 1995). The SMR for STS in all workers
exposed to any phenoxy herbicide or chlorphenol was 2.0 (CI 0.9–3.8), based on
nine deaths. This corresponds to an increased lifetime risk of roughly 2 per
10,000. The SMR was essentially unchanged when the cohort was restricted to
workers exposed to TCDD or higher chlorinated dioxins, although this was based
on six deaths (CI 0.8–4.4). Workers not exposed to TCDD had an SMR of 1.35,
based on two deaths. When the six deaths were analyzed by duration of exposure,
there was an apparent trend, with SMRs of 1.2, 4.8, and 6.5 being reported for the
durations 1–4 years, 5–9 years, and 10–19 years. However, the authors of this

Copyright © National Academy of Sciences. All rights reserved.

Veterans and Agent Orange: Update 1998
http://www.nap.edu/catalog/6415.html

http://www.nap.edu/catalog/6415.html


CANCER 309

study also noted that a diagnosis of STS based on death certificates is known to
be inaccurate and that two of the deaths reported were not STS when the slides
were reviewed. However, they noted that in several cohorts, a few new cases of
STS were also discovered when death records were examined intensively. The
authors decided to rely on the death certificate-based numbers but warned that
their results for STS should be “interpreted with caution.”

In a study of 770 pentachlorophenol workers (Ramlow et al., 1996), there
were no deaths from STS (0.2 expected). In Ott and Zober’s continued follow-up
of workers exposed to TCDD in a 1953 industrial accident (Ott and Zober, 1996),
no cases of STS have been observed (0.23 expected). In a study of Canadian
sawmill workers (Hertzman et al., 1997), 11 deaths from STS were observed,
with an SMR of 1.0 (CI 0.6–1.7). Based on the same number of cases, the SIR
was 1.0 (CI 0.6–1.7). No dose–response trend was seen between increasing hours
of exposure and either mortality or incidence.

Environmental Studies

All other studies of possible herbicide exposure have involved environmen-
tal exposures due either to accidents or occupation (e.g., farmers). In Gambini’s
study of owners of 1,493 rice-growing farms (Gambini et al., 1997), there was
one STS death (0.25 expected). In Bertazzi’s continued follow-up of the Seveso
accident (Bertazzi et al., 1997), four STS deaths were reported (2.1 expected), all
among males in the lowest-exposure zone. In this subgroup, the SMR was 2.1 (CI
0.6–5.4). Svensson’s study of cancer incidence and mortality among approxi-
mately 11,400 Swedish fishermen (Svensson et al., 1995), with presumably a
high intake of organochlorine chemicals in the fatty fish they consume found
three STS cases (7.5 expected).

Veterans Studies

Several studies of Vietnam veterans have appeared since Update 1996. In a
study of approximately 2,800 Army Chemical Corps soldiers who went to Viet-
nam (Dalager and Kang, 1997), STS is not included in the seven types of cancer
outcomes reported. With 36 observed cancer deaths, it is highly likely that no
STS cases occurred. Watanabe and Kang (1996) did a PMR analysis of more than
60,000 Vietnam era veterans. When Vietnam veterans were compared to non-
Vietnam veterans, PMRs near or below 1.0 were observed (based on 59 total
deaths). Compared to the U.S. population, a nonstatistically significant PMR of
about 1.2 was observed among Vietnam veterans. However, it must be empha-
sized that this analysis was not of risk of death due to STS, but rather of risk of
STS given that death had occurred. A study of 10,716 U.S. Marines who served
in Vietnam did not report any STS figures (Watanabe and Kang, 1995). The most
recent update of the Ranch Hand study (AFHS, 1996) reported one death from

Copyright © National Academy of Sciences. All rights reserved.

Veterans and Agent Orange: Update 1998
http://www.nap.edu/catalog/6415.html

http://www.nap.edu/catalog/6415.html


310 VETERANS AND AGENT ORANGE: UPDATE 1998

STS (0.3 expected). Clapp’s update of Massachusetts veterans (Clapp, 1997),
which previously showed a significant threefold STS excess (Clapp et al., 1991),
now reports a nonsignificant OR of 1.6 (CI 0.5–5.4), based on 18 cases.

An Australian study of Vietnam veterans showed no excess in the number of
deaths from STS in any service during 1980–1994, with the number of observed
deaths ranging from zero to nine in various services and most SMRs <1 (Crane et
al., 1997a). A companion study comparing conscripted Australian veterans to
military personnel who did not serve in the conflict reported a nonstatistically
significant RR of 0.7, based on four deaths among Vietnam veterans and two in
the comparison population between 1982 and 1994 (Crane et al., 1997b). Neither
of these studies characterized veterans’ herbicide exposure.

Synthesis

The bulk of the evidence supporting the STS–dioxin connection still derives
from the early Swedish studies. These are somewhat supported by subsequent
studies of NIOSH and IARC occupational cohorts, although weaknesses in these
studies limit the confidence with which conclusions can be drawn from them.
Because soft-tissue sarcomas are rare, it is difficult to discern whether the small
increases in the number of cases observed in these studies are due to dioxin

TABLE 7-10 Selected Epidemiologic Studies—All (or unspecified) Skin
Cancer Mortality

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

OCCUPATIONAL
Studies reviewed in VAO
Fingerhut et al., 1991 NIOSH cohort 4 0.8 (0.2–2.1)
Saracci et al., 1991 IARC cohort 3 0.3 (0.1–0.9)
Alavanja et al., 1988 USDA agricultural extension agents 5 1.1 (0.5–2.6)
Burmeister, 1981 Farmers in Iowa 105 1.1 (NS)

VIETNAM VETERANS
New Studies
Dalager and Kang, 1997 Army Chemical Corps veterans 4 1.5 (0.3–8.6)
Watanabe and Kang, 1996 Army Vietnam veterans 234 1.0

Marine Vietnam veterans 73 1.3 (1.0–1.6)
Studies reviewed in VAO
Anderson et al., 1986a Wisconsin Vietnam veterans 6 0.9 (0.4–2.0)
Anderson et al., 1986b Wisconsin Vietnam veterans 5 1.3 (0.4–3.1)

NOTE: NS = not significant.
a Given when available.
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exposure or are simply random occurrences. The difficulty of diagnosing this
condition also increases the concern that low rates could be appreciably affected
by a small number of misclassifications among the vast majority of cancer cases
that are not STS. This concern was born out in the IARC cohort, in which, upon
review of pathology specimens, two of nine cases were judged not to have STS.
There is no evidence that Vietnam veterans from the United States or Australia
have experienced an elevated rate of this disease.

Because of difficulties in diagnosing this group of tumors, the epidemiologic
studies reviewed by the committee were inconsistent with regard to the specific
types of tumors included in the analyses. The data available did not permit the
committee to determine whether specific forms of STS are or are not associated
with TCDD and/or herbicides. Therefore, the committee’s findings relate to the
class of STS as a whole. Also, because of problems in defining exposure to
herbicides in most occupational settings, as well as the difficulty of diagnosing
STS, the rarity of the disease, and the restriction of the strongest findings to one
country, the committee will continue to closely monitor any substantive new
evidence that is relevant to this relationship.

Conclusions

Strength of Evidence in Epidemiologic Studies

No new evidence has been produced to change the committee’s earlier judg-
ment that evidence is sufficient to conclude that a positive statistical association
exists between exposure to the herbicides (2,4-D, 2,4,5-T and its contaminant
TCDD, cacodylic acid, and picloram) and soft-tissue sarcoma.

Biologic Plausibility

A thorough discussion of biologic plausibility with respect to exposure to
TCDD or herbicides and soft-tissue sarcoma is contained in Chapter 3; a sum-
mary is presented in the conclusion to this chapter.

SKIN CANCERS

Skin cancers are generally divided into two broad categories, those neo-
plasms that develop from melanocytes (malignant melanoma) and those that do
not. The common nonmelanocytic skin cancers, which include basal cell and
squamous cell carcinomas, have a far higher incidence rate than malignant mela-
noma but are considered less aggressive and therefore more treatable. In VAO and
Update 1996, all skin cancers were assessed together. However, with this review,
the committee has decided to address studies assessing the health risk associated
with malignant melanoma (Tables 7-12 and 7-13) separately from those assessing
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the risk associated with nonmelanocytic cancers (basal and squamous cell carci-
noma) (Tables 7-14 and 7-15). Because nonmelanocytic cancers are highly treat-
able, studies of these cancers have been divided further into those that discuss
mortality and those that discuss incidence. Many studies report results by com-
bining all types of skin cancers or do not specify the type of skin cancers as-
sessed. These are also reported here in the interest of completeness (Tables 7-10
and 7-11).

Background

According to American Cancer Society estimates, 24,300 men and 17,300
women will be diagnosed with melanoma (ICD·9 172.0–172.9) in the United
States in 1998, and 4,600 men and 2,700 women will die of this cancer (ACS,
1998). Approximately 1,000,000 cases of nonmelanocytic skin cancers (ICD·9
173.0–173.9), primarily basal cell and squamous cell carcinomas, are diagnosed
in the United States each year (ACS, 1998). The American Cancer Society esti-
mates that 1,200 men and 700 women will die from these diseases in 1998.

Skin cancers are far more likely to occur in fair-skinned individuals; the risk
for whites is roughly 20 times that for dark-skinned African Americans. Inci-
dence also increases with age, although more strikingly for males than females.
Other risk factors for melanoma include the presence of certain moles on the skin,
a suppressed immune system, and excessive exposure to ultraviolet (UV) radia-
tion, typically from the sun. A family of history of the disease has been identified

TABLE 7-11 Selected Epidemiologic Studies—All (or unspecified) Skin
Cancer Morbidity

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

OCCUPATIONAL
New Studies
Ott and Zober, 1996 German BASF trichlorophenol

production workers 5 1.2 (0.4–2.8)
Studies reviewed in VAO
Hansen et al., 1992 Danish gardeners 32 1.1 (0.8–1.6)
Lynge, 1985 Danish male production workers 14 0.7
Suskind and Hertzberg, Monsanto production workers 8 1.6
1984

VIETNAM VETERANS
Studies reviewed in VAO
Wolfe et al., 1990 Air Force Ranch Hand veterans 88 1.5 (1.1–2.0)
CDC, 1988 Army enlisted Vietnam veterans 15 0.8 (0.4–1.7)

NOTE: NS = not significant.
a Given when available.
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as a risk factor, but it is unclear whether this is due to genetic factors or to
similarities in skin type and sun exposure patterns.

Excessive exposure to UV radiation is the single most important risk factor
for nonmelanocytic skin cancers. Certain skin diseases and chemical exposures
have also been identified as potential risk factors. SEER incidence data are not
available for nonmelanocytic skin cancers.

Average Annual Cancer Incidence (per 100,000 individuals) in the United Statesa

Melanomas of the Skin
45–49 years of age 50–54 years of age 55–59 years of age
all races white black all races white black all races white black

males 23 25 1 27 31 2 35 40 2
females 19 22 b 18 21 0.4 20 23 3

a SEER nine standard registries crude, age-specific rate, 1990–1994.
b Insufficient data to provide a meaningful incidence rate.

MELANOMA

Summary of VAO and Update 1996

A number of mortality studies of agricultural workers showed either a deficit
or no excess in skin cancer mortality (Wiklund, 1983; Blair et al., 1993; Asp et
al., 1994). A study of Vietnam veterans with 181 cases of melanoma also showed
either a deficit or no excess in skin cancer mortality among Army and Marine
veterans (Breslin et al., 1988). One mortality study of environmental exposures
with very few cases (N = 3) showed nonsignificant excesses of skin cancer
(Bertazzi et al., 1989a).

If most of the deaths reported in Table 7-10, where all skin cancers are
combined or where the type of skin cancer is unspecified, are assumed to be due
to melanoma, then there are a few additional studies to examine. Two occupa-
tional cohorts with TCDD exposures showed deficits in melanoma deaths (Finger-
hut et al., 1991; Saracci et al., 1991). Two studies of farm-related occupations
showed small (RR = 1.1), nonsignificant increases in risk (Burmeister, 1981;
Alavanja et al., 1988). The two Wisconsin Vietnam veteran studies reported, on
one hand, a statistically nonsignificant elevation (RR = 1.3) and, on the other
hand, a deficit (RR = 0.9) in melanoma based on five to six cases (Anderson et al.,
1986a,b).

In terms of cancer incidence, a deficit of skin cancer cases was found among
Danish farmers (Ronco et al., 1992). A study of Danish phenoxy herbicide and
chlorophenol production workers showed a statistically significant excess of
melanoma. This result, based on four cases, was observed in the subgroup of men
who had been employed for at least one year, using a ten-year latency period
(SIR = 4.3, CI 1.2–10.9) (Lynge, 1985). In addition, Air Force Ranch Hands had
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four cases of melanoma, resulting in increased, but nonsignificant risk (SIR = 1.3,
CI 0.3–5.2).

Update of the Scientific Literature

Mortality Studies

Since Update 1996, several studies of mortality in relevant cohorts have
been published. Some of these are updates of previously reported cohorts. For
example, the Seveso, Italy, cohort has been updated (Bertazzi et al., 1997). For
zones A, B and R the only increased risk from melanoma was for zone A females
based on only case (RR = 9.4, CI 0.1–52.3).

The IARC multinational cohort (Kogevinas et al., 1997) of production work-
ers exposed to phenoxy herbicides, chlorophenols, and dioxins reported no in-
creased risk of malignant melanoma among workers exposed to phenoxy herbi-
cides contaminated with TCDD or higher chlorinated dioxins (SMR = 0.5, CI
0.2–3.2), or among workers with exposure to phenoxy herbicides and chlorophe-
nols but minimal or no exposure to TCDD or higher chlorinated dioxins (SMR =
1.0, CI 0.3–2.4). These subcohorts had four or five cases of melanoma each.

New studies reviewed by the committee include a study of sawmill workers
exposed to higher chlorinated PCDD’s in chlorophenate wood preservatives. The
reported SMR for melanoma in this cohort was 1.4 (CI 0.9–2.0) (Hertzman et al.,
1997). A study of Swedish fishermen found a decreased risk of death from
melanoma compared to the general Swedish population (Svensson et al., 1995).
The fishermen included those from the west coast who reportedly ate lean fish
with potentially higher arsenic contamination, and those from the east coat (Bal-
tic) who consumed fatty fish with potentially higher levels of TCDD and other
persistent organochlorine compounds. No actual measurements of TCDD or ar-
senic in the fish or fishermen were made.

The Australian veterans study (Crane et al., 1997a), which compared all
Vietnam veterans to the Australian population, reported an elevated melanoma
mortality for 1980–1994 (SMR = 1.3, CI 1.0–1.8). When the reference group was
non-Vietnam veterans (Crane et al., 1997b), melanoma mortality for 1982–1994
was not elevated (RR = 0.5, CI 0.2–1.3).

Unfortunately, two of the new studies of Vietnam veterans either combined
all skin cancer cases or did not specify the type of skin cancer studied. If it is
assumed that most of these cancer deaths were due to melanoma, then these
studies should be included in this review. A study of the Army Chemical Corps,
the group responsible for spraying herbicides by helicopter and around base camp
perimeters, found an elevated skin cancer risk of 1.5 (CI 0.3–8.6). This result was
based on four cases and used non-Vietnam-based Chemical Corps veterans as the
reference group (Dalager and Kang, 1997). When the U.S. male population was
used as a reference group, the risk was 2.6 (CI 0.7–6.7).
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Watanabe and Kang (1996) conducted a proportional mortality study of
Vietnam veterans and found that Marine Vietnam veterans had a significantly
higher mortality from all skin cancers compared to Marine non-Vietnam veterans
(PMR = 1.3, CI 1.0–1.6), all non-Vietnam veterans (PMR = 1.3, CI 1.0–1.7) and
the U.S. male population (PMR = 1.3, CI >1.0). Although control groups were
presumably less exposed to Agent Orange and herbicides, no significant differ-
ences were observed between Army Vietnam veterans and any control group.
Both Army and Marine veterans showed a trend toward higher PMRs with in-
creased latency (i.e., time from last year in Vietnam to year of death).

Incidence

New studies include a study of sawmill workers exposed to higher chlori-
nated PCDDs that contaminate chlorophenate wood preservatives. The reported
SIR for melanoma in this cohort was 1.0 (CI 0.7–1.2) (Hertzman et al., 1997).
Also, the study of Swedish fishermen found no elevated incidence of melanoma
compared to the general Swedish population (Svensson et al., 1995).

Among Vietnam veterans, there was a follow-up study of cancer incidence
among Massachusetts Vietnam veterans. When Massachusetts Vietnam veterans
were compared to other Vietnam era veterans, the authors reported an OR of 1.4
(CI 0.7–2.9) for melanoma, based on 21 cases (Clapp, 1997).

Synthesis

Known etiologic agents associated with melanoma include UV radiation or
sunlight and polyaromatic hydrocarbons (PAHs). Cytochrome P4501A1 (CYP1A1),
a P450 isozyme, under the control of the aryl hydrocarbon receptor (AhR), is
expressed in the skin. It has been linked to the development of skin cancer and
skin sensitization by PAHs (Gonzalez et al., 1996). Since TCDD toxicity is also
mediated by the AhR, it is plausible that exposure to TCDD could be associated
with increased risk of melanoma.

The epidemiologic data are not strong in this area. To date, only three studies
show statistically significant increases in melanoma mortality. These include a
study of phenoxy herbicide production workers, with four cases of melanoma
(Lynge, 1985), and two Vietnam veteran studies. The Australian Vietnam veteran
study had an SMR of 1.3 (CI 1.0–1.8) (Crane et al., 1997a). This increased risk was
not found when the reference group was non-Vietnam veterans (Crane et al., 1997b).
In the United States, a study of Marine and Army veterans found that only Marine
veterans had an increased risk of melanoma (PMR = 1.3, CI 1.0–1.6) (Watanabe
and Kang, 1996). None of these studies controlled for the greatest known risk factor
for melanoma, sunlight exposure. Therefore the committee encourages future stud-
ies of the melanoma risk of occupational and Vietnam veteran populations to make
an effort to control confounding from UV (sunlight) exposures.
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Conclusions

Strength of Evidence in Epidemiologic Studies

There is inadequate or insufficient evidence to determine whether an asso-
ciation exists between exposure to the herbicides (2,4-D, 2,4,5-T and its contami-
nant TCDD, cacodylic acid, and picloram) and melanoma. The evidence regard-
ing association is drawn from occupational and other studies in which subjects
were exposed to a variety of herbicides and herbicide components.

TABLE 7-12 Selected Epidemiologic Studies—Melanoma Mortality

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

OCCUPATIONAL
New Studies
Hertzman et al., 1997 Sawmill workers 17 1.4 (0.9–2.0)
Kogevinas et al., 1997 IARC cohort

Workers exposed to TCDD
(or higher chlorinated dioxins) 5 0.5 (0.2–3.2)

Workers not exposed to TCDD
(or higher chlorinated dioxins) 4 1.0 (0.3–2.4)

Svensson et al., 1995 Swedish fisherman
East coast 0 0.0 (0.0–1.73)
West coast 6 0.7 (0.2–1.5)

Studies reviewed in Update 1996
Blair et al., 1993 U.S. farmers in 23 states (white males) 244 1.0 (0.8–1.1)
Studies reviewed in VAO
Wigle et al., 1990 Saskatchewan farmers 24 1.1 (0.7–1.6)
Wiklund, 1983 Swedish agricultural workers 268 0.8 (0.7–1.0)b

ENVIRONMENTAL
New Studies
Bertazzi et al., 1997 Seveso residents

Males zone R 3 1.1 (0.2–3.2)
Females zone R 3 0.6 (0.1–1.8)

Studies reviewed in VAO
Bertazzi et al., 1989a Seveso male residents—zones A, B, R 3 3.3 (0.8–13.9)

VIETNAM VETERANS
New Studies
Crane et al., 1997a Australian military veterans 51 1.3 (1.0–1.8)
Crane et al., 1997b Australian national service veterans 16 0.5 (0.2–1.3)
Studies reviewed in VAO
Breslin et al., 1988 Army Vietnam veterans 145 1.0 (0.9–1.1)

Marine Vietnam veterans 36 0.9 (0.6–1.5)

NOTE: NS = not significant.
a Given when available.
b 99% CI.
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Biologic Plausibility

Known etiologic agents associated with melanoma include UV radiation or
sunlight and PAHs. CYP1A1, a P450 isozyme under the control of the AhR, is
expressed in the skin and has been linked to the development of skin cancer and
skin sensitization by PAHs (Gonzalez et al., 1996). Since TCDD toxicity is also
mediated by the AhR, it is plausible that TCDD exposures could be associated
with increased risk of melanoma. A thorough discussion of biologic plausibility
with respect to exposure to TCDD or herbicides and melanoma is contained in
Chapter 3; a summary is presented in the conclusion to this chapter.

BASAL AND SQUAMOUS CELL (NONMELANOMA) SKIN CANCER

Summary of VAO and Update 1996

Although the mortality from nonmelanoma skin cancer is said to be quite
low, because of the highly successful treatment regimes available, several studies
have reported cancer risk for the ICD·7 191 or ICD·8/ICD·9 173, the codes for
other (nonmelanoma) skin cancers. Two of the mortality studies previously re-
viewed were of agricultural workers presumed to be exposed to herbicides. A
large study of Swedish farmers, with 708 cases, found an SMR of 1.1 (99% CI

TABLE 7-13 Selected Epidemiologic Studies—Melanoma Morbidity

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

OCCUPATIONAL
New Studies
Hertzman et al., 1997 Sawmill workers 38 1.0 (0.7–1.2)
Svensson et al., 1995 Swedish fisherman

East coast 0 0 (0.0–0.7)
West coast 20 0.8 (0.5–1.2)

Studies reviewed in Update 1996
Lynge, 1993 Danish male production workers 4 4.3 (1.2–10.9)
Studies reviewed in VAO
Ronco et al., 1992 Danish self-employed farmers 72 0.7 (p < .05)

VIETNAM VETERANS
New Studies
Clapp, 1997 Massachusetts Vietnam veterans 21 1.4 (0.7–2.9)
Studies reviewed in VAO
Wolfe et al., 1990 Air Force Ranch Hand veterans 4 1.3 (0.3–5.2)

NOTE: NS = not significant.
a Given when available.
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1.0–1.2) (Wiklund, 1983). In addition, a study of farmers in 23 U.S. states found
a significantly elevated risk of nonmelanoma skin cancers in white male farmers
with a PCMR of 1.1 (CI 1.0–1.2) based on 425 deaths (Blair et al., 1993).
Although these were large studies, the strength of the association was weak and
no verification of exposure status with regard to herbicides was done. Likewise,
there was no controlling for confounding from UV (sunlight) exposure.

Since nonmelanocytic skin cancers are highly curable, studies of cancer
incidence may be more helpful than mortality studies in evaluating the risk of
basal and squamous cell skin cancers. A study of Danish farmers showed signifi-
cantly reduced risk of these “other” skin cancers (Ronco et al., 1992). In the
Seveso cohort, a small number of cases have been identified, resulting in an
increased risk in some analyses but no statistically significant finding (Pesatori et
al., 1992; Bertazzi et al., 1993).

The strongest information in VAO and Update 1996 comes from the Air
Force Ranch Hand study, which examined Vietnam veterans responsible for
aerial herbicide spraying (Wolfe et al., 1990). Ranch Hands were compared to
non-Ranch Hand Air Force air cargo personnel serving in Southeast Asia. Wolfe
and colleagues found an OR of 1.5 (CI 1.1–2.0) for skin cancer of all types, which
they called “sun-exposure neoplasms” (basal and squamous cell carcinomas,
melanoma, and malignant epithelial neoplasms not otherwise specified). The
Ranch Hand study also reported an OR of 1.5 (CI 1.0–2.1) for basal cell carci-
noma alone. Squamous cell carcinoma had an elevated but nonsignificant OR of
1.6 (CI 0.5–5.1) due to the small number of cases (N = 6). To control for con-
founding by sun exposure, in addition to using a Vietnam-based reference group,
these analysis were adjusted for two sun reaction indices and average residential
latitude.

A number of studies reported results with all skin cancers combined or did
not specify the type of skin cancer (Tables 7-10 and 7-11). If most of these
incident cases are assumed to be the more common basal or squamous cell carci-
nomas, then such studies should be considered in this review. For example, the
CDC (1988) studied Army personnel who served in Vietnam compared to non-
Vietnam servicemen and found an OR of 0.8 (CI 0.5–1.2) for skin cancer preva-
lence on exam.

Two of the three occupational studies examining all types of skin cancer
combined or unspecified skin cancer reported a nonstatistically significant in-
crease in the incidence of skin cancer. The risk of skin cancer was elevated, but
no confidence interval was given for the Nitro, West Virginia, work force in-
volved in manufacturing 2,4,5-T (Suskind and Hertzberg, 1984). Hansen et al.
(1992) found increased incidence of skin cancer among Danish gardeners (stan-
dardized morbidity ratio [SMbR] = 1.3 for males, CI 0.9–1.8). Studies of two
phenoxy herbicide plants in Denmark found no statistically significant increase
in skin cancer among exposed production workers (Lynge, 1985).
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Update of the Scientific Literature

Mortality Studies

Since Update 1996, several mortality studies of relevant cohorts have been
published. The IARC multinational cohort (Kogevinas et al., 1997) of workers
exposed to phenoxy herbicides, chlorophenols, and dioxins reported an SMR of
1.2 (CI 0.3–3.2) for nonmelanocytic skin cancer among workers exposed to
phenoxy herbicides contaminated with TCDD or higher chlorinated dioxins, based
on four cases. There were no cases of skin cancer among those with minimal or
no exposure to TCDD or higher chlorinated dioxins.

Svensson and colleagues (1995) reported a study of Swedish fishermen that
compared those from the west coast, who were reported to eat lean fish contain-
ing potentially higher arsenic contamination, and those from the east coat (Bal-
tic), who consumed fatty fish containing potentially higher levels of TCDD and
other organochlorine compounds (Svensson et al., 1995). They report a nonsig-
nificantly elevated risk of death from nonmelanoma skin cancers for west coast
fishermen, compared to the general Swedish population (SMR = 3.1, CI 1.0–7.1).
No cases were reported for east coast fishermen. No actual measurements of
TCDD or arsenic in the fish or fishermen were made.

Cancer Incidence

The study of Swedish fishermen also reported a statistically significant in-
crease in the incidence of nonmelanocytic skin cancer (RR = 2.3, CI 1.4–3.5)
among east coast fisherman who ate more fatty fish containing potentially higher
levels of TCDD and other organochlorine compounds. West coast fisherman had
a nonsignificant elevation in skin cancer incidence (RR = 1.1, CI 0.9–1.4).

Zhong and Rafnsson (1996) reported on the cancer incidence among Icelan-
dic pesticide users. This cohort included individuals who were allowed to buy
and handle toxic chemicals including pesticides. Both 2,4,5-T and 2,4-D were
used in Icelandic agriculture during the study period. Based on five cases of
nonmelanocytic skin cancer, an nonstatistically significant elevation in skin can-
cer incidence was reported (SIR = 2.8, CI 0.9–6.6).

The strongest recent study in this area was a community case-control study
of squamous cell and basal cell (nonmelanocytic) carcinoma, undertaken in
Alberta, Canada (Gallagher et al., 1996). The study used a questionnaire to evalu-
ate more than 50 different potential exposures. After adjustment for age, skin and
hair color, and mother’s ethnic origin, elevated risks for squamous cell carcinoma
were seen in subjects ever exposed at work, at home, or by hobby to herbicides
(OR = 1.5, CI 1.0–2.3); fungicides or seed treatments (OR = 1.4, CI 0.9–2.10);
and insecticides (OR = 1.7, CI 1.1–2.7). Other exposures associated with a statis-
tically significant increase in the risk of squamous cell carcinoma include coal
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dust (OR = 1.6 CI 1.0–2.4) and diesel fumes (OR = 1.7 CI 1.1–2.5). No statisti-
cally significant associations of herbicide, fungicide, or insecticide exposure with
risk of basal cell cancer were found. Exposures associated with a statistically
significant increased risk of basal cell carcinoma include dry cleaning agents
(OR = 4.6, CI 1.1–19.7), fiberglass dust (OR = 2.0, CI 1.1–3.9), luminous paint
(OR = 6.7, CI 1.2–38.0), and asbestos dust (OR = 1.9, CI 1.0–3.5). No multivari-
ate exposure analysis was done in this study.

For studies with a sufficient number of exposed subjects, the total duration of
exposure until the time of diagnosis was weighted by the source (intensity) of
exposure (direct job, workplace environment, hobby or home) and the duration of
exposure (<1, 1–4, 5–19, or ≥20 hours per week). This was converted to lifetime
hours of exposure to the agent, and exposed subjects were dichotomized into low
and high levels of exposure based on this lifetime exposure level. After adjustment
for age, skin and hair color, mother’s ethnic origin and sunlight exposure in the 10
years prior to diagnosis, statistically significant trends in risk for squamous cell
carcinoma were seen with increasing exposure to herbicides, fungicides, seed treat-
ments, and insecticides. For herbicides, the low-exposure group (33 cases) had an
OR of 1.9 (CI 1.0–3.6), whereas the high-exposure group (46 cases) had an OR of
3.9 (CI 2.2–6.9) with a trend test p value of <.001. For fungicides and seed treat-
ments, the low-exposure group (40 cases) had an OR of 0.8 (CI 0.4–1.4), and the
high-exposure group (56 cases) had an OR of 2.4 (CI 1.4–4.0), with a trend test p
value of .003. For insecticides, the low-exposure group (21 cases) had an OR of 0.7
(CI 0.3–1.4), and the high-exposure group (36 cases) had an OR of 2.8 (CI 1.4–5.6),
with a trend test p value of .02. In examining the analysis for herbicides, it was
noted that the dichotomous evaluation (ever or never) produced an OR lower than
that of the low-exposure category in the exposure–response analysis, which also
included an adjustment for occupational sunlight exposure. The change in OR
between the two analyses suggests an unexpected negative confounding between
sunlight and herbicide exposure. This casts some doubt on the strength of the
finding and the reliability of the herbicide exposure assessment.

Synthesis

Known etiologic agents associated with basal and squamous cell carcinoma
include arsenic and UV radiation or sunlight. Cacodylic acid was an organic
arsenic herbicide widely used in Vietnam. CYP1A1, a P450 isozyme, under the
control of the AhR is expressed in the skin. It has been linked to the development
of skin cancer and skin sensitization by polyaromatic hydrocarbons (Gonzalez et
al., 1996). Since TCDD toxicity is also mediated by the AhR, it is plausible that
TCDD exposures could be associated with increased risk of skin cancer.

In VAO and Update 1996, an increased risk of mortality from nonmelanoma
skin cancers was found among agricultural workers. However, the strength of the
association was weak and herbicide exposure was not verified. In addition, these
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studies did not control for the most likely source of the slightly elevated risk,
exposure to sunlight. The Air Force Ranch Hand study (Wolfe et al., 1990) was
also reported in VAO and Update 1996. This study showed a small, but signifi-
cant, increased incidence of basal cell carcinoma (OR = 1.5, CI 1.0–2.1). The
analysis controlled for confounding by sun exposure by using a Vietnam-based
reference group (non-Ranch Hand Air Force air cargo crews in Southeast Asia),
as well as two personal sun reaction indices and average residential latitude.

The strongest evidence linking herbicide exposure and these other skin can-
cers comes from a recent community-based case-control study (Gallagher et al.,
1996). This study controlled for sun exposure, skin and hair color, and mother’s
ethnic origin, and found increasing risk of squamous cell carcinoma with increas-
ing lifetime exposure to herbicides. At issue in this study are the large number of
different potential exposures examined (>50) and the lack of any multivariate
exposure analysis. A number of these exposures might be expected to be statisti-
cally significant based on chance alone. However, the exposure–response gradi-
ents observed lend credibility to the finding. Other concerns are misclassification
and bias introduced through the use of exposure interviews and the attendant
exposure algorithm to estimate exposure. Since the associations with herbicides
in this study were seen with squamous but not basal cell carcinomas, this argues

TABLE 7-14 Selected Epidemiologic Studies—Other Nonmelanoma (basal
and squamous cell) Skin Cancer Mortality

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

OCCUPATIONAL
New Studies
Hertzman et al., 1997 Sawmill workers 38 1.0 (0.7–1.2)
Kogevinas et al., 1997 IARC cohort

Workers exposed to TCDD
(or higher chlorinated dioxins) 4 1.2 (0.3–3.2)

Workers not exposed to TCDD
(or higher chlorinated dioxins) 0 —

Svensson et al., 1995 Swedish fisherman
East coast 0 0.0 (0–15.4)
West coast 5 3.0 (1.0–7.1)

Studies reviewed in Update 1996
Blair et al., 1993 U.S. farmers in 23 states (white males) 425 1.1 (1.0–1.2)
Studies reviewed in VAO
Coggon et al., 1986 British MCPA chemical workers 3 3.1 (0.6–9.0)
Wiklund, 1983 Swedish agricultural workers 708 1.1 (1.0–1.2)b

NOTE: NS = not significant.
a Given when available.
b 99% CI.
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against exposure misclassification or bias. On the other hand, the lack of an
association between herbicide exposure and basal or squamous cell cancers casts
some doubt on the biologic plausibility of the association. Of note here is the
conflicting finding of a significantly elevated risk of basal cell, but not squamous
cell, carcinoma in the Ranch Hand study. Thus, although the committee agrees
that the Gallagher et al. (1996) study is the best to date, concerns still remained
regarding the control of confounding and the adequacy of exposure assessment.
Therefore, the committee encourages further study of basal and squamous cell
skin cancer incidence among working and Vietnam veteran populations. In any
future studies, careful attention should be paid to exposure assessment, as well as
to controlling for confounding from UV exposure. In addition, efforts to examine
the carcinogenicity of organic arsenicals should be encouraged.

Conclusions

Strength of Evidence in Epidemiologic Studies

There is inadequate/insufficient evidence of an association between expo-
sure to the herbicides (2,4-D, 2,4,5-T and its contaminant TCDD, cacodylic acid,
and picloram) and skin cancer. The evidence regarding association is drawn from
occupational and other studies in which subjects were exposed to a variety of
herbicides and herbicide components.

Biologic Plausibility

Known etiologic agents associated with basal and squamous cell carcinoma
include arsenic and UV radiation or sunlight. Cacodylic acid was an organic
arsenic herbicide used widely in Vietnam. CYP1A1, a P450 isozyme under the
control of the AhR, is expressed in the skin. It has been linked to the development
of skin cancer and skin sensitization by PAHs (Gonzalez et al., 1996). Since
TCDD toxicity is also mediated by the AhR, it is plausible that TCDD exposures
could be associated with increased risk of skin cancer. A thorough discussion of
biologic plausibility with respect to exposure to TCDD or herbicides and skin
cancer is contained in Chapter 3; a summary is presented in the conclusion to this
chapter.

BREAST CANCER

Background

Breast cancer (ICD·9 174.0–174.9 for females) is the single most common
cause of cancer among women in the United States, excluding nonmelanocytic
skin cancers. The American Cancer Society estimates that 178,700 women will
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TABLE 7-15 Selected Epidemiologic Studies—Other Nonmelanoma (basal
and squamous cell) Skin Cancer Morbidity

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

OCCUPATIONAL
New Studies
Zhong and Rafnsson, 1996 Icelandic pesticide users 5 2.8 (0.9–6.6)
Svensson et al., 1995 Swedish fisherman

East coast 22 2.3 (1.4–3.5)
West coast 69 1.1 (0.9–1.4)

Studies reviewed in VAO
Ronco et al., 1992 Danish self-employed farmers 493 0.7 (p < .05)

ENVIRONMENTAL
New Studies
Gallagher et al., 1996 Alberta, Canada, residents—

Squamous cell Carcinoma
All herbicide exposure 79 1.5 (1.0–2.3)
Low herbicide exposure 33 1.9 (1.0–3.6)
High herbicide exposure 46 3.9 (2.2–6.9)
All fungicide exposure 96 1.4 (0.9–2.1)
Low fungicide exposure 40 0.8 (0.4–1.4)
High fungicide exposure 56 2.4 (1.4–4.0)

Alberta, Canada, residents—
Basal cell Carcinoma
All herbicide exposure 70 1.1 (0.8–1.7)
All fungicide exposure 76 0.9 (0.6–1.3)

Studies reviewed in Update 1996
Bertazzi et al., 1993 Seveso male residents

zone A 1 2.4 (0.3–17.2)
zone B 2 0.7 (0.2–2.9)
zone R 20 1.0 (0.6–1.6)

Studies reviewed in VAO
Pesatori et al., 1992 Seveso male residents—zones A and B 3 1.0 (0.3–3.0)

Female residents—zones A and B 3 1.5 (0.5–4.9)

VIETNAM VETERANS
Studies reviewed in VAO
Wolfe et al., 1990 Air Force Ranch Hand veterans

Basal cell carcinoma 78 1.5 (1.0–2.1)
Squamous cell carcinoma 6 1.6 (0.5–5.1)

NOTE: NS = not significant.
a Given when available.
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be diagnosed with breast cancer in the United States in 1998 and that 43,500 will
die from the disease (ACS, 1998). Overall, these numbers represent approxi-
mately 30 percent of the incidence of new cancer and 16 percent of cancer deaths.
Among women aged 40–55, it is the leading cause of cancer death.

Breast cancer incidence generally increases with age. In the age groups that
characterize most Vietnam veterans, the incidence for whites is slightly higher
than for African Americans. Risk factors other than aging include a personal or
family history of breast cancer and reproductive history (specifically, early onset
of menarche, late onset of menopause, and either no pregnancies or first full-term
pregnancy after 30 years of age). A pooled analysis of six large-scale prospective
studies of invasive breast cancer found that alcohol consumption was associated
with a linear increase in incidence in women, over the range of consumption
reported by most women (Smith-Warner et al., 1998). The potential role of other
personal behaviors and environmental factors in breast cancer incidence is being
studied extensively.

Average Annual Cancer Incidence (per 100,000 individuals) in the United Statesa

Breast Cancer in Females
45–49 years of age 50–54 years of age 55–59 years of age
all races white black all races white black all races white black
199 203 203 245 253 217 284 291 267

a SEER nine standard registries crude, age-specific rate, 1990–1994.

Summary of VAO and Update 1996

Data relating herbicide exposure to cancer among women are extremely
limited. The committee has attempted to examine cancer among women sepa-
rately from cancer among men. However, although the data available for men are
sparse, data for women are almost nonexistent. Many studies have excluded
women from analysis because of their small numbers in the groups under study.
For example, in their follow-up of workers from 12 companies, Fingerhut et al.
(1991) identified 67 women who were then excluded from the report. Likewise,
Moses et al. (1984) excluded three women from their follow-up analysis of
workers, and Zack and Suskind (1980) excluded the one woman who was living
at the end of this study. Among the studies based on follow-up of workers,
women contributed a minor portion of the data.

Occupational Studies

Manz et al. (1991) described a retrospective cohort study of chemical work-
ers employed in an herbicide plant in Hamburg, Germany. The SMR, based on
nine breast cancer deaths, was elevated, at 2.2 (CI 1.0–4.1). The small percentage
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(7 percent) of women in this study who worked in high-exposure departments
precluded separate examination of those with high exposure.

In a study focusing on all persons employed in the manufacture of phenoxy
herbicides in Denmark before 1982, Lynge (1985) linked employment records
for 1,069 women (contributing 17,624 person-years of follow-up) with the Na-
tional Cancer Register. Thirteen cases of breast cancer were diagnosed, yielding
an SMR of 0.9.

Saracci et al. (1991) reported one breast cancer death among 1,527 women
employed in 11 plants with potential exposure to phenoxy herbicides or TCDD in
the multicenter IARC occupational study; the mortality rate was lower than among
unexposed women in this study. Additional data on morbidity in a subset (N =
701) of these women were described by Kogevinas et al. (1993), who found no
excess incidence of breast cancer: seven cases resulted in an SIR of 0.9 (CI 0.4–
1.9). Among those female workers exposed to chlorophenoxy herbicides con-
taminated with TCDD (N = 169), there was an excess overall cancer incidence,
based on nine cases (SIR = 2.2, CI 1.0–4.2), with one case of breast cancer
(SIR = 0.9, CI 0.0–4.8).

Among women farm workers in Denmark (Ronco et al., 1992), 429 cases of
breast cancer were diagnosed, and the SIR of 0.8 was significantly less than
unity. The actual level of exposure of these women to herbicides is not defined,
however, and it is possible that the reduced incidence of breast cancer reflects
general patterns of female cancers seen elsewhere, in which rates are lower for
rural than for urban populations. In a similar occupational study based on census
data for economically active women in Sweden (Wiklund, 1983), the SIR for
breast cancer among farm workers was 0.8. This result is not adjusted for repro-
ductive risk factors for these cancers, and the actual exposures of interest are not
defined.

In the United States, a PCMR study was performed using death certificate
data for male and female farmers from 23 states (Blair et al., 1993). Occupational
and industry data were coded based on the information listed on death certifi-
cates. Among white female farmers, 71 deaths from breast cancer yielded a
PCMR of 1.0 (CI 0.8–1.3); among nonwhite female farmers, the PCMR, based on
30 breast cancer deaths, was significantly decreased at 0.7 (0.5–1.0).

The 10-year Seveso follow-up (Bertazzi et al., 1989b) provides limited
information for women in the high- and medium-exposure groups. Person-
years of follow-up were 2,490 in zone A (high exposure); 16,707 in zone B;
114,558 in zone R; and 726,014 in the reference area. Because of the small
number of cancer deaths (three) in females in zone A, no conclusions are
possible. Among the 14 deaths of zone B women, 5 were due to breast cancer,
resulting in a mortality ratio of 0.9 (CI 0.4–2.1). In zone R, the least contami-
nated area, 28 women died from breast cancer, giving a significantly reduced
estimated RR of 0.6 (CI 0.4–0.9).
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In another report from Seveso (Bertazzi et al., 1993), cancer incidence dur-
ing the first 10 years following exposure to TCDD was investigated. In zones A,
B and R, the number of breast cancers diagnosed and the corresponding RRs,
were respectively, one case in zone A (RR = 0.5, CI 0.1–3.3); 10 in zone B
(RR = 0.7, CI 0.4–1.4); and 106 in zone R (RR = 1.1, CI 0.9–1.3), the least
contaminated area.

Vietnam Veteran Studies

Thomas et al. (1991) assembled a list of female Vietnam veterans and fol-
lowed them from 1973 to 1987. Cause-specific estimates of mortality risk among
women Vietnam veterans relative to those for Vietnam era veterans who served
elsewhere were derived from proportional hazards multivariate models adjusted
for rank (officer or enlisted), occupation (nurse or nonnurse), duration of service
(at least 10 years), age at entry to follow-up, and race. Of these women, 80
percent were classified as officers or nurses, and the majority served between 3
and 19 years. Slightly more than one-fourth of the cancer deaths among Vietnam
veterans were due to breast cancer. The RR was not significantly elevated (RR =
1.2, CI 0.6–2.5) compared to that for other Vietnam era veterans.

Cancer mortality rates for 4,586 female Vietnam veterans were recently
compared with rates for 5,325 female veterans who served elsewhere (Dalager et
al., 1995a). This study extended the follow-up of Thomas et al. (1991) for four
years, through 1991. There were 196 deaths observed among the Vietnam veter-
ans. Based on 26 deaths from breast cancer among Vietnam veterans, the RR was
1.0 (CI 0.6–1.8).

Update of the Scientific Literature

Few new data have been published since Update 1996. The 15-year follow-
up of the Seveso, Italy, population indicates no excess of breast cancer: the RRs
are 0.6 for the most highly exposed (zone A), and 0.8 for the middle- and low-
exposure groups (zones B and R), compared to an unexposed population. Al-
though there was 1 case in zone A, zones B and R had 9 and 67 cases, respec-
tively, leading to fairly stable measures of association. In particular, the 95% CI
for the female breast cancer RR of 0.8 in zone R was 0.6–1.0. Thus, evidence
from this study suggests a possible protective effect of TCDD exposure.

In contrast, the multinational study conducted by IARC observed an SMR of
2.2 for female breast cancers (95% CI 1.0–4.1) and 2.6 for male breast cancers
(CI 0.3–9.3), for workers exposed to TCDD or higher chlorinated dioxins
(Kogevinas et al., 1997). The finding for women workers was confined to women
from one cohort in Germany, where the SMR was 2.8 (CI 1.3–5.4). This was the
only cohort in the IARC study that had a substantial number of female production
workers with exposure to TCDD or higher chlorinated dioxins.
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Data from Australian Vietnam veterans also indicate an elevation of male
breast cancer (Crane et al., 1997a): the SMR was 5.5 (95% CI 1.1–16.1), based on
three deaths during 1980–1994. The SRMR comparing male breast cancer deaths
to all other deaths was 5.2 (CI 1.04–>10.0); compared to other cancer deaths, it
was 4.6.

Synthesis

Through Update 1996, there had been a few occupational studies, two envi-
ronmental studies, and two veteran studies of breast cancer among women ex-
posed to herbicides and/or TCDD (Table 7-16). Most of these studies reported a
RR of approximately 1.0 or less, but it is uncertain whether or not female mem-
bers of the cohorts had substantial chemical exposure. Further follow-up of the
Seveso cohort indicates, if anything, a protective effect. However, an expanded
multinational occupational study found an increased risk of breast cancer in both
males (nonsignificant) and females (significant). This cohort may have been the
only occupational one, among those in which breast cancer was analyzed, that
had substantial exposure to TCDD. Also notable is the finding, both in this
occupational cohort and among Australian Vietnam veterans, of an elevated risk
of male breast cancer, despite its rarity. In contrast, TCDD appears to exert a
protective effect on the incidence of mammary tumors in experimental animals
(see Chapter 3), which is consistent with the tendency for RRs to be less than 1.0.
In summary, data continue to be inconclusive regarding whether an association
exists between exposure to the herbicides used in Vietnam and the occurrence of
breast cancer.

Conclusions

Strength of Evidence in Epidemiologic Studies

There is inadequate or insufficient evidence to determine whether an asso-
ciation exists between exposure to the herbicides (2,4-D, 2,4,5-T and its contami-
nant TCDD, cacodylic acid, and picloram) and breast cancer. The evidence
regarding association is drawn from occupational and other studies in which
subjects were exposed to a variety of herbicides and herbicide components.

Biologic Plausibility

In laboratory animals, TCDD has been shown to have a wide range of effects
on growth, hormone systems, and other factors associated with the regulation of
activities in normal cells. Because animal data suggest that TCDD may act as an
antiestrogen, and because it has been shown to inhibit the growth of breast cancer
cell lines in tissue culture, the extrapolation to prevention of breast cancers in
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TABLE 7-16 Selected Epidemiologic Studies—Breast Cancer

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

OCCUPATIONAL
New Studies
Kogevinas et al., 1997 IARC cohort, female; identical to

Manz et al., 1991 9 2.2 (1.0–4.1)
IARC cohort, male 2 2.6 (0.3–9.3)

Studies reviewed in Update 1996
Blair et al., 1993 Female U.S. farmers in 23 states

Whites 71 1.0 (0.8–1.3)
Nonwhites 30 0.7 (0.5–1.0)

Kogevinas et al., 1993 Female herbicide spraying and
production workers 7 0.9 (0.4–1.9)

Probable exposed to TCDD 1 0.9 (0.0–4.8)
Studies reviewed in VAO
Ronco et al., 1992 Danish family farm workers 429 0.8 (p < .05)
Manz et al., 1991 German production workers 9 2.2 (1.0–4.1)
Saracci et al., 1991 IARC cohort 1 0.3 (0.0–1.7)
Lynge, 1985 Danish production workers 13 0.9
Wiklund, 1983 Swedish agricultural workers 444 0.8 (0.7–0.9)b

ENVIRONMENTAL
New Studies
Bertazzi et al., 1997 Seveso female residents, mortality

zone A 1 0.6 (0.0–3.1)
zone B 9 0.9 (0.4–1.5)
zone R 67 0.8 (0.6–1.0)

Studies reviewed in Update 1996
Bertazzi et al., 1993 Seveso female residents; follow-up of

Bertazzi et al., 1989b
zone A 1 0.5 (0.1–3.3)
zone B 10 0.7 (0.4–1.4)
zone R 106 1.1 (0.9–1.3)

Studies reviewed in VAO
Bertazzi et al., 1989b Seveso female residents

zone B 5 0.9 (0.4–2.1)
zone R 28 0.6 (0.4–0.9)

VIETNAM VETERANS
New Studies
Crane et al., 1997a Australian military veterans 3 5.5 (1.1–16.1)
Studies reviewed in Update 1996
Dalager et al., 1995a Women Vietnam veterans 26 1.0 (0.6–1.8)
Studies reviewed in VAO
Thomas et al., 1991 Women Vietnam veterans 17 1.2 (0.6–2.5)

a Given when available.
b 99% CI.
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humans is plausible; however, such an effect has not been clearly demonstrated.
Furthermore, a recent occupational study that found a twofold increase in breast
cancer in women and two reports of elevated breast cancer mortality in males
provide evidence that such extrapolation is inappropriate at this time. A more
thorough discussion of TCDD’s antiestrogenic properties and of the effect of
TCDD or herbicides on breast cells is contained in Chapter 3; a summary discus-
sion of biologic plausibility is presented in the conclusion to this chapter.

Increased Risk of Disease Among Vietnam Veterans

Studies in female Vietnam veterans have not shown an elevated risk of breast
cancer, but the length of follow-up may not have been sufficient for an effect, if
it exists, to become evident. A report on Australian male Vietnam veterans found
three breast cancer deaths, where less than one was expected. Further follow-up
among both male and female veterans from the Vietnam era is needed before
conclusions can be drawn. A more thorough discussion of the issue of increased
risk of disease among Vietnam veterans is included in Chapter 1.

CANCERS OF THE FEMALE REPRODUCTIVE SYSTEM

Background

This section addresses cancers of the cervix (ICD·9 180.0–180.9), endome-
trium (also referred to as the corpus uteri, ICD·9 182.0–182.1, 182.8), and ovaries
(ICD·9 183.0). Statistics for other cancers of the female reproductive system are
presented as well. The American Cancer Society estimates the following num-
bers of new female reproductive system cancer in the United States for 1998
(ACS, 1998):

Site New cases Deaths

Cervix 13,700 4,900
Endometrium 36,100 6,300
Ovary 25,400 14,500
Other female genital 5,200 1,400

Taken together, these numbers represent roughly 13 percent of new cancer diag-
noses and 10 percent of cancer deaths in women.

Incidence patterns and risk factors vary for these diseases. Cervical cancers
occur more often in African-American women than in whites, whereas whites are
more likely to develop endometrial and ovarian cancers. The incidence of en-
dometrial and ovarian cancer is also dependent on age, with older women at
greater risk. Other risk factors for these cancers vary. Human papillomavirus
infection is the most important risk factor for cervical cancer. Diet, a family
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history of the disease, and breast cancer are among the risk factors for endome-
trial and ovarian cancers.

Average Annual Cancer Incidence (per 100,000 individuals) in the United Statesa

Female Genital System Cancers
45–49 years of age 50–54 years of age 55–59 years of age
all races white black all races white black all races white black

cervix 17 16 23 17 15 23 16 13 27
endometrium  24 25  12 41 44 19 62 65 40
ovary 22 24 13 29 29 26 38 40 21
other genital  3  3  5  4  5 4 6 6 7
overallb 66 67 53 91 92 71 121 125 95

a SEER nine standard registries crude, age-specific rate, 1990–1994.
b Totals may differ from the sum of the column because of independent rounding.

Summary of VAO and Update 1996

Occupational studies that examined the relationship between exposure to
herbicides and uterine or ovarian cancers were extremely limited, largely because
most occupational cohorts have included few exposed female workers. In a case-
control study specifically designed to address the relation between herbicide
exposure and risk of ovarian cancer, Donna et al. (1984) compared exposure
histories of 60 women with ovarian cancer to controls (i.e., women with cancers
at other sites, including breast, endometrium, cervix, and other organs). Overall,
18 women with ovarian cancer were classified as definitely or probably exposed,
compared to 14 controls, giving an OR of 4.4 (CI 1.9–16.1). These findings of
elevated risk for ovarian cancer, although striking, have not been replicated in
studies conducted since that time. Other studies reporting no association between
cancers of female reproductive organs and exposure to herbicides are Wiklund
(1983), Saracci et al. (1991), and Ronco et al. (1992). In a cohort of farm workers
in Denmark, Ronco et al. (1992) observed SIRs for cervical cancer, uterine can-
cer, and ovarian cancer, each based on 100 or more cases, that were all signifi-
cantly less than 1.0.

In the first 10 years following the 1976 Seveso, Italy, accident, Bertazzi et al.
(1989b, 1993) observed no increase in cancers of the uterus or cervix among
female residents of zones A, B, or R, based on 2, 2, and 21 cases, respectively; the
RRs were 2.6, 0.4, and 0.6, respectively. No cases of ovarian cancer were diag-
nosed among women in zones A or B. Based on 20 cases, the RR for ovarian
cancer in zone R, the least contaminated area, was 1.1 (CI 0.7–1.7).

A cohort study of cancer incidence was conducted among employees of two
phenoxy herbicide manufacturing facilities in Denmark (Lynge, 1993). This co-
hort included 1,071 women who were followed for 1947–1987. A statistically
significant increase in risk of cervical cancer was found, based on seven cases
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(SIR = 3.2, CI 1.3–6.6). An overlapping cohort study of cancer incidence and
mortality was conducted among 701 women in the IARC cohort (66 percent were
included in the study by Lynge, 1993), who were occupationally exposed to
chlorophenoxy herbicides, chlorophenols, and dioxins (Kogevinas et al., 1993).
One death was observed from each of the following types of cancer: cervical
(SMR = 80), uterus nonspecified (SMR = 192), and ovary (SMR = 74).

In a study of death certificates, Blair et al. (1993) compared occupational
groups and found that farmers in 23 states in the United States had an elevated
risk for cervical cancer mortality, based on 21 deaths, among nonwhites only
(PCMR = 2.0, CI 1.3–3.1). In whites, the PCMR, based on six deaths, was 0.9 (CI
0.3–2.0). The numbers of deaths from cancer of the uterine corpus were small and
nonsignificant for both white and nonwhite female farmers.

Cancer mortality rates among 4,586 female Vietnam veterans were recently
evaluated, as well as rates among 5,325 female veterans who had served else-
where (Dalager et al., 1995a). Based on four cases of cancer of the uterine corpus,
the RR for Vietnam veterans compared to that of the general U.S. population was
2.1 (CI 0.6–5.4).

Update of the Scientific Literature

Bertazzi et al. (1997) have updated their follow-up of the Seveso population.
With 15 years of follow-up of the more than 20,000 exposed women, this cohort
provides no evidence that TCDD is associated with deaths from either uterine or
ovarian cancer. In zone A, which had the highest exposures, and zone B, with
probably the second-highest exposures, the numbers of uterine cancer deaths
were lower than expected. In zone R, where exposures were lower, but still
greater than those not exposed to the accident, 27 uterine cancers were observed,
with 23.7 expected, for a RR of 1.1 (95% CI 0.8–1.7). The numbers of deaths
from ovarian cancer were 1 and 0 in zones A and B, respectively, where 0.4 and
2.7 were expected, yielding an elevated but unstable RR for zone A of 2.3 (CI
0.0–12.8). In zone R, the RR was 1.0 (CI 0.6–1.6). If the TCDD did initiate
cancers of female reproductive organs, the elapsed time may still be insufficient
for these tumors to have come to clinical attention. In particular, women exposed
to TCDD during adolescence may be at increased risk for cancers that will not be
detected until 20 or more years after the exposure.

The only other new data on female reproductive cancers come from an
expanded multinational occupational study conducted by IARC of cohorts from
12 countries (Kogevinas et al., 1997). A total of 36 cohorts were included; 15 of
these included females, and 11 of these cohorts had exposures to TCDD or higher
chlorinated dioxins. No deaths from cancer of the uterine cervix or the ovary
were observed among women workers exposed to TCDD or higher chlorinated
dioxins. An SMR of 3.41, based on three cases with exposure to TCDD or higher
chlorinated dioxins, was observed for cancer of the endometrium and uterus
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(ICD·9 179, 181–182). Two of these three cases occurred in one cohort in Ger-
many, which included most of the TCDD-exposed female production workers.

Synthesis

There has been considerable recent interest in the potential association of
exposure to chlorinated hydrocarbons, including TCDD, and female reproductive
cancers and other health outcomes in women. For example, teratogenic effects
due to maternal exposures to TCDD have been well documented in experimental
animals (see Chapter 3). Endometriosis has recently been demonstrated in mon-
keys exposed to TCDD (Rier et al., 1993), and research on this disease has been
proposed for women in the Seveso cohort (Bois and Eskenazi, 1994). Epidemio-
logic studies regarding female reproductive tract cancers are summarized in
Tables 7-17, 7-18, and 7-19. The evidence from these studies remains inconclu-
sive, despite some strong associations with ovarian and uterine cancers, largely
because most of the published studies include a small number of cases and/or
have poor exposure characterization or too short a follow-up period. The commit-
tee concludes that more research is needed on populations of women with docu-
mented exposure to herbicides and TCDD.

Conclusions

Strength of Evidence in Epidemiologic Studies

There is inadequate or insufficient evidence to determine whether an association
exists between exposure to the herbicides used in Vietnam (2,4-D, 2,4,5-T and its

TABLE 7-17 Selected Epidemiologic Studies—Cancers of the Cervix

Estimated
Exposed Risk

Reference Study Population Cases (95% CI)

OCCUPATIONAL
New Studies
Kogevinas et al., 1997 IARC cohort 0 0
Studies reviewed in Update 1996
Blair et al., 1993 U.S. farmers in 23 states

Whites 6 0.9 (0.3–2.0)
Nonwhites 21 2.0 (0.3–3.1)

Studies reviewed in VAO
Ronco et al., 1992 Danish farmers

Self-employed farmers 7 0.5
Family workers 100 0.5
Employees 12 0.8

Wiklund, 1983 Swedish agricultural workers 82 0.6
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TABLE 7-18 Selected Epidemiologic Studies—Cancers of the Uterus

Estimated
Exposed Risk

Reference Study Population Cases (95% CI)

OCCUPATIONAL
New Studies
Kogevinas et al., 1997 IARC cohort (includes cancers of 3 3.4 (0.7–10.0)

the endometrium)
Studies reviewed in VAO
Blair et al., 1993 U.S. farmers in 23 states

Whites 15 1.2
Nonwhites 17 1.4

Ronco et al., 1992 Danish farmers
Self-employed farmers 8 0.6
Family workers 103 0.8
Employees 9 0.9

Wiklund, 1983 Swedish agricultural workers 135 0.9

ENVIRONMENTAL
New Studies
Bertazzi et al., 1997 Seveso residents 0 0.0

VIETNAM VETERANS
Studies reviewed in Update 1996
Dalager et al., 1995a Women Vietnam veterans 4 2.1 (0.6–5.4)

TABLE 7-19 Selected Epidemiologic Studies—Ovarian Cancer

Estimated
Exposed Risk

Reference Study Population Cases (95% CI)

OCCUPATIONAL
New Studies
Kogevinas et al., 1997 IARC cohort 0 0.0
Studies reviewed in Update 1996
Kogevinas et al., 1993 IARC cohort 1 0.7
Lynge, 1993 Danish male production workers 7 3.2
Studies reviewed in VAO
Ronco et al., 1992 Danish farmers

Self-employed farmers 12 0.9
Family workers 104 0.8
Employees 5 0.5

Donna et al., 1984 Female residents near Alessandria, Italy 18 4.4 (1.9–16.1)

ENVIRONMENTAL
New Studies
Bertazzi et al., 1997 Seveso residents

zone A 1 2.3 (0.0–12.8)
zone B 0 0.0
zone R 21 1.0 (0.6–1.6)
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contaminant TCDD, cacodylic acid, and picloram) and uterine and ovarian can-
cers. The evidence regarding association is drawn from occupational and other
studies in which subjects were exposed to a variety of herbicides and herbicide
components.

Biologic Plausibility

A thorough discussion of biologic plausibility with respect to exposure to
TCDD or herbicides and uterine and ovarian cancers is contained in Chapter 3; a
summary is presented in the conclusion to this chapter.

Increased Risk of Disease Among Vietnam Veterans

Although there are inadequate data at this time to evaluate the possible
increased risk of female reproductive cancers in Vietnam veterans, an ongoing
study in female veterans of the Vietnam era may shed light on this issue. A more
thorough discussion of the issue of increased risk of disease among Vietnam
veterans is included in Chapter 1.

PROSTATE CANCER

Background

According to the American Cancer Society estimates, 184,500 new cases of
prostate cancer (ICD·9 185) will be diagnosed in the United States in 1998, and
39,200 men will die from the disease (ACS, 1998). This makes prostate cancer
the most common cancer among men, excluding nonmelanocytic skin cancers. It
is expected to account for approximately 29 percent of new diagnoses and 13
percent of cancer deaths in 1998.

Prostate cancer incidence varies dramatically as a function of age and race.
The risk increases fivefold between 45–49 and 50–54 years of age, and nearly
triples between 50–54 and 55–59 years of age. As a group, African-American
men have the highest recorded incidence of prostate cancer in the world (Miller et
al., 1996). Their risk is roughly twice that of whites in the United States, 4 times
higher than Alaskan natives, and nearly 7.5 times higher than Korean Americans.

Little is known about the causes of prostate cancer. Other than race and age,
risk factors include a family history of the disease and a diet high in fats.

Average Annual Cancer Incidence (per 100,000 individuals) in the United Statesa

Prostate Cancer
45–49 years of age 50–54 years of age 55–59 years of age
all races white black all races white black all races white black
16 16 26 82 78 143 225 216 404

a SEER nine standard registries crude, age-specific rate, 1990–1994.
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Summary of VAO and Update 1996

Occupational Studies

For prostate cancer, several studies have shown elevated risk in agricultural
or forestry workers. Mortality was increased in studies of United States Depart-
ment of Agriculture (USDA) agricultural extension agents (PMR = 1.5, CI 1.1–
2.0) and forest and soil conservationists (PMR = 1.6, CI 1.1–2.0) (Alavanja et al.,
1988, 1989). However, subsequent case-control analysis of these deaths showed
no increased risk of prostate cancer related to being an extension agent (OR = 1.0,
CI 0.7–1.5) or a soil conservationist (OR = 1.0, CI 0.6–1.8), although the risk was
elevated for forest conservationists (OR = 1.6, CI 0.9–3.0). The risk of prostate
cancer was more highly elevated for those whose employment ended prior to
1960 and who had worked for at least 15 years as conservationists (OR = 2.1 for
forest workers and 2.9 for soil workers). A case-control study of white male
Iowans who died of prostate cancer (Burmeister et al., 1983) found a significant
association (OR = 1.2) with farming that was not connected to a specific agricul-
tural exposure. Higher RRs were observed after restricting analysis to those born
before 1890 (OR = 1.5) or those age 65 and older (OR = 1.3).

A PCMR study was performed with farmers in 23 states, using occupational
information from death certificates (Blair et al., 1993). Based on 3,765 deaths
from prostate cancer in white male farmers, out of 119,648 studied, the PCMR
was significantly increased, at 1.2 (CI 1.1–1.2). Based on 564 deaths from pros-
tate cancer in nonwhite male farmers, out of 11,446 studied, the PCMR was also
significantly increased to 1.1 (CI 1.1–1.2). This increased risk for prostate cancer
was observed in 22 of the 23 states studied.

In a large cohort study of Canadian farmers, Morrison et al. (1993) found
that an increased risk of prostate cancer was associated with herbicide spraying,
and the risk was found to rise with increasing number of acres sprayed. For the
entire cohort, the RR for prostate cancer and spraying at least 250 acres was 1.2
(CI 1.0–1.5). Adjustment for potential confounders showed no evidence of con-
founding for the association. Additional analyses were restricted to a one-third
sample of farmers most likely to be exposed to phenoxy or other herbicides
(RR = 1.3, CI 1.0–1.8 for ≥250 acres sprayed). To focus on those farmers most
likely exposed to herbicides, additional analyses were restricted to those with no
employees (RR = 1.4, CI 1.0–1.9 for ≥250 acres sprayed); no customary expenses
for assisting in work, which might include spraying (RR = 1.6, CI 1.1–2.2 for
≥250 acres sprayed); age between 45 and 69 years (RR = 1.7, CI 1.1–2.8 for ≥250
acres sprayed); and a combination of the three restrictions (RR = 2.2, CI 1.3–3.8
for ≥250 acres sprayed). In each of these comparisons, a statistical test for trend
(increasing risk with increasing number of acres sprayed) was significant.

Although a number of occupational and other studies have examined pros-
tate cancer in relation to potential herbicide exposures, many had very few cases.
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These include numerous studies of chemical production workers (Bond et al.,
1983; Lynge, 1985; Zober et al., 1990; Manz et al., 1991; Buena de Mesquita et
al., 1993; Collins et al., 1993; Becher et al., 1996); pesticide appliers (Blair et al.,
1983; Swaen et al., 1992; Asp et al., 1994); and paper and pulp workers (Henne-
berger et al., 1989; Solet et al., 1989). These small numbers may reflect an
insufficient latency period or a cohort that is too young to observe excess prostate
cancer. They also may reflect the fact that since prostate cancer tends not to be
fatal, studies of mortality tend to have low statistical power to detect an effect if
it exists, compared to other cancer sites. Other problems in certain studies are low
specificity of exposure definition and, in at least one report, a very short duration
of exposure (median duration for 2,4-D and 2,4,5-T was six weeks in Asp et al.,
1994).

Environmental Studies

Cancer incidence and mortality were described for the Seveso population in
three previous studies (Bertazzi et al., 1989a,b; Pesatori et al., 1992). Cancer inci-
dence for the first 10 years after exposure to TCDD was thoroughly updated for the
Seveso, Italy, cohort (Bertazzi et al., 1993). In zones A and B (the more highly
exposed areas), four cases of prostate cancer were diagnosed, and the RR was 1.4
(CI 0.5–3.9) (Pesatori et al., 1992). In zone R (the less exposed area), based on 16
cases of prostate cancer (Bertazzi et al., 1993), the RR was 0.9 (CI 0.5–1.5).

Vietnam Veteran Studies

Studies of prostate cancer mortality among Vietnam veterans have not con-
sistently shown an association (Anderson et al., 1986a,b; Breslin et al., 1988). A
proportionate mortality study examining causes of death among veterans on the
state of Michigan’s Vietnam era bonus list (Visintainer et al., 1995) compared
cause-specific mortality rates for 3,364 Vietnam veterans with rates for 5,229
age-matched veterans who had served elsewhere. There were 19 deaths from
male genital cancers among Vietnam veterans (PMR = 1.1, CI 0.6–1.7). Rates for
prostate cancer were not reported separately from testicular cancer.

Update of the Scientific Literature

Several new reports have been published, examining prostate cancer mortal-
ity, incidence, or both, in populations with possible or documented exposures to
TCDD. Six of these involved occupational exposures (Becher et al., 1996; Ott
and Zober 1996; Zhong and Rafusson, 1996; Gambini et al., 1997; Hertzman et
al., 1997; Kogevinas et al., 1997): one was an occupational cohort with dietary
exposures (Svensson et al., 1995), one was a follow-up of the Seveso cohort, and
four were examined deaths among Vietnam veterans (AFHS, 1996; Watanabe
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and Kang, 1996; Crane et al., 1997a,b). One occupational study grouped all male
genital cancers for examining mortality (Hertzman et al., 1997). None of these
provides strong evidence of increased risk for prostate cancer.

The smallest study involved 243 workers exposed during and after a 1953
reactor accident in a West German plant that produced trichlorophenol (Ott and
Zober, 1996). Exposures were originally documented on the basis of chloracne,
which was observed in nearly half the cohort, although it was several years after
the accident that TCDD was identified as the cause of the chloracne. Exposures
occurred during three periods: (1) clean-up operations and repair activities that
lasted several months; (2) incidental maintenance activities after the completion
of the restoration; and (3) demolition of the reactor in 1968–1969. Biomonitoring
data were collected later and used to estimate internal doses of dioxin at the time
of each worker’s peak exposures. In this small cohort, there have been no deaths
from prostate cancer, with follow-up through 1992. Four cases were identified
during 1960–1992, resulting in a SIR of 1.1 (CI 0.3–2.8). When broken down by
dose, there is no clear dose–response relationship: the highest SIR (2.5) occurs in
the lowest-dose group (<0.1 µg/kg), and there are no cases in the highest-dose
group (>1 µg/kg). On the other hand, the small size of the cohort coupled with the
low number of expected cases would indicate that there is not sufficient power to
examine the dose–response relation in this follow-up.

In a reanalysis of the study published by Manz et al. (1991), Becher et al.
(1996) report on 2,479 workers exposed to phenoxy herbicides and associated
contaminants in four German chemical production plants. The SMRs in the four
cohorts ranged from zero to 1.5, based on nine prostate cancer deaths. Combining
the data from these plants yields an SMR of 1.3. Again, the small number of
expected deaths from prostate cancer suggests a fairly young cohort. These four
cohorts were also included in the large IARC study of 36 cohorts in 12 countries
(Kogevinas et al., 1997). With 21,863 workers, of whom 13,831 were exposed to
TCDD or higher chlorinated dioxins, and a total of 488,482 person-years of
follow-up, 43 prostate cancer deaths were observed, yielding an SMR of 1.1 (CI
0.8–1.5). This SMR was similar to the one for workers not exposed to TCDD or
higher chlorinated dioxins: 1.1 (CI 0.7–1.6). Biomonitoring data were collected
on more than 500 workers, but were not used to categorize individual workers.
Production workers did not appear to have considerably higher exposures than
sprayers. An overall “healthy worker effect” was not observed in this study.

The fourth study involving occupational exposures was conducted on rice
growers in northern Italy (Gambini et al., 1997). The cohort consisted of 1,487
male workers, with 31,648 person-years of observation, over half of which were
at ages 60 or older. Individual exposures were not estimated, but the use of
herbicides was documented to begin in the early 1950s and to include 2,4-D (used
in the 1960s), 2,4,5-T (1960s and 1970s), MCPA (1960s–1990s), and MCPP
(mecoprop, 1960s–1980s). The 19 observed prostate cancer deaths resulted in an
SMR of 1.0 (CI 0.6–1.5). No analysis was conducted based on years of work.
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This cohort showed a prominent healthy worker effect, suggesting a possible
underestimate of the relative mortality compared to the general population.

A study of 2,449 Icelandic pesticide users, of whom 1,860 were men, took
advantage of the country’s Cancer Registry to analyze morbidity (Zhong and
Rafnsson, 1996). A deficit of prostate cancer cases was observed, with an SIR of
0.7 (CI 0.2–1.2) based on 10 cases. Data on actual work tasks were not available
for most of the cohort.

A cohort of sawmill workers from British Columbia, Canada, with chloro-
phenate exposures was evaluated with respect to both morbidity and mortality
(Hertzman et al., 1997). An SMR for prostate cancer was not given, but for all
male genital cancers combined it was 1.2 (CI 1.0–1.4). (Prostate cancers gener-
ally represent about 90 percent of male genital cancers.) The SIR for prostate
cancer was 1.0 (CI 0.9–1.1). Although data were collected on sawmill workers
not exposed to chlorophenates, the size of this unexposed group was much smaller
than for exposed workers, and data were not presented on its prostate cancer
incidence or mortality that would have enabled internal comparisons to be made
for prostate cancer.

Svensson et al. (1995) analyzed mortality and morbidity from two cohorts of
fisherman: those from the east coast of Sweden, who consume a diet rich in fatty
fish, and those from the west coast of Sweden, whose diets involve leaner fish,
but who are otherwise socioeconomically quite similar. Plasma toxic equivalents
of PCBs and PCDD/F have been documented to be twice as high in east coast as
in west coast fishermen or referents. The SMR for prostate cancer among east
coast fishermen was 1.0 (CI 0.5–1.8), compared to 1.1 (CI 0.9–1.3) for west coast
fishermen. The SIRs for these two groups, respectively, were 1.1 (CI 0.8–1.5)
and 1.0 (CI 0.9–1.1).

In the Seveso cohort, the numbers of deaths from prostate cancer among men
in zones A, B, and R were 0, 6, and 39, for SMRs of 0, 1.2 (CI 0.5–2.7), and 1.2
(CI 0.8–1.6), respectively.

Finally, two new studies on Vietnam veterans reported data on prostate
cancer. Watanabe and Kang (1996) published a study of deaths among Vietnam
veterans (N = 33,833) and a comparison group of Vietnam era veterans who
served outside Southeast Asia (N = 36,797). This was not a cohort study, since
there is no register of those who served in the military during the Vietnam period.
Most of these veterans had served in the Army, but about 20 percent had served
in the Marine Corps. Proportionate mortality comparisons were made between
the two groups of deaths. Results for prostate cancer were: PMR = 1.1 for those
who served in the Army in Vietnam and PMR = 1.2 for those who served there as
Marines; among those who served outside Southeast Asia, PMRs were 1.2 for
Army veterans, and 1.3 for Marine veterans. Those who served in Vietnam were
generally similar to those who did not, although slightly more African Americans
served in Vietnam and the length of service was substantially longer for those
who served in Vietnam compared with those who served elsewhere (e.g., 1.9
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percent versus 13.8 percent served one year or less in the Army, and 3.8 percent
versus 27.1 percent served 1 year or less in the Marines). In an analysis by years
of latency, the highest PMR among those who served in the Army was for the
longest latency (at least 16 years from the last year in Vietnam): 1.1.

A recent update on the Ranch Hand cohort found an SMR of 4.0 (two
observed deaths) for prostate cancer, when considering only the period after 20
years’ latency (AFHS, 1996). A brief report of a case-control study of Massachu-
setts veterans (Clapp, 1997), which used gastrointestinal cancers as controls,
found an OR of 0.8, comparing those who had served in Vietnam (15 cases) with
those who had served elsewhere in the same era (118 cases). The latter analysis
could be problematic since some studies have shown rectal cancer to be increased
in association with herbicide exposures.

Crane et al. (1997a) conducted a detailed analysis of Australian male Viet-
nam veteran mortality. In the early follow-up period from 1964 to 1979, one
death from prostate cancer was observed. However, from 1980 to 1994, there
were 36 such deaths, with an SMR of 1.5 (CI 1.1–2.1). By service, the figures for
Army, Navy, and Air Force personnel were, respectively, 26 deaths, SMR = 1.6
(CI 1.1–2.4); 8 deaths, SMR = 2.2 (CI 0.9–4.3); and 2 deaths, SMR = 0.5 (CI 0.1–
1.9). A companion study comparing conscripted Australian veterans of Vietnam
with military personnel who did not serve there reported no deaths in the Vietnam
veteran population and one in the comparison population between 1982 and 1994
(Crane et al., 1997b). Although smoking data were not available, prostate cancer
is not associated with smoking; therefore, there is no concern about smoking
being a confounder of these results.

Synthesis

Results of studies published to date are summarized in Table 7-20. At the
time of Update 1996, several of the agricultural studies indicated some elevation
in risk of prostate cancer, with some subgroups that had the greatest probability
and longest duration of herbicide exposure showing the highest risks (Morrison et
al., 1993). Additional agricultural studies published since Update 1996, one on
rice growers in northern Italy and the other on Icelandic pesticide users, show no
evidence of increased risk of prostate cancer, although it should be noted that
exposure information was poor and both cohorts demonstrated a rather strong
healthy worker effect.

The earlier major studies of production workers (Fingerhut et al., 1991;
Manz et al., 1991; Saracci et al., 1991) showed small, but not statistically signifi-
cant, elevations in risk. Since Update 1996, several additional studies, some of
which overlap earlier ones (Becher et al., 1996; Kogevinas et al., 1997; and Ott
and Zober, 1996), continue to show weak evidence of effects on prostate cancer
mortality, with RRs generally <1.5 and mostly in the range of 1.1–1.2.

Two cohort studies reported both morbidity and mortality (Svensson et al.,
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1995; Hertzman et al., 1997). Among Swedish fisherman, no association was
seen between exposure and prostate cancer mortality (SMR = 1.0) or morbidity
(SIR = 1.1); among sawmill workers, no association was seen with morbidity
(SIR = 1.0), whereas the association with mortality from male genital tract can-
cers was significant (SMR = 1.2, CI 1.0–1.4).

In general, when observed associations are this weak, biases could have
induced artifactual associations. In this case, it is unclear what those biases may
be in such varied populations involving quite different exposure scenarios. In
studies using mortality as an outcome, detection bias is unlikely to explain any
elevated risks. On the other hand, factors that increase incidence might not be the
same as those related to subsequent mortality among those who have the disease.
The recent introduction and widespread adoption of PSA (prostate specific anti-
gen) for screening purposes has brought about an apparent increase in incidence
in the United States; the pattern of long-term impact on incidence or mortality is
difficult to predict for any country or population and will depend on the rapidity
with which this screening tool is adopted, its differential across different ages of
men, and the aggressiveness of tumors detected early by this test (Gann, 1997).
Differences among countries in the rate of use of PSA could produce more
variable, less consistent results in studies of exogenous exposures and prostate
cancer.

Several new studies have been published on Vietnam veterans. Too few
cases were seen among Ranch Hands to provide useful information about this
outcome (AFHS, 1996). In a larger study of deaths among U.S. Vietnam veter-
ans, those who had last served in Vietnam more than 16 years earlier had a
weakly elevated PMR of 1.1. PMR studies should be viewed cautiously, how-
ever, since they include only deaths; in this type of study, findings for any one
outcome are strongly influenced by associations between the exposure of interest
and other causes of death, particularly the most common ones. In the cohort study
of Australian male veterans, which had a much stronger design, an elevated rate
of prostate cancer mortality was observed among those who served in Vietnam
(SMR = 1.5, CI 1.1–2.1, based on 36 prostate cancer deaths). Unlike results for
respiratory cancer, the lack of smoking data for this cohort does not pose a threat
to the validity of these findings, since prostate cancer is not associated with
smoking. It should also be kept in mind that most Vietnam veterans have not yet
reached the age when this cancer tends to appear, and that morbidity may repre-
sent a more sensitive outcome than mortality for this cancer site.

Conclusions

Strength of Evidence in Epidemiologic Studies

There is limited/suggestive evidence of an association between exposure to
the herbicides (2,4-D, 2,4,5-T and its contaminant TCDD, cacodylic acid, and
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TABLE 7-20 Selected Epidemiologic Studies—Prostate Cancer

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

OCCUPATIONAL
New Studies
Gambini et al., 1997 Italian rice growers 19 1.0 (0.6–1.5)
Hertzman et al., 1997 Canadian sawmill workers

Mortality 282 1.0 (0.9–1.1)
Morbidity for male genital tract cancers 116 1.2 (1.0–1.4)

Kogevinas et al., 1997 IARC cohort 43 1.1 (0.8–1.5)
Becher et al., 1996 German chemical production workers 9 1.3
Ott and Zober, 1996 BASF cleanup workers 4 1.1 (0.3–2.8)
Zhong and Rafusson, Icelandic pesticide users 10 0.7 (0.3–1.2)

1996
Studies reviewed in Update 1996
Asp et al., 1994 Finnish herbicide applicators 5 0.8 (0.3–1.8)
Blair et al., 1993 U.S. farmers in 23 states

Whites 3,765 1.2 (1.1–1.2)
Nonwhites 564 1.1 (1.1–1.2)

Bueno de Mesquita Dutch production workers 3 2.6 (0.5–7.7)
et al., 1993

Collins et al., 1993 Monsanto 2,4-D production workers 9 1.6 (0.7–3.0)
Studies reviewed in VAO
Morrison et al., 1993 Canadian farmers, age 45–69 years,

no employees, or custom workers,
sprayed >250 acres 20 2.2 (1.3–3.8)

Ronco et al., 1992 Danish self-employed farm workers 399 0.9 (p < .05)
Swaen et al., 1992 Dutch herbicide applicators 1 1.3 (0.0–7.3)
Fingerhut et al., 1991 NIOSH cohort 17 1.2 (0.7–2.0)

20 year latency, 1 year exposure 9 1.5 (0.7–2.9)
Manz et al., 1991 German production workers 7 1.4 (0.6–2.9)
Saracci et al., 1991 IARC cohort 30 1.1 (0.8–1.6)
Zober et al., 1990 BASF production workers 0 —  (0.0–7.5)
Alavanja et al., 1989 USDA forest conservationists 1.6 (0.9–3.0)

Soil conservationists 1.0 (0.6–1.8)
Henneberger et al., 1989 Paper and pulp workers 9 1.0 (0.7–2.0)
Solet et al., 1989 Paper and pulp workers 4 1.1 (0.3–2.9)
Alavanja et al., 1988 USDA agricultural extension agents 1.0 (0.7–1.5)
Bond et al., 1988 Dow 2,4-D production workers 1 1.0 (0.0–5.8)
Coggon et al., 1986 British MCPA production workers 18 1.3 (0.8–2.1)
Robinson et al., 1986 Paper and pulp workers 17 1.2 (0.7–2.0)
Lynge, 1985 Danish production workers 9 0.8
Blair et al., 1983 Florida pesticide applicators 2 0.5
Burmeister et al., 1983 Iowa residents 1.2 (p < .05)
Wiklund, 1983 Swedish agricultural workers 3,890 1.0 (0.9–1.0)b

Burmeister, 1981 Iowa farmers 1,138 1.1 (p < .01)

continued
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TABLE 7-20 Continued

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

ENVIRONMENTAL
New Studies
Bertazzi et al., 1997 Seveso residents

zone A 0 0 (0.0–5.2)
zone B 6 1.2 (0.5–2.7)
zone R 39 1.2 (0.8–1.6)

Svensson et al., 1995 Swedish fishermen mortality 12 1.0 (0.5–1.8)
Swedish fishermen incidence 38 1.1 (0.8–1.5)

Studies reviewed in Update 1996
Bertazzi et al., 1993 Seveso male residents—zone R 16 0.9 (0.5–1.5)
Studies reviewed in VAO
Pesatori et al., 1992 Seveso male residents—zones A and B 4 1.4 (0.5–3.9)
Bertazzi et al., 1989a Seveso male residents—zones A, B,

and R 19 1.6 (1.0–2.7)
Bertazzi et al., 1989b Seveso male residents—zone B 3 2.2 (0.7–6.9)

VIETNAM VETERANS
New Studies
Clapp, 1997 Massachusetts Vietnam veterans

Exposed cancers 15 0.8 (0.4–1.6)
Total cancer 133

Crane et al., 1997a Australian military veterans 36 1.5 (1.1–2.1)
Army 26 1.6 (1.1–2.4)
Navy 8 2.2 (0.9–4.3)
Air Force 2 0.5 (0.1–1.9)

AFHS, 1996 Ranch Hands 2 4.0
Watanabe and Kang, 1996 Army Vietnam veterans 58 0.9

16+ years after discharge 1.1
Studies reviewed in Update 1996
Visintainer et al., 1995 Michigan Vietnam veterans 19 1.1 (0.6–1.7)
Studies reviewed in VAO
Breslin et al., 1988 Army Vietnam veterans 30 0.9 (0.6–1.2)

Marine Vietnam veterans 5 1.3 (0.2–10.3)
Anderson et al., 1986b Wisconsin Vietnam veterans 2 —

a Given when available.
b 99 Percent CI.

picloram) and prostate cancer. Although the associations are not large, a number
of studies provide evidence that is suggestive of a slight increase in either mor-
bidity or mortality from prostate cancer. The evidence regarding association is
drawn from occupational studies in which subjects were exposed to a variety of
herbicides and herbicide components and is also based on data from studies of
Vietnam veterans. An important consideration is the fact that prostate cancer
tends not to be fatal; thus, mortality studies have lower statistical power to detect
a comparable effect than a similar-sized morbidity study would have.
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Biologic Plausibility

A thorough discussion of biologic plausibility with respect to exposure to
TCDD or herbicides and prostate cancer is contained in Chapter 3; a summary is
presented in the conclusion to this chapter.

Increased Risk of Disease Among Vietnam Veterans

Studies that have been conducted on Vietnam veterans have had a low like-
lihood of detecting an increased risk of prostate cancer, if service in Vietnam is
associated with this cancer, because of the weak study designs and the relatively
young age of Vietnam veterans. The statistically significantly elevated prostate
cancer SMR for Australian male Vietnam veterans suggests that U.S. Vietnam
veterans may be at increased risk. Further follow-up that includes, in particular,
studies of morbidity among living veterans, would help to define the risk. A more
thorough discussion of the issue of increased risk of disease in Vietnam veterans
is included in Chapter 1.

TESTICULAR CANCER

Background

The American Cancer Society estimates that 7,600 men will be diagnosed
with testicular cancer (ICD·9 186.0–186.9) in the United States in 1998 and that
400 will die from the disease (ACS, 1998).

Testicular cancer is far more likely in men younger than 40 than in those who
are older. On a lifetime basis, the risk for white men is about four times greater
than for African Americans. Cryptorchidism, or undescended testicles, is a major
risk factor for testicular cancer. Family history of the disease also appears to play
a role. Several other hereditary and environmental factors have been suggested,
but research regarding them is inconsistent (Bosl and Motzer, 1997).

Average Annual Cancer Incidence (per 100,000 individuals) in the United Statesa

Testicular Cancer
45–49 years of age 50–54 years of age 55–59 years of age
all races white black all races white black all races white black
5.7 6.4 0.9 3.3 3.8 0.4 2.2 2.6 0.5

a SEER nine standard registries crude, age-specific rate, 1990–1994.

Summary of VAO and Update 1996

A case-control study of 137 testicular cancer cases and 130 hospital controls
(Tarone et al., 1991) found an OR of 2.3 (CI 1.0–5.5) for service in Vietnam. Risk
for testicular cancer was not significantly elevated by service branch. Another
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case-control study among veterans investigated the association between potential
Agent Orange exposure and the risk of testicular cancer (Bullman et al., 1994),
using subjects chosen from the DVAs Agent Orange Registry. This included 97
veterans with testicular cancer and 311 veterans with no clinical diagnosis re-
corded on the registry. Risk of testicular cancer was not significantly increased
for ground troops, combat duty, service in the III Corps area (a heavily sprayed
area), or proximity to other areas where Agent Orange was sprayed. Only Navy
veterans had a statistically significant increased risk of testicular cancer (OR =
2.6, CI 1.1–6.2), based on 12 cases among 27 veterans. One of these 27 served in
the “brown-water” Navy and may have had Agent Orange exposure due to spray-
ing of riverbanks. In general, other veteran studies and most of the occupational
and environmental studies showed no association between exposure and out-
come, but the sample sizes of some of these studies were generally small. Results
of other studies of testicular cancer have been equivocal. These include studies of
chemical production workers in the United States and other countries (Bond et
al., 1988; Saracci et al., 1991); agricultural workers (Wiklund, 1983; Ronco et al.,
1992; Blair et al., 1993); residents of Seveso (Pesatori et al., 1992; Bertazzi et al.,
1993); and Vietnam veterans (Anderson et al., 1986a,b; Boyle et al., 1987; Breslin
et al., 1988; Watanabe et al., 1991).

Update of the Scientific Literature

Occupational Studies

The IARC study (Kogevinas et al., 1997) found seven deaths due to testicu-
lar cancer, SMR = 1.3 (CI 0.5–2.7). Ramlow et al. (1996) found no cases of death
due to testicular cancer, with about 0.2 expected. Hertzman and colleagues’
(1997) study of Canadian sawmill workers reported an SIR of 1.0 (CI 0.6–1.4)
based on 18 cases. “Male genital cancers” (possibly including prostate) had an
SMR of 1.0 (CI 0.8–1.1) with 116 cases.

Environmental Studies

The Seveso follow-up (Bertazzi et al., 1997) did not report testicular cancer
separately, but the SMR for genitourinary cancers was less than 1.0. A study of
Icelandic pesticide appliers (Zhong and Rafnsson, 1996) reported two cases, with
an SIR of 1.2 (CI 0.1–4.3).

Vietnam Veterans’ Studies

In studies of Vietnam veterans, Dalager and Kang (1997) found two deaths
due to testicular cancer among Army Chemical Corps veterans (SMR = 4.0, CI
0.5–14.5). Watanabe and Kang (1996) reported PMRs of 1.1 and 1.0 for Army
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TABLE 7-21 Selected Epidemiologic Studies—Testicular Cancer

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

OCCUPATIONAL
New Studies
Hertzman et al., 1997 British Columbia sawmill workers

Mortality 116 1.0 (0.8–1.1)
Incidence 18 1.0 (0.6–1.4)

Kogevinas et al., 1997 IARC cohort 7 1.3 (0.5–2.7)
Ramlow et al., 1995 Pentachlorophenol production workers 0 —
Studies reviewed in Update 1996
Blair et al., 1993 U.S. farmers in 23 states

White males 32 0.8 (0.6–1.2)
Nonwhite males 6 1.3 (0.5–2.9)

Studies reviewed in VAO
Ronco et al., 1992 Danish self-employed farm workers 74 0.9
Saracci et al., 1991 IARC cohort 7 2.3 (0.9–4.6)
Bond et al., 1988 Dow 2,4-D production workers 1 4.6 (0.0–25.7)
Coggon et al., 1986 British MCPA production workers 4 2.2 (0.6–5.7)
Wiklund, 1983 Swedish agricultural workers 101 1.0 (0.7–1.2)b

ENVIRONMENTAL
New Studies
Zhong and Rafnsson, 1996 Icelandic pesticide users 2 1.2 (0.1–4.3)
Studies reviewed in Update 1996
Bertazzi et al., 1993 Seveso residents

zone A 0 —
zone B 1 —
zone R 9 1.4 (0.7–3.0)

Studies reviewed in VAO
Pesatori et al., 1992 Seveso residents—zones A and B 1 0.9 (0.1–6.7)

Residents—zone R 9 1.5 (0.7–3.0)

VIETNAM VETERANS
New Studies
Clapp, 1997 Massachusetts Vietnam veterans—

incidence 30 1.2 (0.4–3.3)
Crane et al., 1997a Australian military veterans 4 NS
Crane et al., 1997b Australian national service veterans 4 1.3
Dalager and Kang, 1997 Army Chemical Corps veterans 2 4.0 (0.5–14.5)
Watanabe and Kang, 1996 Vietnam service Army 1.1

Vietnam service Marines 1.0
Studies reviewed in Update 1996
Bullman et al., 1994 Navy veterans 12 2.6 (1.1–6.2)
Studies reviewed in VAO
Tarone et al., 1991 Patients at three Washington, D.C.,

area hospitals 2.3 (1.0–5.5)
Watanabe et al., 1991 Army Vietnam veterans 109 1.2

Marine Vietnam veterans 28 0.8

continued
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Breslin et al., 1988 Army Vietnam veterans  90 1.1 (0.8–1.5)
Marine Vietnam veterans 26 1.3 (0.5–3.6)

Anderson et al., 1986b Wisconsin Vietnam veterans 9 1.0 (0.5–1.9)
Anderson et al., 1986a Wisconsin Vietnam veterans 11 1.0 (0.5–1.7)

a Given when available.
b 99% CI.
c “Male genital cancers”

TABLE 7-21 Continued

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

and Marine Vietnam veterans, respectively, based on 142 total deaths. Crane and
colleagues report 4 deaths due to testicular cancer among Australian military
veterans, with an SMR near unity (1997a). A study comparing conscripted Aus-
tralian veterans of Vietnam with military personnel who did not serve there
reports a RR of 1.3 based on a single death in each of the populations (Crane et
al., 1997b). Clapp (1997) reported 30 incident cases in Massachusetts Vietnam
veterans, OR = 1.2 (CI 0.4–3.3), compared to veterans who had not served in
Vietnam.

Several studies of military working dogs have been reported, which showed
abnormal testicular pathology and a moderate excess of seminomas in dogs that
died that had worked in Vietnam (Mahaney 1990; Hayes et al., 1990, 1994,
1995a,b). Most ORs were around 2, and the design was that of a proportionate
mortality study (i.e., all risks were based on the proportion of dogs that had died
from any cause with a given testicular finding at necropsy). There were no
measures of exposure to environmental agents.

Synthesis

There is minimal new information on this rare cancer, and what there is
provides little evidence supporting a herbicide–testicular cancer connection. The
findings in dogs are not felt to carry great weight in the absence of exposure data
and without observed excesses in human populations.

Conclusions

Strength of Evidence in Epidemiologic Studies

There is inadequate or insufficient evidence to determine whether an asso-
ciation exists between the herbicides (2,4-D, 2,4,5-T and its contaminant TCDD,
cacodylic acid, and picloram) and testicular cancer.

Copyright © National Academy of Sciences. All rights reserved.

Veterans and Agent Orange: Update 1998
http://www.nap.edu/catalog/6415.html

http://www.nap.edu/catalog/6415.html


CANCER 347

Biologic Plausibility

A thorough discussion of biologic plausibility with respect to exposure to
TCDD or herbicides and testicular cancer is contained in Chapter 3; a summary is
presented in the conclusion to this chapter.

URINARY BLADDER CANCER

Background

Urinary bladder cancer (ICD·9 188.0–188.9) is the most common of the
genitourinary tract cancers. According to American Cancer Society estimates,
39,500 men and 14,900 women will be diagnosed with this cancer in the United
States in 1998 and 8,400 men, and 4,100 women will die from the disease (ACS,
1998). In males, where this cancer is about three times more likely to occur than
in females, these numbers represent approximately 6 percent of new cancer diag-
noses and 3 percent of deaths. Overall, bladder cancer is the fifth most common
cancer and the fifth leading cause of cancer death in the United States

Among males in the age groups that characterize most Vietnam veterans,
bladder cancer incidence is about twice as high in whites as in African Ameri-
cans. Rates are slightly higher in white than African-American women. Bladder
cancer incidence increases greatly with age for individuals older than 40. For the
age groups shown below, the incidence rate in each five-year grouping is roughly
double that of the age group before it.

The most important known risk factor for bladder cancer is smoking. About
one-half of bladder cancers in men and one-third in women are thought to be due
to smoking (Miller et al., 1996). Occupational exposure to aromatic amines (also
called arylamines) is also associated with higher incidence. High-fat diets have
been implicated as risk factors, along with exposure to the parasite Schistosoma
haematobium.

Average Annual Cancer Incidence (per 100,000 individuals) in the United Statesa

Urinary Bladder Cancer
45–49 years of age 50–54 years of age 55–59 years of age
all races white black all races white black all races white black

males 14 16 7 29 31 16 52 56 35
females 4 5 3 9 9 7 17 18 10

a SEER nine standard registries crude, age-specific rate, 1990–1994.

Summary of VAO and Update 1996

For bladder cancer, Fingerhut et al. (1991) found a small excess mortality in
their study of chemical production workers exposed to TCDD. In the total cohort
of 5,172 workers, the SMR was 1.6 (CI 0.7–3.0), based on nine cases. In workers
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with at least one year of employment and 20 years’ latency, there were four cases
(SMR = 1.9, CI 0.5–4.8). Other studies of bladder cancer have produced incon-
clusive results. Occupational studies include chemical production workers in the
United States and other countries (Moses et al., 1984; Suskind and Hertzberg,
1984; Bond et al., 1988; Zober et al., 1990; Saracci et al., 1991); agricultural and
forestry workers (Burmeister, 1981; Alavanja et al., 1988, 1989; Green, 1991;
Ronco et al., 1992; Blair et al., 1993); pesticide appliers (Blair, 1983); and paper
and pulp workers (Robinson et al., 1986; Henneberger et al., 1989). Environmen-
tal studies of bladder cancer and herbicide or TCDD exposure include the Pesatori
et al. (1992) and Bertazzi et al. (1989b, 1993) studies of Seveso residents and the
Lampi et al. (1992) study of a Finnish community exposed to chlorophenols.
Studies in Vietnam veterans examining bladder cancer include the Breslin et al.
(1988) study of Army and Marine Corps Vietnam veterans and a study of veter-
ans in Wisconsin (Anderson et al., 1986a,b). The results of these studies are
summarized in Table 7-22.

As a subgroup of the IARC cohort, a cohort of workers was identified who
manufactured chlorophenoxy herbicides in two factories in the Netherlands
(Bueno de Mesquita et al., 1993). Among 963 exposed male workers, there was
one case of bladder cancer (SMR = 1.2, CI 0.0–6.7).

The mortality experience of 754 male production workers at a Monsanto
plant was evaluated (Collins et al., 1993). One hundred and twenty-two of these
workers developed chloracne as a result of an accidental release of TCDD in
1949. Based on 16 deaths due to bladder cancer, the SMR was 6.8 (CI 3.9–11.1).
Eleven of these cases had documented exposure to 4-aminobiphenyl, a known
bladder carcinogen; therefore, TCDD exposure was not the primary suspected
risk factor. The SMR was not significantly elevated for the other five cases not
exposed to 4-aminobiphenyl.

An 18-year follow-up study of cancer incidence and mortality in 1,909 Finn-
ish herbicide appliers was reported (Asp et al., 1994). Employees had previously
been identified as being exposed to 2,4-D and 2,4,5-T (Riihimaki et al., 1982).
The median total exposure to herbicides was six weeks. Based on 12 cases of
bladder cancer, the SIR was 1.6 (CI 0.8–2.8).

Update of Scientific Literature

Occupational Studies

The IARC study (Kogevinas et al., 1997) found an SMR of 1.0 (CI 0.7–1.5)
for all workers, with 34 deaths from bladder cancer, and an SMR of 1.4 (CI 0.9–
2.1) among workers exposed to TCDD or higher chlorinated dioxins, based on 24
deaths. Hertzman et al.’s (1997) study of Canadian sawmill workers reported an
SIR of 1.0 (CI 0.8–1.2) based on 94 cases, and an SMR of 0.9 (CI 0.7–1.2) based
on 33 cases.
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Environmental Studies

In a study of rice growers, Gambini et al. (1997) found an SMR of 1.0 (CI
0.5–1.8) based on 12 deaths. A follow-up of BASF employees exposed to TCDD
as a result of a 1953 chemical reactor accident (Ott and Zober, 1996) found two
deaths due to “bladder or kidney” cancer, from a total of five cases (SIR = 1.4, CI
0.4–3.2). In the Bertazzi et al. (1997) follow-up of Seveso residents, 29 deaths
were observed, with SMRs near 1.0 among both women and men in all exposure
zones. A study of Swedish fishermen (Svensson et al., 1995) showed SIRs of 0.7
(CI 0.4–1.3) in a presumed elevated-exposure cohort and 0.9 (CI 0.7–1.1) in a
comparison cohort, based on 65 cases. SMRs for the two cohorts were 1.3 (CI
0.4–3.1) and 1.0 (CI 0.6–1.6), respectively, based on 25 total deaths.

Vietnam Veterans’ Studies

Clapp’s (1997) update of his Massachusetts veteran cohort found an OR of
0.6 (CI 0.2–1.3) based on 80 cases. None of the other studies of U.S. Vietnam
veterans (Dalager and Kang, 1997; Watanabe and Kang, 1996) published since
the release of Update 1996 reported bladder cancer outcomes. Crane and col-
leagues’ (1997a) comparison of all Australian military veterans with the rest of
the male Australian population reported 11 deaths due to bladder cancer: SMR =
1.1 (CI 0.6–2.0). A second study of the mortality experience of conscripted
Australian veterans relative to military personnel who did not serve in the conflict
reported a statistically significant RR of 0.6 based on one death among Vietnam
veterans and two in the comparison population (Crane et al., 1997b).

Synthesis

Although there is no evidence that exposure to herbicides alone is related to
bladder cancer, RRs in some of the largest cohorts tended to be greater than 1,
weakening the committee’s prior conclusion that there was positive evidence of
no relationship. Coexposure to TCDD and a variety of known bladder carcino-
gens makes it very difficult to isolate any possible additional effect of herbicides,
although little total effect was seen.

Conclusions

Strength of Evidence in Epidemiologic Studies

Based on an evaluation of all of the epidemiologic evidence, the committee
felt that the previous conclusion of “limited/suggestive evidence of no associa-
tion” between exposure to the herbicides (2,4-D, 2,4,5-T and its contaminant
TCDD, cacodylic acid, and picloram) and urinary bladder cancer should be
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TABLE 7-22 Selected Epidemiologic Studies—Urinary Bladder Cancer

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

OCCUPATIONAL
New Studies
Hertzman et al., 1997 British Columbia sawmill workers

Mortality 33 0.9 (0.7–1.2)
Incidence 94 1.0 (0.8–1.2)

Kogevinas et al., 1997 IARC cohort
Workers exposed to TCDD

(or higher chlorinated dioxins) 24 1.4 (0.9–2.1)
Workers exposed to any phenoxy

herbicide or chlorophenol 34 1.0 (0.7–1.5)
Studies reviewed in Update 1996
Asp et al., 1994 Finnish herbicide applicators—incidence 12 1.6 (0.8–2.8)
Bueno de Mesquita Dutch production workers 1 1.2 (0.0–6.7)

et al., 1993
Collins et al., 1993 Monsanto 2,4-D production workers 16 6.8 (3.9–11.1)

Studies reviewed in VAO
Ronco et al., 1992 Danish male self-employed farmers 300 0.6 (p < .05)
Fingerhut et al., 1991 NIOSH cohort 9 1.6 (0.7–3.0)

20 year latency 4 1.9 (0.5–4.8)
Green, 1991 Herbicide sprayers in Ontario 1 1.0 (0.01–5.6)
Saracci et al., 1991 IARC cohort 13 0.8 (0.2–1.4)
Zober et al., 1990 BASF production workers 0 —  (0.0–15.0)
Alavanja et al., 1989 USDA forest/soil conservationists 8 0.8 (0.3–1.6)
Henneberger et al., 1989 Mortality among paper and pulp workers 4 1.2 (0.3–3.2)
Alavanja et al., 1988 USDA agricultural extension agents 8 0.7 (0.4–1.4)
Bond et al., 1988 Dow 2,4-D production workers 0 —  (0–7.2)
Coggon et al., 1986 British MCPA production workers 8 0.9 (0.4–1.7)
Robinson et al., 1986 Paper and pulp workers 8 1.2 (0.6–2.6)
Lynge, 1985 Danish male production workers 11 0.8
Blair, 1983 Florida pesticide applicators 3 1.6
Burmeister, 1981 Farmers in Iowa 274 0.9 (NS)

ENVIRONMENTAL
New Studies
Gambini et al., 1997 Italian rice growers 12 1.0 (0.5–1.8)
Ott and Zober, 1996 BASF cleanup workers 2 1.4 (0.4–3.2)
Svensson et al., 1995 Swedish fishermen mortality

East coast 1.3 (0.4–3.1)
West coast 1.0 (0.6–1.6)

Swedish fishermen incidence
East coast 0.7 (0.4–1.3)
West coast 0.9 (0.7–1.1)

Studies reviewed in VAO
Pesatori et al., 1992 Seveso male residents—zones A and B 10 1.6 (0.9–3.1)

Female residents—zones A and B 1 0.9 (0.1–6.8)
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Lampi et al., 1992 Finnish community exposed to
chlorophenols 1.0 (0.6–1.9)

VIETNAM VETERANS
New Studies
Clapp, 1997 Massachusetts Vietnam veterans 80 0.6 (0.2–1.3)
Crane et al., 1997a Australian military veterans 11 1.1 (0.6–2.0)
Crane et al., 1997b Australian national service veterans 1 0.6

Studies reviewed in VAO
Breslin et al., 1988 Army Vietnam veterans 9 0.6 (0.3–1.2)

Marine Vietnam veterans 4 2.4 (0.1–66.4)
Anderson et al., 1986a Wisconsin Vietnam veterans 0 —
Anderson et al., 1986b Wisconsin Vietnam veterans 1 —

a Given when available.
b Many of the employees studied were also exposed to 4-aminobiphenyl, a known bladder carcinogen.

TABLE 7-22 Continued

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

changed to “inadequate/insufficient evidence to determine whether an associa-
tion exists.”

Biologic Plausibility

A thorough discussion of biologic plausibility with respect to exposure to
TCDD or herbicides and bladder cancer is contained in Chapter 3; a summary is
presented in the conclusion to this chapter.

RENAL CANCER

Background

Cancers of the kidney (ICD·9 189.0) and renal pelvis (ICD·9 189.1) are often
grouped together in epidemiologic studies, although the diseases have different
characteristics and may have different risk factors. The American Cancer Society
estimates that 17,600 men and 12,300 women will be diagnosed with renal can-
cers (ICD·9 189.0, 189.1) in the United States in 1998 and that 7,100 men and
4,500 women will die from the disease (ACS, 1998). These figures represent a
little more than 2 percent of all new cancer diagnoses and deaths.

Renal cancer is twice is common in men as in women. In the age groups that
represent most Vietnam veterans, African-American men have a slightly higher
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incidence than white men; African-American and white women have roughly the
same rate of the disease. With the exception of Wilm’s tumor (which is more
likely to occur in children), renal cancer is more common in individuals older
than 50 years of age.

Smoking is a well-established risk factor for renal cancer. Phenacetin-con-
taining analgesic abuse has also been implicated. Individuals with certain rare
syndromes—notably, von Hippel-Lindau syndrome and tuberous sclerosis—are
at higher risk. Other potential factors include diet, weight, and occupational
exposure to asbestos and cadmium.

Average Annual Cancer Incidence (per 100,000 individuals) in the United Statesa

Kidney and Renal Pelvis Cancer
45–49 years of age 50–54 years of age 55–59 years of age
all races white black all races white black all races white black

males 12 12 22 22 22 34 31 31 37
females 6 6 7 11 11 10 15 16 18

a SEER nine standard registries crude, age-specific rate, 1990–1994.

Summary of VAO and Update 1996

Studies of renal cancer have generally produced inconclusive results—in
some cases because of small sample sizes, in other cases with SMRs or PMRs
near unity. These include studies of chemical production workers in the United
States and other countries (Lynge, 1985; Coggon et al., 1986; Bond et al., 1988;
Fingerhut et al., 1991; Manz et al., 1991; Saracci et al., 1991; Bueno de Mesquita
et al., 1993; Asp et al., 1994); agricultural workers (Burmeister, 1981; Wiklund,
1983; Ronco et al., 1992; Blair et al., 1993); pesticide applicators (Blair, 1983);
paper and pulp workers (Robinson et al., 1986; Henneberger et al., 1989); the
Seveso population (Pesatori et al., 1992; Bertazzi et al., 1993); and Vietnam
veterans (Anderson et al., 1986a,b; Breslin et al., 1988; Kogan and Clapp, 1985,
1988; Clapp et al., 1991). Alavanja et al. (1988, 1989) found excess mortality due
to renal cancer in studies of USDA agricultural extension agents (PMR = 2.0, CI
1.2–3.3) and forest and soil conservationists (PMR = 2.1, CI 1.2–3.3). In subse-
quent case-control studies of these deaths, comparing ever versus never being an
extension agent resulted in a RR of 1.7 (CI 0.9–3.3). The RRs for being a soil
conservationist and a forest conservationist were 2.4 (CI 1.0–5.9) and 1.7 (CI
0.5–5.5), respectively.

A case-control study of occupational risk factors and renal cell carcinoma
included 365 cases identified from the Denmark Cancer Registry and pathology
records and 396 controls selected from the country’s Central Population Registry
(Mellemgaard et al., 1994). Based on 13 cases, the OR for men for herbicide
exposure was 1.7 (CI 0.7–4.3). Based on three cases, the OR for herbicide expo-
sure for women was 5.7 (CI 0.6–5.8).
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A PMR study examining causes of death among veterans on the state of
Michigan’s Vietnam era bonus list (Visintainer et al., 1995) compared 3,364 Viet-
nam veterans with 5,229 age-matched veterans who served elsewhere. Based on 21
cases of renal cancer among Vietnam veterans, the PMR was 1.4 (CI 0.9–2.2).

Update of the Scientific Literature

Occupational Studies

As for other cancer types, the most important new study is the IARC com-
bined cohorts (Kogevinas et al., 1997). This study found 26 cases of kidney
cancer and an SMR of 1.6 (CI 1.1–2.4), for workers exposed to TCDD, although
there was no trend by duration of exposure or time since exposure, and an SMR
of 1.1 (CI 0.7–1.6) for all workers exposed to any phenoxy herbicide or chloro-
phenol. In a study of 770 pentachlorphenol workers (Ramlow, 1996), three deaths
from kidney cancer were found among workers exposed to TCDD, yielding
SMRs with broad CIs and high correlation between exposure to PCP and TCDD.
Hertzman’s study of Canadian sawmill workers reported an SMR of 1.1 (CI 0.9–
1.5) and an SIR of 0.9 (CI 0.7–1.1).

Environmental Studies

Renal cancer totals were not reported in Gambini’s study of rice growers
(Gambini et al., 1997). In Bertazzi’s continued Seveso follow-up (Bertazzi et al.,
1997), genitourinary tract totals were reported for men, that apparently included
bladder cancer, which was also reported separately. SMRs were equal to or less
than unity in all zones where numbers were sufficient for analysis. In a study of
employees exposed after a reactor accident (Ott and Zober, 1996), five cases of
bladder and kidney cancer were observed, with an SIR of 1.4 (CI 0.4–3.2). In a
study of Swedish fishermen with unknown exposure to TCDD (Svensson et al.,
1995), neither SMRs nor SIRs exceeded unity, with 34 cases observed and 16
deaths. A study of Icelandic pesticide users reported an SIR of 0.52 for cancer of
other urinary organs (besides testis and prostate) based on three cases (Zhong and
Rafnsson, 1996).

Veteran’s Studies

No genitourinary cancer results are reported in either study of Vietnam veter-
ans by Watanabe and Kang (1995, 1996). Clapp’s (1997) update of Massachusetts’
veterans reported an OR of 1.0 (CI 0.4–2.3) for kidney cancer incidence, based on
55 cases. Crane and colleagues, comparing the mortality of all Australian military
veterans of Vietnam with the rest of the male Australian population, reported an
SMR of 1.2 (CI 0.8–1.9) based on 22 deaths during 1982–1994 (Crane et al.,
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TABLE 7-23 Selected Epidemiologic Studies—Renal Cancer

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

OCCUPATIONAL
New Studies
Kogevinas et al., 1997 IARC cohort

Workers exposed to TCDD
(or higher chlorinated dioxins) 26 1.6 (1.1–2.4)

Workers exposed to any phenoxy
herbicide or chlorophenol 1.1 (0.7–1.6)

Studies reviewed in Update 1996
Mellemgaard et al., 1994 Danish Cancer Registry patients

Occupational herbicide exposure
among males 13 1.7 (0.7–4.3)

Occupational herbicide exposure
among females 3 5.7 (0.6–5.8)

Blair et al., 1993 U.S. farmers in 23 states
White males 522 1.1 (1.0–1.2)
Nonwhite males 30
White females 6
Nonwhite females 6

Studies reviewed in VAO
Ronco et al., 1992 Danish male self-employed farm

workers 141 0.6 (p < .05)
Fingerhut et al., 1991 NIOSH cohort 8 1.4 (0.6–2.8)
Manz et al., 1991 German production workers 3 1.6 (0.3–4.6)
Saracci et al., 1991 IARC cohort 11 1.0 (0.5–1.7)
Alavanja et al., 1989 USDA forest conservationists 1.7 (0.5–5.5)

Soil conservationists 2.4 (1.0–5.9)
Henneberger et al., 1989 Paper and pulp workers 3 1.5 (0.3–4.4)
Alavanja et al., 1988 USDA agricultural extension agents 1.7 (0.9–3.3)
Bond et al., 1988 Dow 2,4-D production workers 0 —  (0.0–6.2)
Robinson et al., 1986 Paper and pulp workers 6 1.2 (0.5–3.0)
Coggon et al., 1986 British MCPA production workers 5 1.0 (0.3–2.3)
Lynge, 1985 Danish male production workers 3 0.6
Wiklund, 1983 Swedish agricultural workers 775 0.8 (0.7–0.9)b

Blair, 1983 Florida pesticide applicators 1 0.5
Burmeister, 1981 Farmers in Iowa 178 1.1 (NS)

ENVIRONMENTAL
Studies reviewed in Update 1996
Bertazzi et al., 1993 Seveso residents

Males in zone R 10 0.9 (0.4–1.7)
Females in zone R 7 1.2 (0.5–2.7)

Studies reviewed in VAO
Pesatori et al., 1992 Seveso male residents zones A and B 0 —

Female residents zones A and B 1 1.1 (0.2–8.1)
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VIETNAM VETERANS
New Studies
Crane et al., 1997a Australian military veterans 22 1.2 (0.8–1.9)
Crane et al., 1997b Australian national service veterans 3 3.9
Studies reviewed in Update 1996
Visintainer et al., 1995 Michigan Vietnam veterans 21 1.4 (0.9–2.2)
Studies reviewed in VAO
Breslin et al., 1988 Army Vietnam veterans 55 0.9 (0.5–1.5)

Marine Vietnam veterans 13 0.9 (0.5–1.5)
Kogan and Clapp, 1988 Massachusetts Vietnam veterans 9 1.8 (1.0–3.5)
Anderson et al., 1986a Wisconsin Vietnam veterans 1 —
Anderson et al., 1986b Wisconsin Vietnam veterans 2 —

NOTE: NS = not significant.
a Given when available.
b 99% CI.

TABLE 7-23 Continued

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

1997a). A second study examining the mortality experience of conscripted Austra-
lian veterans relative to military personnel who did not serve in the conflict reported
a statistically significant RR of 3.9 based on three deaths among Vietnam veterans
and one in the comparison population between 1982 and 1994 (Crane et al., 1997b).
Neither Australian study has exposure information.

Synthesis

Since Update 1996, only the study by Kogevinas and colleagues (1997)
points to a possible association of herbicides with renal cancer. However, although
this result is mildly suggestive, because of the marginal significance, lack of
trend data, and heterogeneity of the cohorts it is not strong enough to outweigh
the equivocal results from other studies.

Conclusions

Strength of Evidence in Epidemiologic Studies

In the judgment of the committee there is still inadequate or insufficient
evidence to determine whether an association exists between exposure to the
herbicides (2,4-D, 2,4,5-T and its contaminant TCDD, cacodylic acid, and piclo-
ram) and renal cancer.
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Biologic Plausibility

A thorough discussion of biologic plausibility with respect to exposure to
TCDD or herbicides and renal cancer is contained in Chapter 3; a summary is
presented in the conclusion to this chapter.

BRAIN TUMORS

Background

According to the American Cancer Society, approximately 9,800 men and
7,600 women will be diagnosed with new cases of brain and other nervous
system cancers (ICD·9 191.0–191.9, 192.0–192.3, 192.8–192.9) in the United
States in 1998, and 7,300 men and 6,000 women will die from them (ACS, 1998).
These numbers represent approximately 1.5 percent of new cancer diagnoses and
2.5 percent of deaths.

For individuals in the United States age 45–59, brain cancer is slightly more
common in males than females and slightly more common in whites than African
Americans.

Exposure to ionizing radiation is an established risk factor for brain cancer.
Several other potential factors have been examined, but the American Cancer
Society notes that the majority of brain cancers are not associated with any
known risk factors.

Average Annual Cancer Incidence (per 100,000 individuals) in the United Statesa

Brain Cancer
45–49 years of age 50–54 years of age 55–59 years of age
all races white black all races white black all races white black

Males 7 7 4 10 11 5 14 14 10
Females 5 5 3 7 8 3 8 9 5

a SEER nine standard registries crude, age-specific rate, 1990–1994.

Summary of VAO and Update 1996

In VAO and Update 1996, the committee reviewed relevant reports on brain
cancers, including studies of chemical production workers in the United States
and other countries (Lynge, 1985; Coggon et al., 1986; Bond et al., 1988; Finger-
hut et al., 1991; Saracci et al., 1991); agricultural workers (Burmeister, 1981;
Alavanja et al., 1988; Musicco et al., 1988; Wigle et al., 1990; Morrison et al.,
1992; Ronco et al., 1992; Blair et al., 1993; Dean, 1994); pesticide appliers (Blair
et al., 1983; Swaen et al., 1992; Asp et al., 1994); paper and pulp workers
(Robinson et al., 1986; Henneberger et al., 1989); the Seveso population (Bertazzi
et al., 1989a,b; Pesatori et al., 1992; Bertazzi et al., 1993); and Vietnam veterans
(Lawrence et al., 1985; Anderson et al., 1986a,b; Boyle et al., 1987; Breslin et al.,
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1988; Thomas and Kang, 1990; Dalager et al., 1995a; Visintainer et al., 1995).
The majority of the studies found no excess risk of central nervous system tumors.

Update of the Scientific Literature

In an update and expansion of the IARC cohort study, Kogevinas et al. (1997)
examined cancer mortality in a cohort of 26,615 male and female workers engaged
in the production or application of phenoxy herbicides. These cohorts were as-
sembled from 12 countries, drawn from national studies that followed the same
core protocol jointly developed by the participants and coordinated by IARC.

Nonsignificantly decreased risk of death from brain cancer was observed
among the group including all workers exposed to any phenoxy herbicide or
chlorophenol (SMR = 0.7, CI 0.4–1.0, 22 deaths). When this group was divided
into those exposed and unexposed to TCDD or higher chlorinated dioxins, the
result was unchanged, and both groups had nonsignificantly decreased risks (ex-
posed SMR = 0.6, CI 0.3–1.1, 12 deaths; unexposed SMR = 0.8, CI 0.4–1.5, 10
deaths). More detailed analysis by exposure variables such as duration and time
since first exposure was not conducted for brain cancers.

Although the study included large numbers of workers who were likely to be
exposed at levels substantially higher than general population exposures, lack of
information about actual exposure limits the investigator’s ability to examine
exposure–response relationships within the cohort. In addition the inclusion of
workers in the exposed group based on ever having worked in a job considered to
involve exposure makes it impossible to distinguish heavily exposed workers
from those with very minor exposures.

Becher et al. (1996) examined cancer mortality among workers in four Ger-
man facilities that produced phenoxy herbicides and chlorophenols. The popula-
tion included workers who had a least one month of employment, resulting in a
cohort consisting of 2,479 male workers. The cohort was assembled from four
plants, and analysis was conducted on the total cohort divided into four subcohorts
corresponding to each plant considered separately.

Based on production information and limited blood dioxin measurements,
subcohorts I and II are supposed to have higher TCDD exposures than subcohorts
III and IV. Of the four subcohorts, only group I had at least one observed or
expected death for brain cancer. An SMR of 2.3 (CI 0.5–6.8) was reported, based
on three observed cases.

Ramlow et al. (1996) examined mortality in a cohort of workers exposed to
pentachlorophenol, as part of a larger study of Dow chemical manufacturing
workers exposed to higher chlorinated dioxins. The study cohort was assembled
from company records, starting with a cohort of 2,192 workers ever employed in
a department with potential PCDD exposure between 1937 and 1980.

In the study analysis, the U.S. white male death rates (five-year age and calendar
specific) and the non-PCP and PCDD male Dow Michigan employees for 1940–1989
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were both used as reference values to calculate expected deaths. Four exposure
groups were developed for TCDD (1 unit = very low, 1–1.9 = low, 2–2.9 = medium,
3 = high). Calculation of SMRs with exposure lagged by 15 years using both the U.S.
and the Dow referent populations found no significant excess mortality for brain
cancer (one death observed, one expected). Brain cancer was not included in the more
detailed analysis by the four categories of cumulative exposure.

Cancer mortality among a cohort of rice growers in northern Italy was inves-
tigated by Gambini et al. (1997). Using a set of registered farm owners consisting
of 1,493 males who worked on farms from 1957 to 1992, they examined the
cause of death for 958 subjects and compared this with expected numbers calcu-
lated from national rates. No direct exposure information was available, so em-
ployment on the farm was used as a surrogate for exposure to the range of
phenoxy herbicides employed during the study period. A nonsignificant decrease
in brain cancer mortality (SMR = 0.9, CI 0.2–2.3, 4 deaths) was reported. Brain
cancer was not included in the more detailed analysis with stratification by age at
death and duration of exposure (employment as a farmer).

Bertazzi et al. (1997) continued the follow-up of people environmentally
exposed to TCDD in Seveso, Italy. The events that led to the exposure and the
methods used to study this population have been fully described in earlier reports.
This report updates the population after 15 years follow-up. Death from brain
cancer was nonsignificantly elevated for men in zone R (SMR = 1.3, CI 0.7–2.3,
12 observed deaths) and for women in zone B (SMR = 3.2, CI 0.6–9.4, 3 deaths)
and zone R (SMR = 1.1, CI 0.5–2.2, 8 deaths). More detailed investigation of
subjects exposed in zone B did not include brain cancer.

Svensson et al. (1995) studied mortality and cancer incidence in two cohorts of
Swedish fishermen. One group (2,896 men) resided on the east coast of Sweden and
consumed fish from the Baltic Sea. These fatty fish (particularly salmon and herring)
are reported to contain elevated levels of PCB, PCDD, and PCDF. The other group of
fishermen (8,477) resided on the west coast of Sweden and were presumed to have a
higher intake of lean (and less contaminated) fish, including cod and flat fish. This
distinction in exposure by place of residence is reportedly confirmed by the finding
that blood levels of dioxin-like compounds were two times higher among east coast
than west coast fishermen; however, no data are provided to support this point. East
coast fishermen were found to have nonsignificantly decreased mortality and inci-
dence of brain cancer, whereas west coast fishermen had nonsignificantly decreased
incidence and nonsignificantly increased mortality (SMR = 1.0, CI 0.6–1.7, 15 deaths
observed) compared to Swedish national rates

In a comparison of mortality between Army Chemical Corps Vietnam and
non-Vietnam veterans, Dalger and Kang (1997) reported that there was a nonsig-
nificant excess of deaths from brain cancer among Vietnam veterans. The study
compared 2,872 Vietnam veterans with 2,737 non-Vietnam veterans (all of whom
served in Chemical Corps specialties). All study subjects served at least 18
months’ active duty between 1965 and 1973, and vital status ascertainment was
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complete for both groups. A nonsignificant increase in death for Vietnam veter-
ans (RR = 1.1, CI 0.1–4.1, 2 observed deaths) and a nonsignificant decrease for
non-Vietnam veterans (RR = 0.8, CI 0.0–4.2, 1 death observed) from brain cancer
was found compared to U.S. general population rates. When Vietnam and non-
Vietnam cohorts were compared directly, the crude rate ratio of brain cancer
death was 1.89 (Vietnam versus non-Vietnam). Direct exposure information on
the two cohorts was not available, and the presumption that the Vietnam veterans
had potentially higher levels of dioxin exposure because of their duties involving
Agent Orange and other dioxin-contaminated herbicides (compared to the non-
Vietnam Chemical Corps veterans) has not been verified.

Crane et al. (1997a) examined the mortality experience of male Australian
Vietnam veterans from 1980 to 1994. The cohort consists of 59,036 male veter-
ans, who were followed from 22 to 32 years. There were 2,067 deaths recorded
among this group from 1980 to 1994, and vital status was ascertained for 96.9
percent of the cohort. No excess mortality was observed for brain cancer in the
overall military population (SMR = 1.1, CI 0.8–1.5, 39 deaths) or when analyzed
separately by branch of service. Study authors have described the strengths and
limitations of the Australian veterans cohort study, including virtually complete
identification of the study population, a period of follow-up ranging from 22 to
32 years, and vital status ascertainment of 96.9 percent. Among the weaknesses
of the study are the possibility of underascertainment of death and the uncertain
quality of exposure assessment to a variety of risk factors, including smoking and
alcohol consumption, as well as herbicide and dioxin exposure.

Synthesis

As in VAO and Update 1996, the studies reviewed in this report found a small
number of cases of brain tumors, and the RRs associated with herbicide exposure are
fairly evenly distributed around 1.0, with relatively narrow confidence intervals.

Conclusions

The committee has not changed the conclusion of the earlier reports that
there is limited/suggestive evidence of no association between exposure to the
herbicides (2,4-D, 2,4,5-T and its contaminant TCDD, cacodylic acid, and piclo-
ram) and brain tumors.

Strength of Evidence in Epidemiologic Studies

The evidence regarding association is drawn from occupational, environ-
mental, and veteran studies in which subjects were exposed to a variety of herbi-
cides and herbicide components. These studies reported a small number of cases
of brain tumors, with the risks associated with herbicide exposure fairly evenly
distributed around 1.0, and with relatively narrow confidence intervals.
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TABLE 7-24 Selected Epidemiologic Studies—Brain Tumors

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

OCCUPATIONAL
New Studies
Kogevinas et al., 1997 IARC cohort

Workers exposed to TCDD
(or higher chlorinated dioxins) 12 0.6 (0.3–1.1)

Workers not exposed to TCDD
(or higher chlorinated dioxins) 10 0.8 (0.4–1.5)

Workers exposed to any phenoxy
herbicide or chlorophenol 22 0.7 (0.4–1.0)

Gambini et al., 1997 Italian rice growers 4 0.9 (0.2–2.3)
Becher et al., 1996 German chemical production workers

Subcohort I 3 2.3 (0.5–6.8)
Subcohort II 0
Subcohort III 0
Subcohort IV 0

Ramlow et al., 1996 Pentachlorophenol production workers
0 year latency 1
15 year latency 1

Studies reviewed in Update 1996
Asp et al., 1994 Finnish herbicide applicators 3 1.2 (0.3–3.6)
Dean, 1994 Irish farmers and farm workers

Males 195
Females 72

Blair et al., 1993 U.S. farmers in 23 states
White males 447 1.2 (1.1–1.3)
Nonwhite males 16 1.0 (0.6–1.6)
White females 9 1.1 (0.5–2.1)
Nonwhite females 1 0.4 (0.0–2.1)

Studies reviewed in VAO
Morrison et al., 1992 Canadian prairie farmers

250+ acres sprayed with herbicides 24 0.8 (0.5–1.2)
Ronco et al., 1992 Danish male self-employed farm workers 194 1.1
Swaen et al., 1992 Dutch herbicide applicators 3 3.2 (0.6–9.3)
Fingerhut et al., 1991 NIOSH cohort 5 0.7 (0.2–1.6)
Saracci et al., 1991 IARC cohort 6 0.4 (0.1–0.8)
Wigle et al., 1990 Saskatchewan farmers 96 1.0 (0.8–1.3)
Alavanja et al., 1989 USDA forest/soil conservationists 6 1.7 (0.6–3.7)
Henneberger et al., 1989 Paper and pulp workers 2 1.2 (0.1–4.2)
Alavanja et al., 1988 USDA agricultural extension agents 1.0 (0.4–2.4)
Bond et al., 1988 Dow 2,4-D production workers 0 —  (0.0–4.1)
Musicco et al., 1988 Men and women in the Milan, Italy, area 61 1.6 (1.1–2.4)
Coggon et al., 1986 British MCPA production workers 11 1.2 (0.6–2.2)
Robinson et al., 1986 Paper and pulp workers 4 0.6 (0.2–2.1)
Lynge, 1985 Danish male production workers 4 0.7
Blair et al., 1983 Florida pesticide applicators 5 2.0
Burmeister, 1981 Farmers in Iowa 111 1.1 (NS)
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TABLE 7-24 Continued

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

ENVIRONMENTAL
New Studies
Bertazzi et al., 1997 Seveso residents

Males—zone A 0
Males—zone B 1 0.8 (0.0–4.2)
Males—zone R 12 1.3 (0.7–2.3)
Females—zone A 0
Females—zone B 3 3.2 (0.6–9.4)
Females—zone R 8 1.1 (0.5–2.2)

Svensson et al., 1995 Swedish fishermen mortality
East coast 2 0.6 (0.1–2.1)
West coast 15 1.0 (0.6–1.7)

Swedish fishermen incidence
East coast 3 0.5 (0.1–1.4)
West coast 24 0.9 (0.6–1.4)

Studies reviewed in Update 1996
Bertazzi et al., 1993 Seveso male and female residents—

zones A and B 0
Male residents—zone R 6 0.6 (0.3–1.4)
Female residents—zone R 6 1.4 (0.6–3.4)

Studies reviewed in VAO
Pesatori et al., 1992 Seveso male residents—zones A and B 0 —

Female residents—zones A and B 1 1.5 (0.2–11.3)
Bertazzi et al., 1989a Seveso male residents—zones A, B, R 5 1.2 (0.4–3.1)

Female residents—zones A, B, R 5 2.1 (0.8–5.9)

VIETNAM VETERANS
New Studies
Crane et al., 1997a Australian military veterans 39 1.1 (0.8–1.5)
Crane et al., 1997b Australian national service veterans 13 1.4
Dalager and Kang, 1997 Army Chemical Corps veterans 2 1.9b

Studies reviewed in Update 1996
Dalager et al., 1995a Women Vietnam veterans 4 1.4 (0.4–3.7)
Visintainer et al., 1995 Michigan Vietnam veterans 36 1.1 (0.8–1.5)
Boyle et al., 1987 Vietnam Experience Study 3
Studies reviewed in VAO
Thomas and Kang, 1990 Army Chemical Corps Vietnam veterans 2 5.0
Breslin et al., 1988 Army Vietnam veterans 116 1.0 (0.3–3.2)

Marine Vietnam veterans 25 1.1 (0.2–7.1)
Anderson et al., 1986a Wisconsin Vietnam veterans 13 1.6 (0.9–2.7)
Anderson et al., 1986b Wisconsin Vietnam veterans 8 0.8 (0.3–1.5)
Lawrence et al., 1985 New York Vietnam veterans 4 0.5 (0.2–1.5)

NOTE: NS = not significant.
a Given when available.
b Crude rate ratio of Vietnam to non-Vietnam veterans.
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Biologic Plausibility

Although a possible association between these exposures and brain cancer is
considered plausible given current knowledge of ways in which dioxin and herbi-
cides affect human systems, the literature reviewed for this report does not sup-
port a change from the previous conclusion of limited/suggestive evidence of no
association. A thorough discussion of biologic plausibility with respect to expo-
sure to TCDD or herbicides and brain tumors is contained in Chapter 3; a sum-
mary is presented in the conclusion to this chapter.

NON-HODGKIN’S LYMPHOMA

Background

Non-Hodgkin’s lymphoma (NHL) (ICD·9 200.0–200.8, 202.0–202.2, 2028–
202.9) is the more common of the two primary types of cancer of the lymphatic
system. The American Cancer Society estimates that 31,100 men and 24,300
women will be diagnosed with this disease in the United States in 1998 and that
13,000 men and 11,900 women will die from it (ACS, 1998). Collectively, lym-
phomas (which also include Hodgkin’s disease) are the fifth most common form
of cancer in the United States and the sixth leading cause of cancer death.

NHL incidence is uniformly higher in males than females and, in most age
groups, higher in whites than African Americans. In the cohorts that characterize
most Vietnam veterans, rates increase with age for whites and vary inconsistently
for African Americans.

The causes of NHL are poorly understood. Individuals with suppressed or
compromised immune systems are known to be at higher risk, and some studies
show increased incidence in individuals with HIV, human T-cell lymphotropic
virus (HTLV), Epstein-Barr virus, and gastric Helicobacter pylori infections. A
number of behavioral, occupational, and environmental risk factors have also
been proposed (Blair et al., 1997).

Average Annual Cancer Incidence (per 100,000 individuals) in the United Statesa

Non-Hodgkin’s Lymphoma
45–49 years of age 50–54 years of age 55–59 years of age
all races white black all races white black all races white black

males 24 24 33 30 31 27 36 37 31
females 12 12 9 18 19 16 26 27 14

a SEER nine standard registries crude, age-specific rate, 1990–1994.

Summary of VAO and Update 1996

The original VAO committee concluded that a positive association existed
between exposure to herbicides and the development of NHL. A large, well-con-
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ducted case-control study in Sweden by Hardell (1981) examined NHL and
Hodgkin’s disease together and found an OR of 6.0 (CI 3.7–9.7) for exposure to
phenoxy acids or chlorophenols, based on 105 cases. These results were replicated
in further investigations of the validity of exposure assessment and other potential
biases (Hardell, 1981). Similar data by Persson et al. (1989) showed an increased
risk for NHL in those exposed to phenoxy acids (OR = 4.9, CI 1.0–27.0), based on
a logistic regression analysis of 106 cases. Other studies of farmers and agricultural
workers were generally positive for an association between NHL and herbicides or
TCDD; however, only some were statistically significant. All of the studies of U.S.
agricultural workers reviewed showed elevated RRs (although none were statisti-
cally significant), and two National Cancer Institute studies of farmers in Kansas
and Nebraska (Hoar et al., 1986; Zahm et al., 1990) showed patterns of increased
risk linked to use of 2,4-D. The CDC selected-cancers study found an increased risk
of NHL in association with service in Vietnam; other studies of veterans, generally
with small sample sizes, were consistent with an association. In contrast, studies of
production workers—including the largest, most heavily exposed cohorts (Zober et
al., 1990; Fingerhut et al., 1991; Manz et al., 1991; Saracci et al., 1991)—indicated
no increased risk. Thus, unlike most of the other cancers studied in VAO, where the
data did not distinguish between the effects of herbicides and TCDD, these data
suggested that the phenoxy herbicides (including 2,4-D) rather than TCDD are
associated with NHL.

Occupational studies discussed in Update 1996 included data demonstrating
an increased but nonsignificant risk of NHL associated with manufacture of
2,4,5-T or TCDD (Kogevinas et al., 1995) and with herbicide manufacture
(Bloemen et al., 1993; Bueno de Mesquita et al., 1993). Similarly, several studies
of agricultural and forestry workers also reported increased risks of NHL in
farmers using herbicides (Morrison et al., 1994), including the statistically sig-
nificant increases reported in a large U.S. PCMR study (Blair et al., 1993) and a
cancer mortality study from Ireland (Dean, 1994). Environmental studies in-
cluded the Seveso cohort (Bertazzi et al., 1993), which showed nonsignificant
increases in zones A and B for men. Finally, a study of Michigan veterans
(Visintainer et al., 1995) showed that the PMR was significantly increased for
NHL, although no data were available on herbicide exposure.

The conclusion of Update 1996 was that the more recently published scien-
tific literature continued to support the positive association between exposure to
herbicides and NHL.

Update of the Scientific Literature

Occupational Studies

Production Workers Ramlow et al. (1996) evaluated mortality in a cohort of
770 workers with potential PCP exposure for 1940 through 1989, a subset from
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a larger cohort of workers with potential exposure to higher chlorinated diox-
ins. They found an insignificant increase in SMR for lymphopoietic cancer of
1.3 (CI 0.4–3.1). Becher et al. (1996) have also shown a significant increase in
SMR for NHL (SMR = 3.3, CI 1.2–7.1, N = 6) in a cohort of 2,479 workers in
four plants in Germany with exposure to phenoxy herbicide and contaminants
(dioxins and furans). A variety of herbicides was produced, including those
known to have been contaminated with TCDD. Mortality from all neoplasms
increased with latency and was highest in the largest plant where the highest
blood levels of TCDD were recorded. A larger study of 21,863 workers from 12
countries was reported by Kogevinas et al. (1997). Subjects in this updated and
expanded multinational study coordinated by IARC were followed from 1939
to 1992. Exposure was reconstructed using job records, company exposure
questionnaires, and serum and adipose tissue dioxin levels. Among workers
exposed to phenoxy herbicides contaminated with TCDD or higher chlorinated
dioxins, mortality increased from all malignant neoplasms (SMR = 1.1, 95% CI
1.0–1.2, 710 deaths), as well as NHL (SMR = 1.4, CI 0.9–2.1, 24 deaths). Risks
for all neoplasms and for lymphomas increased with time since first exposure.
In workers exposed to phenoxy herbicides with minimal or no contamination
by TCDD and higher chlorinated dioxins, mortality from all neoplasms (SMR =
1.0, CI 0.9–1.1, 398 deaths), and NHL (SMR = 1.0, 9 deaths), was similar to
that expected.

Agricultural Workers In a study reported by Gambini et al. (1997), data
were analyzed for a cohort of rice growers that contained 1,493 subjects and for
a follow-up that was more than 99 percent complete with regard to both traced
subjects and known causes of deaths. A total of 960 subjects (65 percent) died
during the observation period (1957–1992). A nonsignificant risk (SMR = 1.3,
CI 0.3–3.3) was found for NHL among workers with longer exposure during
the period when phenoxy herbicide was in use (1950–1992). Two recent case-
control studies (Amadori et al., 1995; Nanni et al., 1996) reported an OR of 1.8
(CI 1.2–2.6) for agricultural farmer-breeders at risk for development of NHL
and chronic lymphocetic leukemia combined. A case-control study of NHL and
myeloma incidence rates in Italy (Masala et al., 1996) found higher than ex-
pected rates of low-grade follicular lymphomas contributed to the excess NHL
cases in agricultural areas (known to be exposed to phenoxyacetic acid herbi-
cides), whereas intermediate histocytic lymphomas produced the excess among
urban populations known to have higher than expected rates of exposure to
organic solvents.

Tatham et al. (1997) examined the relationship between occupational expo-
sures and three subgroups of NHL: small-cell diffuse lymphomas (N = 185),
follicular lymphomas (N = 268), and large-cell diffuse lymphomas (N = 526).
There were 1,659 controls available for comparison. After controlling for demo-
graphic variables and previously identified risk factors for NHL, a significant
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positive association was observed for solvent exposure and small-cell diffuse
lymphomas (OR = 1.6, CI 1.1–2.2) and a borderline significant association for
meat packaging or processing and follicular lymphoma (OR = 1.6, CI 1.0–2.6).
However, exposures to herbicides nonsignificantly elevated the risk of only folli-
cular NHL (farming exposure: OR = 1.1, CI 0.8–1.5; non-farming exposure:
OR = 1.3, CI 0.8–1.9). No variance from null was observed for the overall NHL
cohort or for specific exposure to chlorophenoxy herbicides.

Lastly, a meta-analysis of several studies described above examining the
association between NHL and employment as a farmer in the central United
States was performed by Keller-Byrne et al. (1997) to test the observation of
Blair et al. (1993) that this group is at excess risk of NHL. Six studies were
selected for meta-analysis, and the estimated RR was 1.3 (CI = 1.2–1.6).

Environmental Studies

A single new study describing a small German cohort involved in a 1953
reactor accident was reported by Ott and Zober (1996). No cases of NHL have yet
been reported among 243 workers followed until 1992, including those whose
exposure to TCDD, based on analysis of blood lipids, indicated that they were
among a higher-risk group (TCDD doses of >1 µg/kg body weight). The recently
updated Seveso cohort analysis (Bertazzi et al., 1997) also failed to show any
increase in NHL deaths among men or women with the exception of men in zone
B (RR = 3.3, CI 0.4–11.9).

Vietnam Veteran Studies

In a report by Watanabe and Kang (1996), the mortality experience of 33,833
U.S. Army and Marine Corps Vietnam veterans who died during 1965–1988 was
compared with that of 36,797 deceased non-Vietnam veterans using PMRs. Mili-
tary service information was abstracted from military personnel records and cause
of death information from death certificates. This study showed statistically in-
creased risks of NHL among Marine (PMR 1.7, CI 1.2–2.2) but not among Army
veterans. Similarly, the Australian Vietnam veterans’ report (Crane et al., 1997a)
reported the RR of death due to NHL to be 1.3 (CI 0.5–3.5) although this was not
statistically significant.

Cytogenetic Studies

To further investigate the possible relationships between agricultural pesti-
cide exposure and increased risk of NHL among farm workers in the north central
United States, Garry et al. (1996) performed G-banded chromosome analyses of
peripheral blood from workers classified according to primary types of pesticide
exposure: herbicides (N = 20), insecticides (N = 18), fumigants (N = 23), and
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occupationally unexposed controls (N = 33). Significantly increased rearrange-
ment frequencies were demonstrated in fumigant and insecticide appliers com-
pared to control subjects. At certain chromosome bands, significant excesses of
breaks were observed in herbicide appliers, but no breaks were observed in
controls. Some of these bands contained genes with potential implications for
cancer risk, including oncogenes and genes involved in tumor suppression and
apoptosis. Of particular interest with regard to lymphoma risk were the excess
rearrangements and breaks involving band 14q32 in fumigant appliers and the
excess breaks involving band 18q21 in herbicide appliers; translocations linking
14q32 and 18q21 are the most common rearrangements observed in NHL pa-
tients. The potential pathobiological relevance of these cytogenetic events war-
rants additional investigation at the molecular level.

Synthesis

The recent scientific literature continues to support the conclusion of a posi-
tive association between exposure to herbicides and non-Hodgkin’s lymphoma
and provides a biological rationale that includes the possible interaction between
environmental toxins such as phenoxyacid herbicides and oncogene abnormali-
ties of bcl-1 and bcl-2 found in follicular NHL, a tumor that is sharply increasing
in incidence in Western countries.

Conclusions

Strength of Evidence in Epidemiologic Studies

Evidence continues to accumulate to conclude of a positive association
between exposure to the herbicides (2,4-D, 2,4,5-T and its contaminant TCDD,
cacodylic acid, and picloram) and non-Hodgkin’s lymphoma. The strength of
the evidence regarding association is drawn from occupational and other stud-
ies in which subjects were exposed to a variety of herbicides and herbicide
components and is increasing in significance, including among studies of Viet-
nam veterans.

Biologic Plausibility

The biologic plausibility for an etiological cause of follicular NHL, at least,
is also strong, given the increasing incidence of these tumors in Western coun-
tries and the demonstration of association of high exposure to herbicides and
specific chromosome breaks related to NHL oncogenesis. A more thorough dis-
cussion of biologic plausibility with respect to exposure to TCDD or herbicides
and NHL is contained in Chapter 3; a summary is presented in the conclusion to
this chapter.

(text continues on page 371)
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TABLE 7-25 Selected Epidemiologic Studies—Non-Hodgkin’s Lymphoma

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

OCCUPATIONAL
New Studies
Gambini et al., 1997 Italian rice growers 1.3 (0.3–3.3)

Kogevinas et al., 1997 IARC cohort
Workers exposed to TCDD 24 1.4 (0.9–2.1)

(or higher chlorinated dioxins)
Workers exposed to any phenoxy

herbicide or chlorophenol 9 1.0
Becher et al., 1996 German chemical production workers 6 3.3 (1.2–7.1)
Keller-Byrne et al., 1997 Farmers in the central United States 1.3 (1.2–1.6)
Nanni et al., 1996 Italian farming and animal-breeding

workers 23e 1.8 (1.2–2.6)
Ramlow et al., 1996 Pentachlorophenol production workers 3f 1.3 (0.4–3.1)
Amadori et al., 1995 Italian farming and animal-breeding

 workers 164 1.8 (1.2–2.6)
Studies reviewed in Update 1996
Kogevinas et al., 1995 IARC cohort diagnosed with NHL

Exposed to 2,4,5-T 1.9 (0.7–4.8)
Exposed to TCDD 1.9 (0.7–5.1)

Asp et al., 1994 Finnish herbicide applicators 1 0.4 (0.0–2.0)
Dean, 1994 Irish farmers and farm workers

Males 244e

Females 84e

Hardell et al., 1994 Male residents of northern Sweden
Exposure to phenoxy herbicides 25 5.5 (2.7–11.0)
Exposure to chlorophenols 35 4.8 (2.7–8.8)

Morrison et al., 1994 Farm operators in 3 Canadian provinces
All farm operators 0.8 (0.7–0.9)
Highest quartile of herbicides sprayed 19 2.1 (1.1–3.9)
Highest quartile of herbicides sprayed

relative to no spraying 6 3.0 (1.1–8.1)
Blair et al., 1993 U.S. farmers in 23 states (white males) 843 1.2 (1.1–1.3)
Bloemen et al., 1993 Dow 2,4-D production workers 2 2.0 (0.2–7.1)
Bueno de Mesquita Dutch production workers

et al., 1993 Workers exposed to phenoxy herbicides 2 3.0 (0.4–10.8)
Lynge, 1993 Danish male production workers 10 1.7 (0.5–4.5)
Persson et al., 1993 Swedish NHL patients

Exposure to phenoxy herbicides 2.3 (0.7–7.2)
Occupation as a lumberjack 6.0 (1.1–31.0)

Zahm et al., 1993 Females in eastern Nebraska farms 1.0 (0.7–1.4)
Kogevinas et al., 1992 IARC cohort

Workers exposed to any phenoxy
herbicide or chlorophenol 11 1.0 (0.5–1.7)

Studies reviewed in VAO
Hansen et al., 1992 Danish gardeners—men and women 8 2.0 (0.9–3.9)

continued
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Ronco et al., 1992 Danish farm workers—self-employed
and employees 147 1.0

Italian farm workers—self-employed
and employees 14 1.3

Smith and Christophers Male residents of Australia
1992 Exposure > 1 day 15 1.5 (0.6–3.7)

Exposure > 30 days 7 2.7 (0.7–9.6)
Swaen et al., 1992 Dutch herbicide applicators 0 —
Vineis et al., 1991 Residents of selected Italian provinces

Male residents of contaminated areas 2.2 (1.4–3.5)
Wigle et al., 1990 Canadian farmers

All farmers 103 0.9 (0.8–1.1)
Farmers spraying herbicides on

250+ acres 10 2.2 (1.0–4.6)
Zahm et al., 1990 White male residents of Nebraska

Ever done farm work 147 0.9 (0.6–1.4)
Ever mixed or applied 2,4-D 43 1.5 (0.9–2.5)

Alavanja et al., 1989 USDA soil conservationists 1.8 (0.7–4.1)
USDA forest conservationists 2.5 (1.0–6.3)

Corrao et al., 1989 Italian farmers licensed to apply pesticides
Licensed pesticide users and nonusers 45 1.4 (1.0–1.9)
Farmers in arable land areas 31 1.8 (1.2–2.5)

LaVecchia et al., 1989 Residents of the Milan, Italy, area
Agricultural occupations 2.1 (1.3–3.4)

Persson et al., 1989 Orebro Hospital
Exposed to phenoxy acids 6 4.9 (1.0–27.0)

Wiklund et al., 1989b Swedish pesticide applicators 27 1.1 (0.7–1.6)
Alavanja et al., 1988 USDA extension agents 1.2 (0.7–2.3)
Dubrow et al., 1988 Ohio residents 15 1.6 (0.8–3.4)
Olsson and Brandt, 1988 Lund Hospital patients

Exposed to herbicides 1.3 (0.8–2.1)
Exposed to chlorophenols 1.2 (0.7–2.0)

Wiklund et al., 1988a Swedish agricultural and forestry workers
Workers in land/animal husbandry 1.0 (0.9–1.1)
Timber cutters 0.9 (0.7–1.1)

Pearce et al., 1987 Male residents of New Zealand
Farming occupations 1.0 (0.7–1.5)
Fencing work 1.4 (0.9–2.2)

Woods et al., 1987 Male residents of Washington State
Phenoxy herbicide use 1.1 (0.8–1.4)
Chlorophenol use 1.0 (0.8–1.2)
Farming occupations 1.3 (1.0–1.7)
Forestry herbicide applicators 4.8 (1.2–19.4)

Hoar et al., 1986 Kansas residents
Farmers compared to nonfarmers 133 1.4 (0.9–2.1)
Farmers using herbicides > 20 days/year 7 6.0 (1.9–19.5)

TABLE 7-25 Continued

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a
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Pearce et al., 1986b Male residents of New Zealand
Agricultural sprayers 19c 1.5 (0.7–3.3)

Pearce et al., 1985 Male residents of New Zealand
Agricultural occupations, ages 20–64 1.4 (0.9–2.0)

Burmeister et al., 1983 Iowa residents
Farmers 1.3
Farmers in 33 counties with highest

herbicide use:
Born before 1890 3.4
Born 1890–1900 2.2
Born after 1900 1.3

Riihimiki et al., 1983 Finnish herbicide applicators 0 —
Wiklund, 1983 Swedish agricultural workers 1.1 (0.9–1.2)
Cantor, 1982 Wisconsin residents 175 1.2 (1.0–1.5)
Hardell et al., 1980 Umea Hospital patients

Exposed to phenoxy acids 41 4.8 (2.9–8.1)b

Exposed to chlorophenols 50 4.3 (2.7–6.9)b

ENVIRONMENTAL
New Studies
Bertazzi et al., 1997 Seveso residents

Males in zone B 3.3 (0.4–11.9)
Studies reviewed in Update 1996
Bertazzi et al., 1993 Seveso residents

Males in zone B 3 2.3 (0.7–7.4)
Females in zone B 1 0.9 (0.1–6.4)
Males in zone R 12 1.3 (0.7–2.5)
Females in zone R 10 1.2 (0.6–2.3)

Studies reviewed in VAO
Lampi et al., 1992 Finnish community exposed to

chlorophenols
Compared to two uncontaminated

municipalities 2.8 (1.4–5.6)
Compared to cancer control region 2.1 (1.3–3.4)

Pesatori et al., 1992 Seveso residents
Males in zones A and B 3
Females in zones A and B 1
Males in zone R 13
Females in zone R 10

Bertazzi et al., 1989b Seveso residents
Females in zone B 2
Males in zone R 3
Females in zone R 4

continued

TABLE 7-25 Continued

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a
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VIETNAM VETERANS
New Studies
Crane et al., 1997a Australian military veterans 1.3 (0.5–3.5)
Watanabe and Kang, 1996 Marine Vietnam veterans 1.7 (1.2–2.2)
Studies reviewed in Update 1996
Visintainer et al., 1995 Michigan Vietnam veterans 32 1.5 (1.0–2.1)
Studies reviewed in VAO
Clapp et al., 1991 Massachusetts Vietnam veterans 1.2 (0.6–2.4)
Dalager et al., 1991 Vietnam veterans diagnosed with NHL 100 1.0 (0.7–1.8)
O’Brien et al., 1991 Army enlisted Vietnam veterans 7 1.8
Thomas et al., 1991 Women Vietnam veterans 3 1.3 (0.3–1.8)
Watanabe et al., 1991 Army Vietnam veterans compared to

Vietnam-era Army veterans 140 0.8
Army Vietnam veterans compared to

combined Army and Marine Vietnam-
era veterans 140 0.9

Marine Vietnam veterans compared to
Vietnam-era veterans 42 1.8

Marine Vietnam veterans compared to
combined Army and Marine Vietnam-
era veterans 42 1.2

CDC, 1990 U.S. men born between 1921 and 1953
Vietnam veterans 99 1.5 (1.1–2.0)
Army Vietnam veterans 45 1.2 (0.8–1.8)
Marine Vietnam veterans 10 1.8 (0.8–4.3)
Air Force Vietnam veterans 12 1.0 (0.5–2.2)
Navy Vietnam veterans 32 1.9 (1.1–3.2)
Blue-water Navy Vietnam veterans 28 2.2 (1.2–3.9)

Michalek et al., 1990 Air Force Ranch Hand veterans
mortality 0

Wolfe et al., 1990 Air Force Ranch Hand veterans
morbidity 1

Breslin et al., 1988 Army Vietnam veterans 108 0.8 (0.6–1.0)
Marine Vietnam veterans 35 2.1 (1.2–3.8)

Garland et al., 1988 Navy enlisted personnel 1974–1983 0.7
Burt et al., 1987 Army combat Vietnam veterans 39 1.1 (0.7–1.5)

Marine combat Vietnam veterans 17 3.2 (1.4–7.4)
Army Vietnam veterans (service

1967–1969) 64 0.9 (0.7–1.3)
Marine Vietnam veterans (service

1967–1969) 17 2.5 (1.1–5.8)
Fett et al., 1987b Australian Vietnam veterans 4 1.8 (0.4–8.0)
Anderson et al., 1986a Wisconsin Vietnam veterans

Wisconsin Vietnam veterans compared
to Wisconsin nonveterans 13 0.7

TABLE 7-25 Continued

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a
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Wisconsin Vietnam veterans compared
to non-Vietnam-era veterans 13 0.6

Wisconsin Vietnam veterans compared
to Vietnam-era veterans 13 1.0

Anderson et al., 1986b Wisconsin Vietnam veterans compared
to general population 24 0.7

Wisconsin Vietnam veterans compared
to Wisconsin veterans 24 1.1

Holmes et al., 1986 West Virginia Vietnam veterans
compared to West Virginia Vietnam-
era veterans 2 1.1

Lawrence et al., 1985 New York Vietnam veterans 10 1.0 (0.4–2.2)

a Given when available.
b Includes both NHL and Hodgkin’s disease.
c Only NHL other than lymphosarcoma and reticulosarcoma (ICD 202).
d NHL, 4 living cases and 3 deaths listed by Boyle et al., 1987.
e Includes NHL and chronic lymphocetic leukemia (CLL) combined.
f Includes all lymphomas combined.

TABLE 7-25 Continued

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

HODGKIN’S DISEASE

Background

Hodgkin’s disease (HD) (ICD·9 201.0–201.9) is distinct from NHL in its cell
of origin, demographics, and genetics. According to American Cancer Society
estimates, 3,700 men and 3,400 women will be diagnosed with the disease in the
United States in 1998, and 700 men and an equal number of women will die from
it (ACS, 1998).

HD is less common in individuals in the age groups that characterize most
Vietnam veterans than in individuals both younger and older. For individuals
older than 40, the incidence rate for males generally exceeds that for females and
the rate for whites exceeds that for African Americans. However, the very small
number of cases indicates that care should be exercised when interpreting the
figures.

The potential infectious nature of HD has been a topic of discussion since its
earliest description. Increased incidence in individuals with a history of infec-
tious mononucleosis has been observed in some studies, and a link with Epstein-
Barr virus has been proposed. In addition to the occupational associations dis-
cussed below, higher rates of the disease have been observed in individuals with
suppressed or compromised immune systems.
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Average Annual Cancer Incidence (per 100,000 individuals) in the United Statesa

Hodgkin’s Disease
45–49 years of age 50–54 years of age 55–59 years of age
all races white black all races white black all races white black

males 3.4 3.5 3.4 3.6 3.7 4.3 3.4 3.3 4.3
females 1.7 1.7 2.5 1.5 1.7 1.5 1.7 1.9 1.7

a SEER nine standard registries crude, age-specific rate, 1990–1994.

Summary of VAO and Update 1996

HD, also a malignant lymphoma, is a neoplastic disease characterized by
painless, progressive enlargement of lymph nodes, spleen, and general lymphoid
tissues. Fewer studies have been conducted of HD in relation to exposure to
herbicides or TCDD than of NHL, but the pattern of results is consistent. The 60
HD cases in the study by Hardell et al. (1981) were examined later by Hardell and
Bengtsson (1983), who found ORs of 2.4 (CI 0.9–6.5) for low-grade exposure to
chlorophenols and 6.5 (CI 2.7–19.0) for high-grade exposure. The study by
Persson et al. (1989) of 54 HD cases showed a large, but not statistically signifi-
cant, OR of 3.8 (CI 0.5–35.2) for exposure to phenoxy acids. Furthermore, nearly
all of the 13 case-control and agricultural worker studies show an increased risk
for HD, although only a few of these results are statistically significant for HD.
As with NHL, even the largest studies of production workers exposed to TCDD
do not indicate an increased risk. The few studies of HD in Vietnam veterans tend
to show elevated risks; all but one are statistically significant.

Occupational studies have included those of Kogevinas (1993) showing no
increase in HD among 13,898 production workers or sprayers and a negative U.S.
PCMR study of farmers in 23 states (Blair, 1993). A smaller study among Finnish
herbicide appliers (Asp et al., 1994) showed a nonsignificant increase in SIR,
whereas another study (Persson et al., 1993) reported a significant increase in OR
for HD among Swedish farmers exposed to phenoxy acid herbicides.

Neither environmental nor veteran studies provided any additional data to
strengthen an association, primarily because of the very low incidence of HD
among the Seveso cohorts (Bertazzi et al., 1993) and in selected veteran studies
(Visintainer et al., 1995). Update 1996 nonetheless concluded that the data con-
tinued to support a positive association between exposure to herbicides and HD,
based primarily on occupational and environmental studies.

Update of the Scientific Literature

Occupational Studies

Two studies recently reported with positive (although nonsignificant) data
for the association between TCDD (Becher et al., 1996) or PCP (Ramlow et al.,
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1996) and NHL found no similar association for HD among manufacturing
workers. An update of a very large occupational cohort by Kogevinas et al.
(1997) also showed no association between HD and phenoxy herbicides or
chlorophenols (SMR = 1.0, CI 0.5–1.8) but did show a nonsignificant increase of
HD among workers exposed to TCDD or higher chlorinated hydrocarbons (SMR
= 1.3, CI 0.6–2.5). Among agricultural workers, Gambini et al. (1997) described
no increase in HD (SMR = 0.7, CI 0.1–3.6) among rice growers in northern Italy,
again confounded by the extremely low incidence of this malignancy (one case
observed among 221 cancer deaths). A prospective epidemiologic study con-
ducted in a rural farming community in Michigan (Waterhouse et al., 1996)
demonstrated a significant increase in the combined incidence of lymphopoietic
neoplasms, namely NHL, HD, and chronic lymphocytic leukemia (CLL); the
combined SIR was 1.4 (95% CI 1.0–1.9; p = .03) and the SIR for HD was 2.9 (CI
1.1–3.4).

Environmental Studies

The Seveso cohort analysis has recently been updated (Bertazzi et al., 1997)
and remains one of the highest documented exposures to TCDD but is limited by
the relatively small size of the population in zone A. It has now shown an increase
in HD in zone B for men (RR = 3.3, CI 0.4–11.9) and for women (RR = 6.5, CI
0.7–23.5), but no increase for either sex in zone R.

Vietnam Veteran Studies

Watanabe and Kang (1996) compared the mortality experience of 33,833
U.S. Army and Marine Corps Vietnam veterans who died during 1965–1988
with that of 36,797 deceased non-Vietnam veterans using PMRs. Service infor-
mation was abstracted from military personnel records, and cause of death
information from death certificates. As with NHL, they demonstrated a signifi-
cantly increased PMR (1.9, CI 1.2–2.7) among Marine, but not among Army,
Vietnam veterans.

Synthesis

The data for HD are more limited than for NHL, due primarily to the lower
incidence of this lymphoreticular tumor. Nonetheless, data drawn from agricul-
tural, production, and environmental exposures and, more recently, from Viet-
nam veterans continues to support the conclusions of a positive association be-
tween herbicides and HD. Although not as clearly demonstrated as for NHL,
biologic plausibility also exists for a positive association between TCDD and the
development of HD due to their common lymphoreticular origin and association
with common risk factors.
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Conclusions

Strength of Evidence in Epidemiologic Studies

Evidence is sufficient to conclude that there is a positive association between
exposure to the herbicides (2,4-D, 2,4,5-T and its contaminant TCDD, cacodylic
acid, and picloram) and Hodgkin’s disease. The evidence regarding association is
drawn from occupational and other studies in which subjects were exposed to a
variety of herbicides and herbicide components.

TABLE 7-26 Selected Epidemiologic Studies—Hodgkin’s Disease

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

OCCUPATIONAL
New Studies
Gambini et al., 1997 Italian rice growers 1 0.7 (0.1–3.6)
Kogevinas et al., 1997 IARC cohort 1.0 (0.5–1.8)
Becher et al., 1996 German chemical production workers NS
Ramlow et al., 1996 Pentachlorophenol production workers NS
Waterhouse et al., 1996 Residents of Tecumseh, Michigan 2.9 (1.1–3.4)
Studies reviewed in Update 1996
Asp et al., 1994 Finnish herbicide applicators 2 1.7 (0.2–6.0)
Blair et al., 1993 U.S. farmers in 23 states—white

males 56 1.0 (0.8–1.3)
Kogevinas et al., 1993 IARC cohort—females 1
Persson et al., 1993 Swedish NHL patients

Exposure to phenoxy herbicides 5 7.4 (1.4–40.0)d

Kogevinas et al., 1992 IARC cohort 3 0.6 (0.1–1.7)
Studies reviewed in VAO
Eriksson et al., 1992 Swedish Cancer Registry patients

Male sawmill workers 10 2.2
Male farmers 97 1.2
Male forestry workers 35 1.2
Male horticulture workers 11 1.2

Ronco et al., 1992 Danish and Italian farm workers
Male Danish farmers—self-employed 27 0.6
Male Italian farmers—self-employed 10 2.9
Male Italian farmers—employees 1 0.4
Male Italian farmers—self-employed

and employees 11 1.9
Female Italian farmers—self-employed 1 1.9

Swaen et al., 1992 Dutch herbicide applicators 1 3.3
Fingerhut et al., 1991 NIOSH cohort 3 1.2 (0.3–3.5)

20 years latency, 1+ years exposure 1 —
Green, 1991 Herbicide sprayers in Ontario 0 —
Saracci et al., 1991 IARC cohort 2 0.4 (0.1–1.4)
Zober et al., 1990 BASF production workers 0 —
Alavanja et al., 1989 USDA forest/soil conservationists 4 2.2 (0.6–5.6)
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LaVecchia et al., 1989 Residents of the Milan, Italy, area
Agricultural occupations 2.1(1.0–3.8)
Chemical industry occupations 4.3 (1.4–10.2)

Persson et al., 1989 Orebro Hospital patients
Farming 6 1.2 (0.4–3.5)
Exposed to phenoxy acids 4 3.8 (0.5–35.2)

Wiklund et al., 1989b Swedish pesticide applicators 15 1.5 (0.8–2.4)
Alavanja et al., 1988 USDA agricultural extension agents

PMR analysis 6 2.7 (1.2–6.3)
Case-control analysis 6 1.1 (0.3–3.5)

Bond et al., 1988 Dow workers with chloracne 1
Dubrow et al., 1988 Ohio residents 3 2.7
Wiklund et al., 1988a Swedish agricultural and forestry

workers
Workers in land/animal husbandry 242 1.0 (0.9–1.2)
Workers in silviculture 15 2.3 (1.3–3.7)

Hoar et al., 1986 Kansas residents
All farmers 71 0.8 (0.5–1.2)
Farm use of herbicides (phenoxy acids

and others) 0.9 (0.5–1.5)
Farmers using herbicides >20 days/year 3 1.0 (0.2–4.1)
Farmers using herbicides >15 years 10 1.2 (0.5–2.6)

Pearce et al., 1985 Male residents of New Zealand
Agricultural occupations, ages 20–64 1.0 (0.6–2.0)

Burmeister et al., 1983 Iowa residents 1.4
Hardell and Bengtsson, Umea Hospital patients
1983 Exposed to phenoxy acids 6 5.0 (2.4–10.2)

Exposed to high-grade chlorophenols 9 6.5 (2.7–19.0)
Exposed to low-grade chlorophenols 5 2.4 (0.9–6.5)

Riihimaki et al., 1983 Finnish herbicide applicators 0 —
Wiklund, 1983 Swedish agricultural workers 226 1.0 (0.9–1.2)b

Burmeister, 1981 Farmers in Iowa 1.2
Hardell et al., 1980 Umea Hospital patients

Exposed to phenoxy acids 41 4.8 (2.9–8.1)c

Exposed to chlorophenols 50 4.3 (2.7–6.9)c

ENVIRONMENTAL
New Studies
Bertazzi et al., 1997 Seveso residents

zone B—male 2 3.3 (0.4–11.9)
zone B—female 2 6.5 (0.7–23.5)
zone R—female 4 1.9 (0.5–4.90

Studies reviewed in Update 1996
Bertazzi et al., 1993 Seveso residents

zone A—male 0 —
zone A—female 0 —
zone B—male 1 1.7 (0.2–12.8)
zone B—female 1 2.1 (0.3–15.7)

TABLE 7-26 Continued

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

continued
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zone R—male 4 1.1 (0.4–3.1)
zone R—female 3 1.0 (0.3–3.2)

VIETNAM VETERANS
New Studies
Watanabe and Kang, 1996 Marine and Army Vietnam veterans 1.9 (1.2–2.7)
Studies reviewed in Update 1996
Visintainer et al., 1995 Michigan Vietnam veterans 20 1.1 (0.7–1.8)
Studies reviewed in VAO
Watanabe et al., 1991 Army Vietnam veterans compared to

Vietnam-era Army veterans 116 1.0
Marine Vietnam veterans compared to

Vietnam-era veterans 25 1.9
Army Vietnam veterans compared to

Vietnam-era veterans 116 1.1
Marine Vietnam veterans compared to

Vietnam-era veterans 25 1.0
CDC, 1990 U.S. men born between 1921 and 1953

Vietnam veterans 28 1.2 (0.7–2.4)
Army Vietnam veterans 12 1.0 (0.5–2.0)
Marine Vietnam veterans 4 1.7 (0.5–5.9)
Air Force Vietnam veterans 5 1.7 (0.6–4.9)
Navy Vietnam veterans 7 1.1 (0.4–2.6)

Michalek et al., 1990 Air Force Ranch Hand veterans mortality 0 —
Wolfe et al., 1990
Breslin et al., 1988 Army Vietnam veterans compared to

Vietnam-era Army veterans 92 1.2 (0.7–1.9)
Marine Vietnam veterans compared to

Marine Vietnam-era veterans 22 1.3 (0.7–2.6)
Boyle et al., 1987 Vietnam Experience Study 0 —
Fett et al., 1987 Australian Vietnam veterans 0 —
Anderson et al., 1986a Wisconsin Vietnam veterans compared

to Wisconsin nonveterans 6 0.5 (0.2–1.2)
Wisconsin Vietnam veterans compared

to non-Vietnam-era veterans 6 1.0 (0.4–2.2)
Wisconsin Vietnam veterans compared

to Vietnam-era veterans 6 1.0 (0.4–2.1)
Anderson et al., 1986b Wisconsin Vietnam veterans 4 —
Holmes et al., 1986 West Virginia Vietnam veterans

compared to West Virginia Vietnam-
era veterans 5 8.3 (2.7–19.5)

Lawrence et al., 1985 New York Vietnam veterans compared
to New York Vietnam-era veterans 10c 1.0 (0.4–2.2)

a Given when available.
b 99% CI.
c Includes both non-Hodgkin’s lymphoma and Hodgkin’s disease.
d 90% CI.

TABLE 7-26 Continued

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a
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Biologic Plausibility

A thorough discussion of biologic plausibility with respect to exposure to
TCDD or herbicides and Hodgkin’s disease is contained in Chapter 3; a summary
is presented in the conclusion to this chapter.

MULTIPLE MYELOMA

Background

Multiple myeloma (MM) (ICD·9 203.0, 203.2–203.8) is characterized by
proliferation of bone marrow stem cells that results in an excess of neoplastic
plasma cells and the production of excess abnormal proteins, usually immunoglo-
bulins. The American Cancer Society estimates that 7,200 men and 6,200 women
will be diagnosed with this disease in 1998 and that 5,800 men and 5,500 women
will die from it (ACS, 1998).

MM incidence is highly age dependent, with a relatively low rate in indi-
viduals under 40 and most cases occurring between 55 and 70 years of age. Rates
for African Americans are about twice those for whites. Within racial groups,
incidence in males is slightly higher than in females.

Increased incidence of MM has been observed in several occupational groups,
including farmers and agricultural workers and those with workplace exposure to
rubber, leather, paint, and petroleum (Riedel et al., 1991). Individuals with high
exposure to ionizing radiation are also at greater risk. Evidence regarding other
risk factors is mixed.

Average Annual Cancer Incidence (per 100,000 individuals) in the United Statesa

Multiple Myeloma
45–49 years of age 50–54 years of age 55–59 years of age
all races white black all races white black all races white black

males 4 3 7 6 5 14 11 10 20
females 2 2 5 5 4 13 7 6 20

a SEER nine standard registries crude, age-specific rate, 1990–1994.

Summary of VAO and Update 1996

Although multiple myeloma has been less extensively studied than the NHL,
a consistent pattern of elevated risk was described in most studies evaluated for
VAO and Update 1996. Several studies of agricultural and forestry workers pro-
vided information on MM risk in relation to herbicide or pesticide exposure.
These studies demonstrated an OR or SMR greater than 1.0; several did so at a
statistically significant level. The committee determined that the evidence for this
association was limited/suggestive, because the individuals in the existing studies
(mostly farmers) have, by nature of their occupation, probably been exposed to a
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range of potentially carcinogenic agents other than herbicides and TCDD. MM,
like NHL and HD, for which there is stronger epidemiologic evidence of an
association, is derived from lymphoreticular cells, which adds to the biologic
plausibility of an association. The committee concluded that there was continuing
accumulation of limited/suggestive evidence of an association between exposure
to the herbicides (2,4-D, 2,4,5-T and its contaminant TCDD, cacodylic acid, and
picloram) and MM. The evidence regarding this association was drawn from
occupational and other studies in which subjects were exposed to a variety of
herbicides and herbicide components.

Update of the Scientific Literature

Occupational Studies

Production Workers In an update and expansion of the IARC cohort study,
Kogevinas et al. (1997) examined cancer mortality in a cohort of 26,615 male and
female workers engaged in the production or application of phenoxy herbicides.
These workers were assembled from 12 countries, drawn from national studies
that followed the same core protocol developed jointly by the participants and
coordinated by IARC. Of the total study population, 21,863 (20,851 men and
1,012 women) were classified as exposed to phenoxy herbicides or chlorophenols
based on individual job records and company exposure questionnaires; 4,160
were unexposed; and 592 were classified as unknown exposure status. The great
majority of workers were considered exposed if they had ever worked in produc-
tion or spraying of phenoxy herbicides or chlorophenols (four cohorts were ex-
ceptions, with minimum employment periods of 1 to 12 months). The period of
follow-up also varied between cohorts; overall it extended from 1939 to 1992
(488,482 person-years at report [PYAR]). A total of 4.4 percent (970 workers)
were lost to follow-up. Exposure information varied between cohorts, but in
general, exposures were reconstructed from job records. The exposed workers
were aggregated into five groups: main production, maintenance, other exposed
jobs, unspecified tasks, and sprayers. Based on these categories and information
on production processes and the composition of materials used, exposed workers
were further classified into three categories: exposed to TCDD or higher chlori-
nated dioxins; unexposed to the same; and unknown exposure to the same.

Analysis was performed by calculating SMRs and 95% CI, using the World
Health Organization mortality data bank to calculate national mortality rates by
sex, age (five-year intervals), and calendar period (five year). Within-cohort
analysis was also performed using Poisson regression adjusting for time since
first exposure, duration of exposure, and employment status. MM mortality was
nonsignificantly elevated (SMR = 1.3, CI 0.8–2.1, based on 17 deaths) among the
group including all workers exposed to any phenoxy herbicide or chlorophenol.
When this group was divided into groups exposed and unexposed to TCDD or
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higher chlorinated dioxins, the TCDD-exposed group had a slightly lower risk
(SMR = 1.2, CI 0.6–2.3) than the unexposed group (SMR = 1.6, CI 0.7–3.1),
although neither achieved statistical significance. More detailed analysis by ex-
posure variables such as duration and time of first exposure was not conducted
for multiple myeloma.

Although the study includes large numbers of workers who were likely to be
exposed at levels substantially higher than the general population, the lack of
information available about actual exposures limits the investigator’s ability to
examine exposure–response relationships within the cohort. In addition, the in-
clusion of workers in the exposed group based on ever having worked in a job
considered exposed makes it impossible to distinguish heavily exposed workers
from those with very minor exposures.

Becher et al. (1996) examined cancer mortality among workers in four Ger-
man facilities that produced phenoxy herbicides and chlorophenols. These co-
horts were also part of the IARC study described above. The population included
workers who had at least one month of employment, resulting in a cohort consist-
ing of 2,479 male workers. The cohort was assembled from four plants, and
analysis was conducted on the total cohort divided into four subcohorts corre-
sponding to each plant considered separately. The period of follow-up varied
between plants, and 100 workers were lost to follow-up. The nature of chemical
production varied substantially between plants and over time; some facilities
synthesized and formulated a wide range of phenoxy herbicides and chlorophe-
nols (subcohorts III and IV), whereas others produced primarily 2,4,5-T and/or
2,4,5-TCP (subcohorts I and II). SMRs and 95% CI were calculated using West
German mortality rates by five-year age and calendar intervals. Cox regression
was performed to evaluate the effect of smoking in the one subcohort for which
smoking information was available. Each subcohort was analyzed separately
since the exposure pattern was judged to be characteristic for each facility. Based
on production information and limited blood dioxin measurements, subcohorts I
and II are supposed to have higher TCDD exposures than subcohorts III and IV.
Of the four subcohorts, only group I had at least one observed death from MM. In
this group, 3 deaths were observed versus 0.6 expected for a SMR of 5.4 (CI 1.1–
15.9).

Agricultural Workers Cancer mortality among a cohort of rice growers in
northern Italy was investigated by Gambini et al. (1997). Using a set of registered
farm owners consisting of 1,493 males who worked on farms from 1957 to 1992,
they examined the cause of death for 958 subjects and compared this with ex-
pected numbers calculated from national rates. No direct exposure information
was available, so employment on the farm was used as a surrogate for exposure to
the range of phenoxy herbicides employed during the study period. Cancer mor-
tality was evaluated for MM and observed and expected deaths were 0 and 1.9 for
the overall cohort (SMR = 0.0, CI 0.0–2.0). Although the study population is
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small, it does describe the experience of a cohort with good follow-up (99 per-
cent) and long latency (37 percent of deaths observed beyond the age of 80). It is
limited by crude exposure assessment, however, and the degree to which study
subjects were actually exposed to phenoxy herbicides can not be established with
any certainty.

Environmental Studies

Bertazzi et al. (1997) continued the follow-up of people environmentally
exposed to TCDD in Seveso, Italy. The events that led to the exposure and the
methods used to study this population have been fully described in earlier reports.
This report updates the population after 15 years’ follow-up. Death from multiple
myeloma showed significant increases in zone B for women (RR = 6.6, CI = 1.8–
16.8), but not for men. There were no increases in zones A and R for either sex.

Vietnam Veteran Studies

Recent veteran studies are limited because of the small number of MM
deaths in the few analyses that have been conducted. The only reported data for
MM for U.S. veterans come from the Watanabe and Kang study (1996), showing
no increase among either Army or Marine veterans (SMR = 0.9 and 0.6, respec-
tively). The Australian Vietnam veteran study (Crane et al., 1997a) found an
SMR of 0.6 (CI 0.2–1.4) based on six deaths. A second study examining the
mortality experience of conscripted Australian veterans relative to military per-
sonnel who did not serve in the conflict reported no MM deaths among Vietnam
veterans and one in the comparison population between 1982 and 1994 (Crane et
al., 1997b).

Synthesis

The low incidence of MM among the various cohorts that have been studied
makes it difficult to draw firm conclusions from every study. Nonetheless, the
consistent pattern of elevated risk appears to continue for the few reports evaluat-
ing myeloma cases discussed in this report. Two additional production studies
and one subset of the Seveso cohort appear to be at increased risk, with SMRs or
RRs greater than 1.0 reported. New studies of Vietnam veterans reported lower
than expected MM mortality.

The committee has determined that the evidence for this association is lim-
ited/suggestive, because individuals in the existing studies (mostly farmers) have,
by nature of their occupation, probably been exposed to a range of potentially
carcinogenic agents other than herbicides and TCDD. MM—like NHL and HD,
for which there is stronger epidemiologic evidence of an association—is derived
from lymphoreticular cells, which adds to the biologic plausibility of an associa-
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TABLE 7-27 Selected Epidemiologic Studies—Multiple Myeloma

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

OCCUPATIONAL
New Studies
Gambini et al., 1997 Italian rice growers 0 —
Kogevinas et al., 1997 IARC cohort

Workers exposed to TCDD
(or higher chlorinated dioxins) 1.2 (0.6–2.3)

Workers not exposed to TCDD
(or higher chlorinated dioxins) 1.6 (0.7–3.1)

Workers exposed to any phenoxy
herbicide or chlorophenol 17 1.3 (0.8–2.1)

Becher et al., 1996 German chemical production
workers—Plant I 3 5.4 (1.1–15.9)

Studies reviewed in Update 1996
Asp et al., 1994 Finnish herbicide applicators 3 2.6 (0.5–7.7)
Dean, 1994 Irish farmers and farm workers 170 1.0
Blair et al., 1993 U.S. farmers in 23 states

White males 413 1.2 (1.0–1.3)
White females 14 1.8 (1.0–3.0)
Nonwhite males 51 0.9 (0.7–1.2)
Nonwhite females 11 1.1 (0.6–2.0)

Farmers in central U.S. states
White males 233 1.2
White females 12 2.6

Lynge, 1993 Danish production workers
Male 0 —
Female 2 12.5 (1.5–45.1)

Semenciw et al., 1994 Farmers in Canadian prairie provinces 160 0.8 (0.7–1.0)

Brown et al., 1993 Iowa male users of pesticides or
herbicides 111 1.2 (0.8–1.7)

Zahm et al., 1992 Eastern Nebraska users of herbicides
Male 8 0.6 (0.2–1.7)
Female 10 2.3 (0.8–7.0)

Eastern Nebraska users of insecticides
Male 11 0.6 (0.2–1.4)
Female 21 2.8 (1.1–7.3)

Studies reviewed in VAO
Eriksson and Karlsson, Residents of northern Sweden 20 2.2 (1.0–5.7)
1992
Swaen et al., 1992 Dutch herbicide applicators 3 8.2 (1.6–23.8)
Fingerhut et al., 1991 NIOSH cohort 5 1.6 (0.5–3.9)

20 years latency, 1+ years exposure 3 2.6 (0.5–7.7)
Saracci et al., 1991 IARC cohort 4 0.7 (0.2–1.8)
Alavanja et al., 1989 USDA forest/soil conservationists 1.3 (0.5–2.8)
Boffetta et al., 1989 ACS Prevention Study II subjects 12 2.1 (1.0–4.2)

Farmers using herbicides or pesticides 8 4.3 (1.7–10.9)

continued
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LaVecchia et al., 1989 Residents of the Milan, Italy, area
Agricultural employment 2.0 (1.1–3.5)

Morris et al., 1986 Residents of four SEER areas 2.9 (1.5–5.5)
Pearce et al., 1986 Male residents of New Zealand

Use of agricultural spray 16 1.3 (0.7–2.5)
Likely sprayed 2,4,5-T 14 1.6 (0.8–3.1)

Cantor and Blair, 1984 Wisconsin residents
Farmers in counties with highest

herbicide usage 1.4 (0.8–2.3)
Burmeister et al., 1983 Iowa residents (farmers in counties

with highest herbicide usage)
Born 1890–1900 2.7 (p < .05)
Born after 1900 2.4 (p < .05)

Riihimaki et al., 1983 Finnish herbicide applicators 1 2.5 (0.3–14.0)

ENVIRONMENTAL
New Studies
Bertazzi et al., 1997 Seveso residents

zone B—female 6.6 (1.8–16.8)
Studies reviewed in Update 1996
Bertazzi et al., 1993 Seveso residents

zone A—male 0 —
zone A—female 0 —
zone B—male 2 3.2 (0.8–13.3)
zone B—female 2 5.3 (1.2–22.6)
zone R—male 1 0.2 (0.0–1.6)
zone R—female 2 0.6 (0.2–2.8)

Studies reviewed in VAO
Pesatori et al., 1992 Seveso residents

Males—zones A and B 2 2.7 (0.6–11.3)
Female—zones A and B 2 4.4 (1.0–18.7)
Males—zone R 1 0.2 (0.0–1.5)
Females—zone R 3 0.9 (0.3–3.1)

VIETNAM VETERANS
New Studies
Crane et al., 1997a Australian military veterans 6 0.6 (0.2–1.4)
Crane et al., 1997a Australian military veterans 0
Watanabe and Kang, 1996 Army Vietnam veterans 0.9

Marine Vietnam veterans 0.6
Studies reviewed in VAO
Breslin et al., 1988 Army Vietnam veterans 0.8 (0.2–2.5)

Marine Vietnam veterans 2 0.5 (0.0–17.1)

a Given when available.

TABLE 7-27 Continued

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a
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tion. The new data available on MM do not change the committee’s earlier view
that there is a limited/suggestive association between exposure to herbicides and
multiple myeloma.

Conclusions

Strength of Evidence in Epidemiologic Studies

There is limited/suggestive evidence of an association between exposure to
the herbicides (2,4-D, 2,4,5-T and its contaminant TCDD, cacodylic acid, and
picloram) and multiple myeloma. The evidence regarding association is drawn
from occupational and other studies in which subjects were exposed to a variety
of herbicides and herbicide components.

Biologic Plausibility

A thorough discussion of biologic plausibility with respect to exposure to
TCDD or herbicides and multiple myeloma is contained in Chapter 3; a summary
is presented in the conclusion to this chapter.

LEUKEMIA

Background

There are four primary types of leukemia (ICD·9 202.4, 203.1, 204.0–204.9,
205.0–205.9, 206.0–206.9, 207.0–207.2, 207.8, 208.0–208.9): the acute and
chronic forms of lymphocytic leukemia and the acute and chronic forms of my-
eloid (or granulocytic) leukemia. According to American Cancer Society esti-
mates, 16,100 men and 12,600 women will be diagnosed with some form of the
disease in the United States in 1998, and 12,000 men and 9,600 women will die
from it (ACS, 1998). Collectively, leukemias are expected to account for slightly
more than 2 percent of all new cancer diagnoses and nearly 4 percent of cancer
deaths in 1998.

The different forms of leukemia have different patterns of incidence and, in
some cases, different risk factors.

Acute lymphocytic leukemia (ALL) is a disease of the young and of indi-
viduals older than 70 years of age, and plays a rather small role in the age groups
that characterize most Vietnam veterans. The lifetime incidence of ALL is slightly
higher in whites than in African Americans and in males than females. Exposure
to high doses of ionizing radiation is a known risk factor for this form of leuke-
mia; evidence for other factors is inconsistent

Acute myeloid leukemia (AML) is the most common leukemia among
adults—incidence increasing steadily with age for individuals older than 40. In
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the Vietnam veteran age groups, AML accounts for roughly one out of every four
leukemias in men and one out of three in women. Overall, this leukemia is
slightly more common in males than females. White males have a higher inci-
dence that white females; the lifetime incidence in African-American males and
females is roughly equal. Risk factors associated with an increased risk of AML
include high doses of ionizing radiation, occupational exposure to benzene, and
some medications used in cancer chemotherapy (melphalan, for example). Ge-
netic disorders including Fanconi’s anemia and Down’s syndrome are associated
with an increased risk of AML, and tobacco smoking has been suggested as a risk
factor.

Average Annual Cancer Incidence (per 100,000 individuals) in the United Statesa

Leukemias
45–49 years of age 50–54 years of age 55–59 years of age
all races white black all races white black all races white black

All leukemias
males 8 8 7 13 13 12 20 21 20
females 6 5 7 8 8 5 11 11 9
Acute lymphocytic leukemia
males 0.6 0.7 b 0.4 0.5 b 1.2 1.3 b

females 0.6 0.6 0.6 0.5 0.5 0.5 0.3 0.3 0.4
Chronic lymphocytic leukemia
males 1.0 0.9 1.1 2.3 2.3 2.4 4.8 4.8 5.1
females 0.5 0.5 0.2 1.1 1.0 1.1 2.1 2.2 0.7
Acute myeloid leukemia
males 2.0 2.0 2.2 2.5 2.6 2.6 4.7 4.6 4.8
females 2.2 2.1 2.7 2.8 2.9 1.8 3.4 3.2 3.5
Chronic myeloid leukemia
males 1.7 1.5 2.5 2.1 2.3 1.7 2.7 2.6 3.2
females 1.0 0.9 1.6 1.7 1.6 2.2 1.8 1.8 2.2
All other leukemias
males 1.8 2.1 0.3 2.5 2.6 2.6 3.8 3.9 2.7
females 1.0 0.8 1.1 1.2 1.3 0.4 2.0 2.0 0.4

a SEER nine standard registries crude, age-specific rate, 1990–1994.
b Insufficient data to provide a meaningful incidence rate.
c Includes leukemic reticuloendotheliosis (hairy cell), plasma cell, monocytic, and acute and chronic
erythremia and erythroleukemia.

Chronic lymphocytic leukemia (CLL) is the most common of the four primary
types of leukemia for men. It is largely a disease of individuals older than 40, and
incidence doubles every five years for individuals in the three age groups that
characterize most Vietnam veterans. Over a lifetime, CLL is nearly twice as
common in whites than African Americans and more common in men than
women. Some occupational groups, notably farmers, appear to have a higher
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incidence of CLL than would otherwise be expected. A family history of the
disease and a compromised immune system are among additional suspected risk
factors. Unlike the other primary forms of leukemia, exposure to ionizing radia-
tion does not appear to be associated with increased incidence of CLL.

The incidence of chronic myeloid leukemia (CML) increases steadily with
age for individuals over 30. Lifetime incidence is roughly equal in whites and
African Americans and is slightly higher in males than females. For individuals
in the age groups that characterize most Vietnam veterans, CML accounts for
approximately one in five leukemias. CML is associated with an acquired chro-
mosomal abnormality known as the “Philadelphia chromosome.” Exposure to
high doses of ionizing radiation is a known risk factor for this abnormality; other
factors are under study.

Little is known about the risk factors associated with other forms of leuke-
mia. However, two human retroviruses have been linked to human leukemias:
HTLV-1 appears to cause adult T-cell leukemia or lymphoma, whereas the data
linking HTLV-2 to hairy cell leukemia are less definitive.

Summary of VAO and Update 1996

The epidemiologic evidence for an association between exposure to herbi-
cides and leukemia in VAO came primarily from studies of farmers and residents
of Seveso, Italy. The observed overall RR for leukemia mortality and incidence
in Seveso was elevated, but not significantly. The increase was significant, how-
ever, for cases who were in the most highly exposed zone and died five to ten
years after the accident. A number of studies of farmers also showed a consis-
tently elevated risk of leukemia, but these results are not necessarily due to
herbicide use, because confounding exposures were not controlled for adequately
in the analysis. Also, when farmers are stratified by suspected use of herbicide,
the incidence of leukemia is generally not elevated. Some studies of chemical
workers found an increased risk of leukemia, but the number of cases was small.

The available data on Vietnam veterans are generally not conclusive, be-
cause exposure data were inadequate for the cohort being studied. Small sample
sizes weaken the studies of the Ranch Hand or Chemical Corps veterans; there-
fore, excess risks were not likely to be detected.

Since no study has differentiated adequately between exposure solely either
to herbicides or to TCDD, or demonstrated a dose–response for any subtype of
leukemia, it is not possible to attribute any symptom or subtype of leukemia to
result of exposure.

Update 1996 described a number of new studies, each with relatively small
numbers of leukemia cases. Three studies of agricultural workers described in the
update (Asp et al., 1994; Dean, 1994; Semenciw et al., 1994) described in Update
1996 failed to show any elevation in chronic or acute leukemia risk, as did one
production worker study (Kogevinas et al., 1993).
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The U.S. PCMR study of farmers in 23 states (Blair et al., 1993) showed an
overall significant increase in leukemia deaths (PCMR = 1.3, CI 1.2–1.4), as did
the Seveso update for men in zone B only (Bertazzi et al., 1993). However, the
single Vietnam veteran study of this period showed no increased leukemia risk
(Visintainer et al., 1995).

For Update 1996, the committee concluded that there was inadequate or
insufficient evidence to determine whether an association exists between expo-
sure to herbicides and leukemia. The updated studies did not affect the original
conclusion of VAO.

Update of the Scientific Literature

Occupational Studies

Production Workers In an update and expansion of the IARC cohort study,
Kogevinas et al. (1997) examined cancer mortality in a cohort of 26,615 male and
female workers engaged in the production or application of phenoxy herbicides.
These cohorts were assembled from 12 countries, drawn from national studies
that followed the same core protocol developed jointly by the participants and
coordinated by IARC. Of the total study population, 21,863 (20,851 men and
1,012 women) were classified as exposed to phenoxy herbicides or chlorophenols
based on individual job records and company exposure questionnaires; 4,160
were unexposed, and 592 were classified as unknown exposure status. The great
majority of workers were considered exposed if they had ever worked in produc-
tion or spraying of phenoxy herbicides or chlorophenols (four cohorts were ex-
ceptions, with minimum employment period of 1 to 12 months). The period of
follow-up also varied between cohorts; overall it extended from 1939 to 1992
(488,482 PYAR). Overall, 4.4 percent (970 workers) were lost to follow-up.
Exposure information varied between cohorts, but in general, exposures were
reconstructed from job records.

No significant risk of death from leukemia was observed among the group
including all workers exposed to any phenoxy herbicide or chlorophenol. When
this group was divided into groups exposed and unexposed to TCDD or higher
chlorinated dioxins, the result was unchanged. More detailed analysis by expo-
sure variables such as duration and time since first exposure was not conducted
for leukemias.

Becher et al. (1996) examined cancer mortality among workers in four Ger-
man facilities that produced phenoxy herbicides and chlorophenols. The popula-
tion included workers who had a least one month of employment, resulting in a
cohort consisting of 2,479 male workers. The cohort was assembled from four
plants, and the analysis as conducted on the total cohort divided into four sub-
cohorts corresponding to each plant considered separately. The period of follow-
up varied between plants, and 100 workers were lost to follow-up. The nature of
chemical production varied substantially between plants and over time; some
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facilities synthesized and formulated a wide range of phenoxy herbicides and
chlorophenols (subcohorts III and IV), whereas others produced primarily 2,4,5-
T and/or 2,4,5-TCP (subcohorts I and II). SMRs and 95% CI were calculated
using West German mortality rates by five-year age and calendar intervals. Cox
regression was performed to evaluate the effect of smoking in the one subcohort
for which smoking information was available. Each subcohort was analyzed
separately since the exposure pattern was judged to be characteristic for each
facility. Based on production information and limited blood dioxin measure-
ments, subcohorts I and II were supposed to have higher TCDD exposures than
subcohorts III and IV. Of the four subcohorts, only group I had at least one
observed or expected death from leukemia. An SMR of 1.8 (CI 0.5–4.1) was
reported, based on four observed cases.

Ramlow et al. (1996) examined mortality in a cohort of workers exposed to
pentachlorophenol, as part of a larger study of Dow chemical manufacturing
workers exposed to the higher chlorinated dioxins. The study cohort was as-
sembled from company records, starting with a cohort of 2,192 workers ever
employed in a department with potential PCDD exposure between 1937 and
1980. From this cohort, 770 workers were identified who were considered to
have potential PCP exposure based on work history records. Exposure to PCP
was assessed using historical industrial hygiene and process data, resulting in a
strategy for ranking jobs by exposure intensity based on a scale of 1 to 3. Expo-
sure to PCDD was analyzed using the process described by Ott et al. (1987), in
which semiquantitative, logarithmic exposure intensity scores ranging from 1 to
4 for TCDD and 0 to 2 for H/OCDD were assigned to each job title. Cumulative
exposure indices for PCP and dioxin were calculated using these assigned scores.
In the study analysis, the U.S. white male death rates (five-year age and calendar
specific) and the death rates of non-PCP and PCDD male Dow Michigan employ-
ees for 1940 to 1989 were both used as reference values to calculate expected
deaths. Leukemia deaths showed no increase (SMR = 1.0, CI 0.1–3.6) in this
study. Calculation of SMRs with exposure lagged by 15 years using both the U.S.
and the Dow referent populations also found no significant excess mortality for
leukemia. Leukemia was not included in the more detailed analysis by the four
categories of cumulative exposure.

Agricultural Workers Cancer mortality among a cohort of rice growers in
northern Italy was investigated by Gambini et al. (1997). Using a set of registered
farm owners consisting of 1,493 males who worked on farms from 1957 to 1992,
they examined the cause of death for 958 subjects and compared this with ex-
pected numbers calculated from national rates. No direct exposure information
was available, so employment on the farm was used as a surrogate for exposure to
the range of phenoxy herbicides employed during the study period. A nonsignifi-
cant decrease in leukemia mortality (SMR = 0.6, CI 0.2–1.7) was reported. Leu-
kemia was not included in the more detailed analysis with stratification by age at
death and duration of exposure (employment as a farmer).

Copyright © National Academy of Sciences. All rights reserved.

Veterans and Agent Orange: Update 1998
http://www.nap.edu/catalog/6415.html

http://www.nap.edu/catalog/6415.html


388 VETERANS AND AGENT ORANGE: UPDATE 1998

Waterhouse et al. (1996) conducted a survey of total and site-specific cancer
incidence among 70,16 male and female adult from 1959 to 1987, and compared
the observed number with the expected number, based on age-, sex-, race-, calen-
dar-, and site-specific cancer incidence rates reported by the Connecticut tumor
registry. Based on the results of this survey, a hypothesis was advanced concern-
ing the potential risks of exposure to insecticides and herbicides. This was pur-
sued by analyzing for each county in Michigan the comparative annual number of
acres and the percentage of acreage treated with agricultural chemicals in 1978
and for 1982–1987. Finally, because of the availability of information on life-
style risk factors that had been collected in the 1960s on all participants, a nested
case-control study was implemented. A significantly increased risk for males and
females combined was demonstrated in the incidence of lymphopoietic neo-
plasms, namely, NHL, HD, and CLL; the combined SIR was 1.4 (95% CI 1.00–
1.9; p = .03). Comparison of the Tecumseh, Michigan, cohort (ranked highest in
pesticide exposure) with all sites combined was not significantly different from
the expected incidence in females (SIR = 1.0, CI 0.9–1.1) and was decreased by
more than 10 percent in males (SIR = 0.9, CI 0.8–1.0). However, the SIR for
NHL in females was significantly elevated (SIR = 1.9; CI 1.1–3.1; p = .02); the
trend for increased risk of lymphoma and leukemia was also evident in males. In
the nested case-control study based on risk factor information documented prior
to diagnosis, the RR of a family history of lymphoma, leukemia, or MM was
significantly increased among patients with lymphoproliferative neoplasms
(OR = 3.8, CI 1.5–9.8; p = .005).

Finally, Amadori et al. (1995) conducted a population based case-control study
in a highly agricultural area in the northeast of Italy to evaluate the association
between farming and animal breeding and the risk of developing NHL and CLL.
Occupational histories and other data were collected by personal interview of indi-
viduals diagnosed with NHL (N = 164), and CLL (N = 23) between 1988 and 1990,
and 977 controls. Estimates of ORs for occupational variables were calculated,
after adjustment for sex, age, altitude of municipality, first-degree familiarity, and
previous herpes zoster infection. From analysis of the more frequent occupational
categories, no occupation had a significantly high risk. When the two job titles of
farmers only and farmer–breeders, who are also involved in animal breeding are
classified within the extremely varied occupations of animal breeding, agriculture,
or fishing, a high risk for NHL and CLL is seen in the farmer-breeders (OR = 1.8,
95% CI 1.2–2.6). Analyses according to histological type show that risks are con-
centrated in CLL and in low-grade NHL. No effect or trend by period at work or
duration of employment in farming and animal breeding was found.

Environmental Studies

Bertazzi et al. (1997) continued the follow-up of people environmentally
exposed to TCDD in Seveso, Italy. The events that led to the exposure and the
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methods used to study this population have been fully described in earlier reports.
This report updates the population after 15-years follow-up. There were no cases
of leukemia in zone A. Among men in zone B, there were seven cases of leuke-
mia (RR = 3.1, CI 1.4–6.4). Among women in zone B, there was also one case of
leukemia (RR = 0.6, CI 0.0–3.1). In zone R, where residents had much lower
potential exposure to TCDD than in zones A and B, there were 12 cases of
leukemia in men (RR = 0.8, CI 0.4–1.4) and 12 cases in women (RR = 0.9, CI
0.4–1.5).

Vietnam Veteran Studies

In a comparison of mortality between Army Chemical Corp Vietnam and
non-Vietnam veterans, Dalager and Kang (1997) reported that a nonsignificant
excess of deaths from leukemia among Vietnam veterans. The study compared
2,872 Vietnam veterans with 2,737 non-Vietnam veterans (all of whom served in
Chemical Corps specialties). All study subjects served at least 18 months’ active
duty between 1965 and 1973, and vital status ascertainment was complete for
both groups. A nonsignificant increase in death for Vietnam veterans (RR = 1.0,
CI 0.1–3.8, two observed deaths) and a nonsignificant decrease for non-Vietnam
veterans (RR = 0.7, CI 0.4–1.0, one death observed) from leukemia was found
compared to general U.S. population rates. When Vietnam and non-Vietnam
cohorts were compared directly, the crude rate ratio of leukemia death was 1.9
(Vietnam to non-Vietnam veterans). Direct exposure information on the two
cohorts was not available, and the presumption that Vietnam veterans had poten-
tially higher levels of dioxin exposure because of their duties involving Agent
Orange and other dioxin-contaminated herbicides (compared to the non-Vietnam
Chemical Corps veterans) has not been verified. Very similar data have been
reported for the Australian Vietnam veteran cohort (Crane et al., 1997b). Non-
significant decreases in death due to leukemia for Vietnam veterans (SMR = 0.5,
CI 0.1–3.0) and for nonveteran deaths (SMR = 0.7, CI 0.1–3.0) were found
compared to general Australian population rates. When Vietnam and non-Viet-
nam cohorts were compared directly, the crude rate ratio of leukemia death was
0.6 (veterans to nonveterans). Again, direct exposure information for dioxin is
not available, and the presumption of higher dioxin exposure for Australian Viet-
nam veterans has not been verified.

Synthesis

As in VAO and Update 1996, the studies reviewed in this report found a
small number of cases of leukemia, and it is apparent that the risks associated
with herbicide exposure are fairly evenly distributed around the null, with rela-
tively narrow confidence intervals. Some data on agricultural workers suggest an
increased risk for all hematopoietic neoplasms (including NHL and MM, as well
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as CLL), and very limited data from a small subset of the Seveso cohort suggest-
ing an increased leukemia risk. Biologic plausibility would suggest an associa-
tion of risk for hematopoietic and lymphoreticular malignancies, as would the
etiologic similarity of CLL and NHL; however, the overall incidence and small
number of positive studies are inadequate to change the previous classification.

Conclusion

Strength of Evidence in Epidemiologic Studies

There is inadequate or insufficient evidence to determine whether an asso-
ciation exists between exposure to the herbicides (2,4-D, 2,4,5-T and its contami-
nant TCDD, cacodylic acid, and picloram) and leukemia. The evidence regarding
association is drawn from occupational and other studies in which subjects were
exposed to a variety of herbicides and herbicide components.

Biologic Plausibility

A thorough discussion of biologic plausibility with respect to exposure to
TCDD or herbicides and leukemia is contained in Chapter 3; a summary is
presented in the conclusion to this chapter.

SUMMARY

Based on the occupational, environmental, and veteran studies reviewed, the
committee has reached one of four standard conclusions about the strength of the
evidence regarding association between an exposure to herbicides and/or TCDD
and each of the cancers studied. As explained in Chapter 4, these distinctions
reflect the committee’s judgment that if an association between exposure and an
outcome were “real,” it would be found in a large, well-designed epidemiologic
study in which exposure to herbicides or dioxin was sufficiently high, well char-
acterized, and appropriately measured on an individual basis. Consistent with the
charge to the committee by the Secretary of Veterans Affairs in Public Law 102-
4 and with accepted standards for scientific reviews, the distinctions between
these standard conclusions are based on statistical association, not on causality.
The committee used the same criteria to categorize diseases by the strength of the
evidence as were used in VAO and Update 1996.

Health Outcomes with Sufficient Evidence of an Association

In VAO and Update 1996, the committee found sufficient evidence of an
association between exposure to herbicides and/or TCDD and three cancers: soft-
tissue sarcoma, non-Hodgkin’s lymphoma, and Hodgkin’s disease. The scientific
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TABLE 7-28 Selected Epidemiologic Studies—Leukemia

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

OCCUPATIONAL
New Studies
Gambini et al., 1997 Italian rice growers 0.6 (0.2–1.7)
Kogevinas et al., 1997 IARC cohort 34 1.0 (0.7–1.4)
Becher et al., 1996 German chemical production workers 1.8 (0.5–4.1)
Ramlow et al., 1996 Pentachlorophenol production workers 1.0 (0.1–3.6)
Waterhouse et al., 1996 Residents of Tecumseh, Michigan 1.4 (1.0–1.9)
Amadori et al., 1995 Italian farming and animal-breeding

workers 1.8 (1.2–2.6)
Studies reviewed in Update 1996
Asp et al., 1994 Finnish herbicide applicators 2 —
Semenciw et al., 1994 Farmers in Canadian prairie provinces 357 0.9 (0.8–1.0)
Blair et al., 1993 U.S. farmers in 23 states 1,072 1.3 (1.2–1.4)
Kogevinas et al., 1993 Female herbicide spraying and

production workers 1 —
Studies reviewed in VAO
Bueno de Mesquita Dutch production workers
et al., 1993 Workers exposed to phenoxy

herbicides 2 2.2 (0.3–7.9)
Hansen et al., 1992 Danish gardeners

All gardeners—CLL 6 2.5 (0.9–5.5)
All gardeners—all other types of

leukemia 3 1.2 (0.3–3.6)
Male gardeners—CLL 6 2.8 (1.0–6.0)
Male gardeners—all other types of

leukemia 3 1.4 (0.3–4.2)
Ronco et al., 1992 Danish and Italian farm workers

Danish self-employed farmers 0.9
Danish male farmers 1.0
Italian self-employed farmers 0.7
Italian male farmers 0.9

Fingerhut et al., 1991 U.S. chemical workers 6 0.7 (0.2–1.5)
Saracci et al., 1991 Chemical workers

Exposed 18
Probably exposed 0 —
Nonexposed 3 0.9 (0.2–2.6)
Unknown exposure 0 —

Brown et al., 1990 Residents of Iowa and Minnesota
All types of leukemia, ever farmed 1.2 (1.0–1.5)
CLL, ever farmed 1.4 (1.1–1.9)
All types of leukemia, any herbicide

use 1.2 (0.9–1.6)
CLL, any herbicide use 1.4 (1.0–2.0)
Herbicide users, phenoxy acid use 1.2 (0.9–1.6)
All types of leukemia, 2,4-D use 1.2 (0.9–1.6)
All types of leukemia, 2,4,5-T use 1.3 (0.7–2.2)

continued
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Wigle et al., 1990 Saskatchewan farmers 138 0.9 (0.7–1.0)
Zober et al., 1990 BASF production workers

Second additional cohort 1 5.2 (0.4–63.1)
Alavanja et al., 1988 USDA agricultural extension agents 1.9 (1.0–3.5)
Bond et al., 1988 Dow workers with chloracne 2 3.6 (0.4–13.0)
Blair and White, 1985 Residents of Nebraska

All cases, all leukemia—farming 1.3
Burmeister et al., 1982 Residents of Iowa

CLL in white, male farmers 1.9 (1.2–3.1)

ENVIRONMENTAL
New Studies
Bertazzi et al., 1997 Seveso residents

Males—zone B 7 3.1 (1.4–6.4)
Females—zone B 1 0.6 (0.0–3.1)

Studies reviewed in Update 1996
Bertazzi et al., 1993 Seveso residents

Males—zone B 2 1.6 (0.4–6.5)
Females—zone B 2 1.8 (0.4–7.3)

Studies reviewed in VAO
Bertazzi et al., 1993 Seveso residents

Males—zones A, B, and R 4 2.1 (0.7–6.9)
Females—zones A, B, and R 1 2.5 (0.2–27.0)

VIETNAM VETERANS
New Studies
Dalager and Kang, 1997 Army Chemical Corps veterans 1.0 (0.1–3.8)
Crane et al., 1997a Australian military veterans 0.5 (0.1–3.0)
Studies reviewed in Update 1996
Visintainer et al., 1995 Michigan Vietnam veterans 30 1.0 (0.7–1.5)

a Given when available.

TABLE 7-28 Continued

Estimated
Exposed Risk

Reference Study Population Casesa (95% CI)a

literature continues to support the classification of these three cancers in the
category of sufficient evidence. Based on the literature, there are no additional
cancers that satisfy the criteria necessary for this category.

For diseases in this category, a positive association between herbicides and
the outcome must be observed in studies in which chance, bias, and confounding
can be ruled out with reasonable confidence. The committee also regarded evi-
dence from several small studies that are free from bias and confounding, and
show an association that is consistent in magnitude and direction, as sufficient
evidence for an association.
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Health Outcomes with Limited/Suggestive Evidence of Association

In VAO and Update 1996, the committee found limited/suggestive evidence
of an association between herbicide or dioxin exposure and the following can-
cers: larynx, lung, bronchus (trachea), prostate, and multiple myeloma. The sci-
entific literature continues to support the classification of these diseases in the
category of limited/suggestive evidence. Based on the literature, there are no
additional cancers that satisfy the criteria necessary for this category.

For outcomes in this category, the evidence must be suggestive of an asso-
ciation between herbicides and the outcome, but may be limited because chance,
bias, or confounding could not be ruled out with confidence. Typically, at least
one high-quality study indicates a positive association, but the results of other
studies may be inconsistent.

Health Outcomes with Inadequate/Insufficient Evidence to Determine
Whether an Association Exists

The scientific data for many of the cancers reviewed by the committee were
inadequate or insufficient to determine whether an association exists. For these
cancers, the available studies are of insufficient quality, consistency, or statistical
power to permit a conclusion regarding the presence or absence of an association.
For example, studies fail to control for confounding or have inadequate exposure
assessment. This category includes hepatobiliary cancers (cancers of the liver and
intrahepatic bile duct), nasal and nasopharyngeal cancer, bone cancer, skin cancers
(including basal cell carcinoma, squamous cell carcinoma, and nonmelanocytic
skin cancers), breast cancer, cancers of the female reproductive system (including
cervix, endometrium, and ovaries), testicular cancer, urinary bladder cancer, renal
cancer (cancers of the kidney and renal pelvis), and leukemias.

Based on an evaluation of all the epidemiologic evidence, including studies
published since the release of Update 1996, the committee felt that the previous
conclusion of limited/suggestive evidence of no association between exposure to
the herbicides (2,4-D, 2,4,5-T and its contaminant TCDD, cacodylic acid, and
picloram) and urinary bladder cancer should be changed to “inadequate/insufficient
evidence to determine whether an association exists.” Although there is no evi-
dence that exposure to herbicides or dioxin is related to this cancer, RRs in some of
the largest cohorts tended to be greater than one, weakening the committee’s prior
conclusion that there was positive evidence of no relationship. Coexposures to
TCDD and a variety of known bladder carcinogens makes it very difficult to isolate
the possible additional effect of herbicides, although little total effect was seen.

Health Outcomes with Limited/Suggestive Evidence of No Association

In VAO and Update 1996, the committee found a sufficient number and
variety of well-designed studies to conclude that there is limited/suggestive evi-
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dence of no association between a small group of cancers and exposure to TCDD
or herbicides. This group includes gastrointestinal tumors (colon, rectal, stomach,
and pancreatic) and brain tumors. The most recent scientific evidence continues
to support the classification of such cancers in this category. Based on an evalu-
ation of the whole of the scientific literature, there are no additional cancers that
satisfy the criteria necessary for this category.

As noted above, the committee responsible for this report felt that the previ-
ous classification of urinary bladder cancer in this category should be changed to
“inadequate/insufficient evidence to determine whether an association exists.”

For outcomes in this category, several adequate studies covering the full
range of levels of exposure that human beings are known to encounter are mutu-
ally consistent in not showing a positive association between exposure to herbi-
cides and the outcome at any level of exposure. These studies have relatively
narrow confidence intervals. A conclusion of “no association” is inevitably lim-
ited to the conditions, level of exposure, and length of observation covered by the
available studies. In addition, the possibility of a very small elevation in risk at
the levels of exposure studied can never be excluded.

Biologic Plausibility

Chapter 3 details the committee’s evaluation of data from studies with ani-
mals and cells regarding the biologic plausibility of a connection between expo-
sure to dioxin or herbicides and various forms of cancer. This section summarizes
that evidence. Some of the preceding discussions of cancer outcomes include
references to specific relevant papers.

A number of animal species, including strains of rats, mice, and hamsters, have
been exposed to TCDD and examined for increases in cancer and tumor incidence.
In these studies, TCDD was fed to animals, applied to their skin, injected under
their skin, or injected into the abdominal cavity. This research indicates that TCDD
can both cause cancers or tumors and enhance the incidence of certain cancers or
tumors in the presence of known carcinogens. Increased cancer rates were observed
at several different sites in the body, notably the thyroid gland, skin, and lungs. In
studies in which liver cancer incidence was enhanced, other adverse changes in the
liver were observed. Decreased rates of some cancers—including those of the
uterus; pancreas; and pituitary and mammary glands—were also reported. The sites
where effects were observed and the exposure levels needed to induce them varied
considerably from species to species.

TCDD can act a promoter in the presence of other carcinogens. One study
showed that when a single dose of a known carcinogen was applied to the skin of
mice followed by multiple doses of TCDD over several months, more skin tu-
mors were seen than would be expected from the single dose of carcinogen alone.
Similar results were obtained in rat livers when a single dose of a liver carcinogen
was followed by multiple doses of TCDD.
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In female rats, enhanced liver tumor formation associated with TCDD expo-
sure is dependent on the presence of intact ovaries, suggesting that complex
hormonal interactions are involved in TCDD-induced carcinogenesis.

More generally, TCDD has a wide range of effects on growth regulation,
hormone systems, and other factors associated with the regulation of activities in
normal cells. These effects may influence tumor formation.

Studies in animals indicate that most TCDD effects are mediated through the
AhR, a protein in animal and human cells to which TCDD can bind. It is hypoth-
esized that TCDD exposure induces binding of the AhR to DNA to alter the
information obtained from DNA in a way that transforms normal into abnormal
cells. Although structural differences in the AhR have been identified, this recep-
tor operates in a similar manner in animals and humans.

As a tumor initiator and promoter, TCDD has been shown to significantly
induce CYP1A1 mRNA levels and ethoxyresorufin O-deethylase (EROD) activity
in several types of human cancer cells; that is, TCDD affects some forms of cellular
metabolism at a very basic level. Experiments involving several strains of mice
provide evidence that a functional AhR is required for TCDD induction of CYP1A1
and liver tumor promotion. However, CYP1A1 induction in various mice strains
was not directly related to the degree of tumor-promoting capability, suggesting
that other undefined genetic factors may play an important role. There is some
evidence that certain cells have mechanisms that serve to regulate CYP1A1 tumor
promotion.

There are great differences between the susceptibility of different experi-
mental animals to TCDD-induced effects, and the sites at which tumors are
induced also varies from species to species. Some mice strains, for example, are
differentially responsive to TCDD liver induction due to differences in a protein
called cytochrome P450, indicating a genetic susceptibility. Although expression
of P450 is highly cell specific, it exhibits a surprisingly similar pattern of hor-
monal regulation. Studies conducted to compare the AhR in cultured fetal cells
and adult liver tumors from TCDD-responsive and less-responsive mice indicate
that the responsiveness of fetal cells is likely mediated by the AhR in these cells
and is not due to a different allelic form of AhR ligand binding subunit in fetal
versus adult cells.

Evidence has also begun to accumulate for non-AhR mediated effects. There
is new evidence that the mechanism by which TCDD induces tumor promotion
may involve oxygen radicals, since scavengers of hydroxyl radicals or antioxi-
dants hinder the tumor-promoting effects of TCDD in transformed mice fibro-
blasts. In support of this, other studies have shown that TCDD induces changes in
liver cells that lead to a release of oxygen radicals and subsequent oxidative DNA
damage. This also suggests that TCDD tumor promotion may be due to interfer-
ence with gap junctional intercellular communications.

Controversy exists about the TCDD exposure levels required to induce ad-
verse health outcomes.

Copyright © National Academy of Sciences. All rights reserved.

Veterans and Agent Orange: Update 1998
http://www.nap.edu/catalog/6415.html

http://www.nap.edu/catalog/6415.html


396 VETERANS AND AGENT ORANGE: UPDATE 1998

Limited information is available on health effects of exposure to the herbi-
cides discussed in this report. Several studies of the carcinogenicity of 2,4-D,
2,4,5-T, picloram, and cacodylic acid have been performed in laboratory animals.
In general, they produced negative results. However, because some studies do not
meet present-day standards for cancer bioassays, and some produced equivocal
results, it is not possible to draw confident conclusions at this time.

2,4-D was administered to rats, mice, and dogs in their food, by injecting it
under their skin, or placing it directly into their stomachs. All results were nega-
tive, except for one study that found an increased rate of brain tumors in male, but
not female, rats receiving the highest dose. These tumors also occurred in the
control group and thus may have occurred spontaneously and not as a result of
2,4-D exposure. In a recent mutagenicity study, 2,4-D induced significant num-
bers of mutations in at least one of the cell types tested, either spermatocytes or
spermatogonia. Because these results differ from earlier studies, it was hypoth-
esized that different germ cell stages and treatment regimens may account for the
observed inconsistencies. Similar results were obtained in a 2,4,5-T mutagenicity
study.

2,4,5-T has been administered to rats and mice in their food, in their drinking
water, by injecting it under their skin, or by placing it directly into their stomachs.
In a recent study, 2,4,5-T exposure increased the formation of DNA adducts
by cytochrome P450-derived metabolites of benzo[a]pyrene. The latter effects
are particularly interesting since they are strikingly similar to those elicited by
dioxin.

Picloram has been tested in rats and mice in their food. Results of all of these
studies were negative, with the exception of one study in which liver tumors
appeared. These were attributed to the presence of a picloram contaminant,
hexachlorobenzene.

A recent study indicates that cacodylic acid (also known as dimethylarsinic
acid) may induce DNA modifications that sensitize it to free radical injury,
whereas another study concluded that it is a promoter of urinary bladder, kidney,
liver, and thyroid gland carcinogenesis in rats. In particular, cacodylic acid may
promote rat urinary bladder carcinogenesis by stimulating cell proliferation in the
urinary bladder epithelium. An exposure study in mice produced negative results.

The foregoing evidence suggests that a connection between TCDD or herbi-
cide exposure and human health effects is, in general, biologically plausible.
However, differences in sensitivity and susceptibility across individual animals,
strains, and species; the lack of strong evidence of organ-specific effects across
species; and differences in route, dose, duration, and timing of exposure compli-
cate any more definitive conclusions about the presence or absence of a mecha-
nism for the induction of site-specific cancers by TCDD.

Considerable uncertainty remains about how to apply this information to the
evaluation of potential health effects of herbicides or dioxin exposure in Vietnam
veterans. Scientists disagree over the extent to which information derived from
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animals and cellular studies predicts human health outcomes and the extent to
which the health effects resulting from high-dose exposure are comparable to
those resulting from low-dose exposure. Research on biological mechanisms is
burgeoning, and subsequent updates of this report may have more and better
information on which to base conclusions.

Increased Risk of Disease Among Vietnam Veterans

Under the Agent Orange Act of 1991, the committee is asked to determine
(to the extent that available scientific data permit meaningful determinations) the
increased risk of the diseases it studies among those exposed to herbicides during
their service in Vietnam. Chapter 1 presents the committee’s general findings
regarding this charge. Where more specific information about particular health
outcomes is available, this information can be found in the preceding discussions
of those diseases.
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407

One of the topics of special interest to the Department of Veterans Affairs
(DVA) is the potential effect of herbicide exposure on cancer latency. The term
“latency” is used in a variety of ways to denote the effect of the timing of
exposure on the subsequent risk of disease. The importance of latency effects as
well as other time-related factors, such as age at exposure, in determining cancer
risk has long been recognized (Armenian, 1987). The following are some impor-
tant practical questions at the heart of the investigation of these time-related
factors: (1) How long does it take after exposure to detect an increase in disease
risk? (2) How long do the effects of exposure last? (3) How does the effect of
exposure vary with the age at which it was received? (4) Does a given carcinogen
act at an early or a late stage of the carcinogenic process?

Often, because of either poor exposure assessment or the desire to report a
simple summary measure of association, measures of exposure such as ever/
never exposed or cumulative exposure are used to summarize exposure histories.
Although such measures can be useful for detecting whether or not there is an
association between exposure and disease, it is well known that the timing of
exposure often plays an important role in determining when and by how much the
eventual disease risk is increased (or decreased) by the exposure.

In response to the DVA’s request to explore the latency issues related to
Agent Orange, in this chapter the committee (1) presents a methodology to
address the four questions listed above concerning the timing of herbicide expo-
sure and the risk of cancer; (2) reviews the literature on herbicide exposure and
cancers classified in the sufficient and limited/suggestive categories for results
describing how the relative risks vary with time since exposure began or ended;

8

Latency and Cancer Risk
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and (3) discusses the relevance of these data for cancer risk among Vietnam
veterans.

ANALYSIS OF LATENCY IN EPIDEMIOLOGIC STUDIES

To discuss latency issues, we need to establish what is meant by the “effect
of exposure over time.” First, for purposes of epidemiologic research and quanti-
fication, we are interested in the rate of disease among exposed individuals com-
pared to the rate that would be expected if the subjects had not been exposed,
which is discussed more fully below. Thus, we are interested in the relative or
excess rate of disease as the measure of comparison. Because diseases such as
cancer may take a long time to develop (i.e., years or even decades) an analysis of
the effects of exposure must consider the “latency period,” or time between the
exposure and the measurement of disease. The effect of any exposure on a popu-
lation, whether measured as relative or excess rates, may change with “time since
exposure.” Typically, after exposure to a carcinogen, no excess cancer rate will
be observed for a time. Then there will be a rise in the excess until it reaches a
peak, at which point it may fall back down. For exposures of short duration, time
since exposure is in many cases easy to define. This situation holds for environ-
mental exposures from industrial accidents, particularly if the exposure involves
chemicals that are not retained in the body tissues. If the exposure occurred over
a long period of time (a protracted exposure), as with production workers and
pesticide applicators, the time since exposure is more difficult to quantify, since
there were many exposure times. It is important to note that 2,3,7,8-tetrachloro-
dibenzo-p-dioxin (2,3,7,8-TCDD, TCDD, or dioxin) and other chlorinated herbi-
cides are retained in some body tissues for a long time (e.g., decades), so that
even after external exposure ceases, internal exposure continues. Thus, even a
brief exposure such as occurred in Seveso, Italy, can involve protracted exposure
of many organs of the body. Conceptually, we think of the effect of exposure at a
particular time in the past as the resulting change in risk today that is ascribable to
that exposure. Although this may be overly simplified, the effect of an entire
exposure history can usefully be thought of as the sum of the effects from expo-
sure at each time point in the past.

To adequately study the effects of protracted exposure, detailed exposure
histories for each study subject, including the dates at which the individual was
exposed and, ideally, the level of exposure, are needed. Appropriate statistical
methods have been developed for investigating the effects of exposure accrued as
a function of time since exposure (Thomas, 1983, 1988; Breslow and Day, 1987),
but these have not been used to analyze of any of the cancer studies reviewed
here.

In general, the ability to investigate the issue of timing of exposure in a given
data set will depend on the quality of the exposure measure, the quality of the
timing of exposure information, the number of people developing the disease,
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and the variation of exposure over time within the study group. These aspects of
study quality are of course important in evaluating any epidemiologic study.
Special problems arise in the evaluation of time-related factors (Enterline and
Henderson, 1973; Peto, 1985; Thomas, 1987).

Need to Control for the Effects of Aging

Progression along the scale of time since exposure is paralleled by increasing
age. Since the rate of most cancers increases dramatically with age, for any given
study group the expected number of cancers per unit of time will increase with
time since exposure, simply because the study group is aging. Thus, an examina-
tion of the absolute number of cases versus time since exposure would be mis-
leading. We would expect to see an increase even if there were no change related
to the exposure. Thus, it is standard epidemiologic practice to “normalize” the
comparison by reference to an appropriate unexposed group. “Appropriate” in
this context means a group with the same age structure and otherwise having
similar risk of disease as the study group; thus we are measuring the effects of
exposure over and above those changes in cancer rates that would be expected if
the study group were simply aging without having been exposed.

Correlations Among Various Time Factors

It is important to keep in mind that duration of exposure, time since expo-
sure, age of exposure, and exposure level itself may well be correlated with each
other, so that an observed pattern for one of these factors could actually be due to
correlation with one or more of the others. Stratifying the analysis or modeling
both effects is commonly needed to disentangle the confounding of time-related
variables. Realistically, however, most data sets do not have sufficient data to
explore these issues, and for the most part, these considerations merely serve as a
cautionary note in the interpretation of results. The following hypothetical situa-
tions help to illustrate how various time-related factors are intertwined. For illus-
tration, we the exposure of interest is referred to as “the agent.”

• Two people are born in 1945. Both are exposed continuously to the agent
for 10 years. One person begins exposure at age 20 (continuing to age 30); the
other begins at age 30 (continuing to age 40). In 1995, at age 50, the first person
has 30 years since first exposure, whereas the second has only 20 years. Thus, the
age at first exposure and the time since first exposure, for a given duration of
exposure, are linked.

• One person begins exposure to the agent in 1970; a second starts in 1975.
They are the same age at first exposure and exposure continues until 1985. When
evaluated in 1995, the first person has both a longer duration of exposure (15
years versus 10 years) and a longer time since first exposure (25 years versus 20
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years), which illustrates the link between these two factors for a given age at first
exposure.

• Two people are born in 1945. One begins exposure at age 20; the other, at
age 30. Exposure stops for both at age 40. The first person has a younger age at
first exposure, a longer duration of exposure, and a longer time since first expo-
sure, showing that all three factors may potentially be linked.

• Two people are exposed to the same concentration of the agent. The
person with the longer duration of exposure will, by definition, have a higher
cumulative exposure.

Although it is possible to construct counterexamples to the above, these are
fairly typical examples of what happens in many occupational settings. They are
presented primarily to illustrate that examining the effects of one time-related
factor may be difficult without information about the others.

Although it can be difficult to disentangle these interrelated effects, it is not
impossible. Many occupational studies, for instance, have shown that the stron-
gest effects of industrial chemicals on cancer occur 10 to 20 years after exposure
begins, after age and calendar time have been controlled. Several radiation-
related cancers including leukemia, gastrointestinal cancers, and breast cancer
show age at exposure to be a strong determinant of risk (NAS, 1990).

Mortality and Incidence Studies for Examining Latency

If an agent is carcinogenic, it may increase the chance of cancer occurring, or
it may accelerate development of the cancer so that it occurs at a younger age than
it otherwise would have. The agent may also influence the likelihood that the
cancer results in death or may shorten the time between occurrence of the disease
and death caused by that disease. Which of these processes occurs may depend not
only on the agent, but also on the site of cancer. For example, lung cancer tends to
be fatal in a very high percentage of those who develop it, and death usually comes
swiftly. For this site, therefore, a study of mortality is unlikely to provide different
results from a study of incidence. In contrast, prostate cancer is fatal in a fairly
small proportion of cases (incidence rates are five or more times higher than
mortality rates) (Merrill and Brawley, 1997). For this reason, a study of prostate
cancer mortality would be less likely to detect the effect of a carcinogenic agent
than would a study of prostate cancer incidence, unless the agent increased the
severity of disease. On the other hand, since prostate cancer is so common and
occurs with an increasing frequency as men age, any study of prostate cancer
incidence should examine whether those exposed to the agent of interest develop
the cancer at an earlier age than those not exposed. This type of analysis could be
accomplished using age-specific rates. Caution would have to be exercised in
interpreting incidence studies because of the recent introduction of prostate-spe-
cific-antigen (PSA), a marker for prostate tumors that are not clinically detectable,

Copyright © National Academy of Sciences. All rights reserved.

Veterans and Agent Orange: Update 1998
http://www.nap.edu/catalog/6415.html

http://www.nap.edu/catalog/6415.html


LATENCY AND CANCER RISK 411

as a screening tool. Differences across subpopulations in the extent to which PSA
is used could confound results (Gann, 1997).

In the investigation of latency, changes in relative risks with time since
exposure will occur later for mortality studies than for incidence studies, by an
amount of time approximately equal to the average time from occurrence of the
cancer to death. If the agent has no effect on the probability of death or the age at
death from the cancer, then mortality studies will result in a pattern of relative
risks “shifted to the right” of the pattern that would have been observed in the
corresponding incidence studies. In other words, the pattern with time since
exposure will be similar, but the latency period will be longer. As a result, at any
given point in the follow-up period a study of mortality will record fewer events
than a study of incidence and consequently will have lower statistical power,
even if the exposed and unexposed cases have the same prognosis. The problem
of the mortality studies with lower statistical power is magnified for cancer sites
that have long survival times or tend not to be fatal (e.g., prostate cancer). Most of
the herbicide studies that reported latency results were mortality studies.

Measurement Errors That Are Time Related

In epidemiologic studies, a common problem in data quality involves errors
in the assignment of exposure. These errors can occur when exposed individuals
are erroneously categorized as unexposed, or when unexposed individuals are
categorized as exposed. These errors can also occur when determining how large
an exposure an individual received: high exposures may be assessed as lower
than they really are, and vice versa. These errors can be classified in several
ways:

1. One way of classifying errors considers whether they are related to the
true exposure: either the errors are independent of true exposure (if highly ex-
posed individuals are just as likely to be erroneously assessed as those who truly
had low exposures) or they can depend on true exposure (e.g., if those receiving
low exposure are not well assessed, but those at high exposure levels are assessed
correctly).

2. Another way to categorize errors is whether they are random or system-
atic: random errors are just as likely to overestimate as to underestimate true
exposure. By contrast, systematic errors occur when there is a tendency for the
measured exposure to be lower or higher than the true exposure.

3. A third way to categorize errors is according to whether they are more
likely or less likely—as opposed to equally likely—to occur in the nondiseased
than in the diseased population (this problem arises more frequently in case-
control studies than in cohort studies).

In general, most types of errors will distort the evidence, sometimes causing
the analysis to show a weaker effect than is actually occurring and other times
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showing an effect that is not real, or a stronger effect than the true one. In certain
situations, namely when the misclassification of exposure status is unrelated to a
person’s ultimate disease status and neither time-related factors nor levels of
exposure are examined (exposure is simply considered either present or absent),
then the distortion will usually result in observing a weaker effect than truly
exists. In an analysis evaluating how time-related factors such as duration of
exposure or cumulative exposure influence risk, the effect of misclassification is
difficult to predict. Finally it should be pointed out that errors can occur not just
in exposure assessment, but also in ascertainment of the outcome. For example,
the classification of diseases changes over time as new techniques for diagnosis
are developed. The recent development of and widespread screening for PSA
have seemingly “indicated” a large increase in the incidence of early, localized
prostate cancer. In reality, we are simply moving our time of diagnosis to an
earlier stage in the development of the cancer.

FOUR QUESTIONS ADDRESSED BY THE COMMITTEE

For each question outlined in the introduction to this chapter, the committee
discusses the measures it is seeking in the reports of study results, how these
measures are examined to address the particular question, the types of data a
study would need to be informative about this question, and problems associated
with the measures chosen by the committee.

How Long Does It Take After Exposure to Detect an
Increase in Disease Risk?

Measures of Interest

Relative risks for specific intervals of time since exposure are the appropri-
ate measures of interest for this question. One must examine the pattern of rela-
tive risks, looking for the earliest indication of an increase in risk relative to the
unexposed comparison group. For protracted exposures, it is customary to exam-
ine the relative risks by time since first exposure, because the earliest detectable
increase in relative risk may be a manifestation of the earliest exposure. In fact,
relative risks for specific times since first exposure are often the only measures of
latency reported for studies of protracted exposure to herbicides.

Data Requirements

The critical data item for this measure is the date of first exposure for each
subject. With this date, the investigator can determine the time that each subject
spent in each time since first exposure category. If full exposure histories are
available, more sophisticated analyses are possible.
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Potential Problems with this Approach

The “earliest indication of an increase in relative risk” is difficult to measure
and will be refined as more data are collected. First, it is likely that latency
periods vary among individuals; as a result, changes in risk in a population occur
continuously rather than suddenly jumping from “normal” to “above normal.”
Actual changes in relative risk probably would occur earlier than indicated by the
analysis, but because of limitations in study designs, this increase might not be
detectable. In other words, the degree to which an increased risk is statistically
detectable depends on the size of the particular data set, as well as the magnitude
of both the background level of risk (which in turn depends on the age of distri-
bution of study subjects) and the relative increase in risk (which in turn depends
on the exposure level received, variation in susceptibilities, length of follow-up in
the study, and true distribution of latency periods among the exposed population).
It should be noted that if the latency periods are highly variable among individu-
als, an analysis by time since first exposure may be somewhat insensitive, be-
cause the increased risk will appear slight and will occur quite gradually. Addi-
tionally, if the effect of time since exposure is modified by the intensity of
exposure or the age at exposure, these other factors would have to be accounted
for in the analysis. For example, the latency might be longer for a low-level
exposure than for a higher one, in which case a study that examined only time
since first exposure might encounter greater variability in latency periods and
hence have less ability to assess how long it takes to observe an effect of expo-
sure. Such effect modification would also limit the generalizability of results
from one study to a different population or to another exposure scenario.

Limitations in the Data Available

Studies that examined changes in risk by time since first exposure used
different categories of time, so that results are not always directly comparable. In
many of the studies, when specific cancer sites were examined by time since first
exposure, the number of deaths in each category became quite small, leading to
less stable estimates. In most studies, the analyses by time since first exposure did
not adjust for other time-related factors such as duration of exposure, intensity of
exposure, or age at start of exposure, so the apparent effect of time since first
exposure could very well be confounded by these other factors. In the case of
Australian veterans who served in Vietnam, latency analyses examined the time
since start of service, which may not have corresponded to the time since first
exposure; for some veterans, the time since first exposure would have been
shorter than this surrogate variable.

While recognizing these limitations in its evaluations, the committee has
determined the earliest increases in relative risk reported in the literature. These
are, of course, subject to change as more information becomes available.
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How Long Does the Effect of Exposure Last?

Measure of Interest

Relative risks for specific intervals of time since last exposure are used to
address this question. The pattern of relative risks is examined for the latest
indication that the relative risk is greater than one.

Data Requirements

Dates of each start and stop of exposure are required to answer this question.
These are needed to classify the subjects’ time spent in each time-since-exposure
category. If full exposure histories are available, more sophisticated analyses are
possible. However, if the critical issue is “time since exposure stopped,” multiple
starts and stops will be difficult to analyze.

Potential Problems with this Approach

If exposure is protracted, time since exposure must be analyzed in the proper
time-dependent fashion (Clayton and Hills, 1993). Tight adjustment for age is
also necessary. To achieve adequate power and precision, a study group must
have a sufficient number of subjects with long times since exposure ended. If
exposure has been protracted, then much longer time periods of follow-up are
needed than for addressing the previous question.

Limitations in the Data Available

Most of the studies reporting latency data for cohorts with protracted expo-
sure examined only the time since first exposure (not time since last exposure).
The study of Vietnam era veterans examined changes in mortality by years since
they last served in Vietnam. For the Seveso cohort, the time since exposure ended
is, for most subjects, quite close to the time since the accident occurred. Hence,
all other factors being equal, these two studies would be the most amenable to
answering the question of how long the effect of exposure lasts.

How Does the Effect of Exposure Vary with the
Age at Which It Was Received?

Measures of Interest

Relative risks for exposure beginning at various ages are the critical
measures needed to address this question. One must examine the pattern of
relative risks associated with exposure beginning at various ages and com-
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pare the patterns of relative risks by time since exposure across age at expo-
sure categories.

Data Requirements

Dates of exposure and date of birth are the critical data required to construct these
measures. These are needed to classify subjects as exposed or unexposed in each age
category. The date of birth of study participants is generally known in epidemiologic
studies. If information about level of exposure is available, it would be used in
preference to the simple exposed/unexposed categorization. For the relative risks
stratified by time since exposure, the data requirements include those described above.

Potential Problems with this Approach

The problems with this approach parallel those for the previous questions. A
large study with long follow-up is more likely than a small study to detect differ-
ential age effects. Sample size becomes a practical problem, since analysis within
age groups requires more data than pooling all age groups in exposure categories.
To examine the time since exposure within an age group, comments about the
investigation of relative risk by time since exposure apply here as well.

Limitations in the Data Available

The committee found no studies that report the results needed to address this
question, namely, changes in cancer risk by age at exposure (or age at first ex-
posure) to herbicides.

Does the Exposure Appear to Act at an Early or a
Late Stage of the Carcinogenic Process?

Measures of Interest

The key statistical measures needed to address this question are the relative
risks by age at exposure, the time since exposure began, and the time since expo-
sure ended or, alternatively, the parameters in one of several models of carcinogen-
esis. In the multistage model of carcinogenesis, a healthy cell is presumed to go
through a series of stages before becoming a cancer cell (Armitage and Doll, 1961;
Chu, 1987). This model predicts specific patterns of relative risks by age and time
since exposure, depending on whether the agent acts at an early or late stage of the
carcinogenic process (Whittemore, 1977; Thomas, 1988). Further, the parameters
in the multistage model or other mechanistic models, such as the two-event “initia-
tor-promoter” model of Moolgavkar and Venzon (1979), may be estimated from
cohort data to distinguish early- and late-stage effects.
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Data Requirements

To construct these measures, complete exposure histories and the date of
birth are required. The study group must include subjects with protracted expo-
sures, and there must be variation with respect to exposure histories. A sizable
study cohort is needed.

Potential Problems with this Approach

Large studies with high-quality data on exposure history are needed. Even
when such data are available, it is difficult to distinguish early- from late-stage
effects, possibly because many carcinogens have effects at more than one stage in
the carcinogenic process or because the differences in susceptibility and latency
period among individuals mask such effects.

Limitations in the Data Available

No studies in the published literature attempted to conduct analyses to deter-
mine the stage(s) at which exposure to herbicides such as TCDD exerts an effect.

REVIEW OF THE SCIENTIFIC LITERATURE

For purposes of this discussion, the review of the literature on herbicide
exposure and cancer was focused on cancers in the categories of “sufficient” and
“limited/suggestive” evidence of association, as found in both Veterans and Agent
Orange: Health Effects of Herbicides Used in Vietnam (henceforth called VAO)
(IOM, 1994) and Veterans and Agent Orange: Update 1996 (henceforth called
Update 1996) (IOM, 1996)—that is, those cancers for which there was some
evidence of an association. These are soft-tissue sarcoma, non-Hodgkin’s lym-
phoma, Hodgkin’s disease, prostate cancer, respiratory cancer, and multiple my-
eloma. Although VAO, Update 1996, and Chapter 7 of this report review the
entire relevant literature on herbicide exposure, this chapter discusses only those
articles that provide results the committee believes reflect, with reasonable accu-
racy, the timing of herbicide exposure, and that studied a sufficient number of
cases to make some judgment about the patterns of relative risks reported. In
addition, the discussion is restricted to those cancer sites for which the data were
at least limited/suggestive of an association with the herbicides used in Vietnam.

Limitations of the Literature Review Approach

In Chapter 4, the committee considers the problem of using a literature
review to determine whether an association exists between herbicides and dis-
ease. The committee concludes that for overall questions of association between
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exposure and disease, the published literature would adequately report results,
whether “positive” or “negative” with respect to association, from the studies that
have been carried out to date. Thus, there should be little “publication bias” (the
tendency for positive results to be published more frequently than negative) in the
literature for association.

In a specific investigation of timing issues based on a review of the literature,
the same question of publication bias has to be addressed. That is, is it more likely
that results of investigations of timing issues will be published depending on the
outcome of these investigations? Unlike measures of association (particularly
relative risk) that are universally reported, results of investigations of timing
issues are not reported routinely. Indeed, although it is not possible to determine
the reasons that timing is or is not reported, it is quite plausible that negative
results (i.e., no differential effect of timing) are reported less frequently than
positive results. One likely scenario is that if no association is found between
exposure and disease, then either timing issues were not investigated or they were
investigated and only “interesting” results (i.e., large changes over time intervals)
were reported; so-called “uninteresting” results (no association over all time
intervals) were not reported. Thus, the committee recognizes that there is a poten-
tial for its review to reflect publication bias.

Overview of the Findings

Update 1996 reported results on the timing of exposure in relation to two
cancer sites: respiratory and prostate, with considerably more information about
the former than the latter. However, even for these cancers, the reports of some
potentially informative studies did not include latency results, which suggests a
potential for publication bias, although one cannot always know whether re-
searchers did an analysis and failed to report it because the results were uninter-
esting or simply did not conduct the analyses. Also, both prostate and respiratory
cancers are in the “limited/suggestive” evidence category, indicating the com-
mittee’s belief that the evidence for association between herbicide exposure and
these cancers is not conclusive. This view has not changed after the investigation
of latency issues.

Since Update 1996 several more reports provide latency information on lung
cancer. New data have also appeared regarding prostate cancer. With regard to
the outcomes, several studies also report latency analyses for all cancer deaths
combined, and there are now data on non-Hodgkin’s lymphoma, multiple my-
eloma, lymphatic and hematopoietic cancers combined, and a few other sites.
However, only those cancer sites for which at least two studies have provided
latency analyses are discussed in this chapter. In addition, for any particular site,
individual studies that do not have an overall excess of cancer at that site are not
evaluated for the patterns of risk with respect to latency.

Studies using the proportionate mortality ratio (PMR)—that is, those that
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enumerated only the deaths, not the number of individuals at risk—are ignored
for the purpose of evaluating latency. This decision is based on the inherent
weakness of PMR studies, in which the results in terms of one outcome are
influenced by the results of another. (If an exposure causes an increase in both a
more common outcome and a rarer one, the increase in mortality for the rarer
outcome could be obscured in a PMR study.)

Table 8-1 summarizes the newly published papers that provide data on la-
tency periods, the time since exposure categories they used, and the cancer sites
they reported. Respiratory cancer, prostate cancer, and non-Hodgkin’s lymphoma
are discussed below, because these are the only sites that either were reviewed in
Update 1996 or have more than one new study (not based on PMRs) that reports
analyses by different latencies.

RESPIRATORY CANCER

Background

There is a substantial body of literature that explores issues of timing of
exposure and respiratory cancer, because of its relatively high incidence and
because numerous carcinogenic agents have been identified. Some of the studies
are summarized here to provide a background for the examination of these issues.

Gamma Rays. In an investigation of latency issues for radiation exposure in
atomic bomb survivors, it was found that the relative risk of respiratory cancer
began to rise 5 to 10 years after exposure and reached a plateau about 15 years
after exposure. Thirty years after exposure there was no evidence of a decrease in
relative risk (Land, 1987). In addition, the effects of age at exposure are quite
pronounced for some sites (NAS, 1990) (e.g., leukemia, digestive cancers, and
breast cancer).

Radon Daughters. For miners exposed to radon daughters (radon decay prod-
ucts), the relative risk of lung cancer was seen to peak 5 to 10 years after first
exposure, then slowly decline, although the risk still appears to be elevated even
30 years after exposure (Lubin et al., 1994; Thomas et al., 1994). In addition, the
effect of exposure varies with age at exposure: a given exposure level results in a
lower relative risk in older workers than it does in younger workers.

Smoking. Analyses of lung cancer indicate that the relative risks begin to rise
substantially after about 20 years from the initiation of cigarette smoking. Among
ex-smokers, the relative risk declines to about 50 percent of that of smokers by 12
years after cessation but then remains fairly constant (and elevated relative to
those who never smoked). Among continuing smokers, for the same cumulative
amount smoked, the relative risk declines with age at the start of smoking.
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TABLE 8-1 New Studies with Latency Data

Measures of Latency Cancer
Reference Association Periods* Population Outcomes

Michalek et al., SMR 0–20 Ranch Hands Respiratory
1998 20+ (other sites presented

for <20 or 20+ years,
but not for both)

Bertazzi et al., RR (Mortality) 0–15 Seveso residents All cancers
1997 Digestive cancer

Rectal cancer (males
only)

Lymphatic and
hematopoietic

Stomach (females only)
Leukemia (males only)
Multiple myeloma

(females only)

Crane et al., 1997 SMR <10 Australian All cancers
11–15 Vietnam veterans Lung cancer
16–20
21–25
>25

Kogevinas et al., SMR 0–9 IARC cohort All neoplasms (140–208)
1997 >20 10–19 Lung cancer

NHL
Soft tissue sarcoma

Becher et al., SMR 0– <10 German All neoplasms (140–208)
1997 10–<20 production Buccal cavity/pharynx

20+ workers Lung
NHL

All lymphatic and
hematopoietic

Watanabe and PMR 0–10 U.S. Vietnam-era All cancers (170–174,
Kang, 1996 11–15 veterans 185–209)

>16 Pancreas
Larynx
Lung
Connective tissue
Skin
Prostate
Testis
NHL
Hodgkin’s disease
Multiple myeloma

*Refers to years since start of exposure, with the exception of the study by Watanabe and Kang
(1996), who examined time since last year in Vietnam, and Michalek et al. (1998), who did not
specify what the latency represented.
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Arsenic. In a cohort of workers from a copper smelter in Montana, relative risks
were observed to increase with time after exposure, reaching a maximum between
15 and 20 years after exposure, after which they slowly declined (Breslow and Day,
1987). There was little change in relative risk with age at first exposure.

Asbestos. In a cohort of workers exposed only briefly to high levels of asbestos
during World War II, the relative risk rose sharply between 5 and 10 years after
exposure, after which it remained constant up to 40 years after exposure (U.S.
EPA, 1986). The relative risks are independent of age at exposure.

Nickel. In a cohort study of nickel refiners in England and Wales, the relative
risk for lung cancer peaks less than 20 years after exposure, then decreases
sharply. After 50 years, however, the risk is still elevated, except in the low-
exposure group. The relative risks are more or less constant across age at first
exposure (Kaldor et al., 1986). It is interesting to note that in contrast to these
results, the same author reported quite a different pattern of relative risks for
nasal sinus cancer. It was found that the relative risks for nasal sinus cancer
continued to increase slowly with time since exposure, but increased markedly
with age at first exposure.

Thus, for all of these exposures, increases in relative risk either reached a
plateau or peaked within 20 years after exposure. This indicates that the first
detectable increases occurred somewhat earlier than this. The pattern of relative
risks after reaching the peak and the pattern with age at exposure vary greatly
across the agents, probably reflecting different mechanisms of action.

Review of the Scientific Literature

Since respiratory cancer is fairly common, the committee has focused on
studies with at least 10 cases. Five studies have reported timing effects related to
herbicide exposure and respiratory cancer. The National Institute for Occupa-
tional Safety and Health (NIOSH) study of chemical production workers gives
the most detailed account of timing effects and exposure to TCDD (Fingerhut et
al., 1991). Standardized mortality ratios (SMRs) for lung cancer were 0.8, 1.0,
and 1.2 for 0–9, 10–19, and 20+ years since first exposure to TCDD, based on a
total of 85 cases. SMRs for time since first exposure are further stratified by
duration of exposure, as reproduced in Table 8.2. An association between TCDD
exposure and respiratory cancer is not observed in years 0–9 after first exposure.
Effects begin to be observed in the second decade after exposure began among
those with at least 5 years of exposure, and they have not disappeared 20 or more
years after exposure. The latency may be longer for those with shorter durations
of exposure.

Data from Seveso provided by Bertazzi et al. (1989a,b) and summarized in
Tables 8-3A and 8-3B indicate that respiratory cancer mortality was not in-
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creased among those in the exposed areas during the period from 0 to 5 years
after the accident but was increased in years 6–10 for the most proximate residen-
tial areas. In the 15-year follow-up of the Seveso cohort, no additional data are
presented on latency for respiratory cancer (Bertazzi et al., 1997), but given the
results from several publications, the committee has calculated the relative risk
for years 11–15 as 1.0 in all three zones.

In an 18-year follow-up of Finnish herbicide applicators, Asp et al. (1994)
give the SMRs for respiratory cancer relative to the Finnish male age- and calen-
dar-year-specific rates in such a way that SMRs could be calculated by time since
first exposure for 0–9, 10–15, and >15 years. These data show that there is no
clear pattern according to time since first exposure, but there is also no overall
association with respiratory cancer, probably because the exposures were on
average only four weeks’ duration.

In a report on four occupational cohorts involved in phenoxy herbicide and
chlorophenol manufacturing in Germany, with 47 lung cancer deaths and an
overall SMR of 1.4, Becher et al. (1996) showed the highest relative risk in the
first decade (SMR = 1.80), declining thereafter (SMR = 1.38 between 10 and 20
years after exposure, and 1.35 thereafter). These data are presented in Table 8-4.
The same cohorts were included in the much larger International Agency for
Research on Cancer (IARC) multicohort occupational study (Kogevinas et al.,
1997), which similarly found the highest relative risks in the first 10 years: SMRs

TABLE 8-3a Seveso Study: Lung Cancer Mortality Ratios in Men by
Calendar Period

RR

Time Since Exposure Zone A Zone B Zone R

0–5 years 0.0 1.1 0.7
6–10 years 2.0 1.8 0.9
11–15 years* 1.0 1.0 1.0

SOURCE: Bertazzi et al., 1997, Table 3, and Bertazzi et al., 1989b, Tables 4, 5, and 7.
* Relative risks have been calculated using data from the two published reports.

TABLE 8-3b Seveso Study: Lung Cancer Mortality in Males for 15-Year
Follow-Up

Observed Expected RR

Zone A 4 4.2 1.0
Zone B 34 27.6 1.2
Zone R 178 194.4 0.9

SOURCE: Bertazzi et al., 1997, Table 3.
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for 0–9, 10–19, and 20 or more years were 1.2, 1.0, and 1.2, respectively, based
on 34, 64, and 127 lung cancer deaths. The IARC results are shown in Table 8-5.

The study of Ranch Hands (Michalek et al., 1998) does examine latency for
several cancer sites but does not define whether this involves time since first
service, since last service, since start of service in Vietnam, or since last service
in Vietnam. This group of veterans experienced fewer respiratory cancer deaths
than expected in the first 20 years (3 observed, 5.6 expected) and a slight excess
after 20 years (9 observed, 7.2 expected).

A report on the Australian veterans who served in Vietnam provides addi-
tional information on the time since first year of service (Crane et al., 1997).
Since the first year of service may have been earlier than the first year in Viet-
nam, or the first year of exposure, any latency observed in these data would be
longer than the actual latency. The pattern of SMRs for lung cancer deaths during
1980–1994 (no lung cancers were observed before 1980) was as follows: 2.5, 0.9,
1.3, 1.3, and 1.1 for the periods <10, 11–15, 16–20, 21–25, and >25 years respec-
tively since the start of service. Note, however, that the SMR of 2.5 in the early
period is based on only 3 lung cancer deaths, whereas the remaining periods had
17, 60, 95, and 35 lung cancer deaths, respectively. These results can be found in
Table 8-6.

TABLE 8-4 German Phenoxy Herbicide and Chlorophenol Manufacturing
Workers Study: Lung Cancer Observed and Expected Deaths and SMRs for
Men by Time Since First Exposure

Time Since Exposure Observed Expected SMR

<10 years 8 4.4 1.8
10 to <20 years 14 10.1 1.4
≥20 years 25 18.4 1.4

SOURCE: Becher et al., 1996, Table 4.

TABLE 8-5 IARC International Study of Workers Exposed to TCDD or
Higher Chlorinated Dioxins: Lung Cancer Observed and Expected Deaths and
SMRs for Men by Time Since First Exposure

Time Since
First Exposure Observed Expected SMR

0–9 years 34 27.9 1.2
10–19 years 64 61.5 1.0
>20 years 127 110.4 1.2

SOURCE: Kogevinas et al., 1997, Table 5.
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Conclusions

Perhaps because respiratory cancers are the most common type of cancer in
all of the cohort studies, there is more latency information available for this site
than for any other. However, based on the review of the evidence in VAO, Update
1996, and Chapter 7 of this report, respiratory cancer is in the “limited/sugges-
tive” evidence category, indicating that the committee believes the evidence for
association between herbicide exposure and these cancers is not conclusive. Al-
though an investigation of latency effects could result in a change in the catego-
rization of evidence, in this case it did not. The fact that the committee reviewed
the literature for latency effects does not imply an a priori belief on the part of the
committee that the association is definitive.

How Long Does It Take After Exposure to Detect an
Increase in Disease Risk?

If the association between TCDD exposure and respiratory cancer is causal,
then the evidence in the literature suggests that the time between exposure to
TCDD and an increased risk of respiratory cancer may be less than 10 years.
Although the NIOSH study (Fingerhut et al., 1991) does not begin to show an
effect until 10 years after exposure, the Seveso cohort (Bertazzi et al., 1989a,b,
1997) data show an increased occurrence of death from respiratory cancer begin-
ning 6–10 years after initiation of an exposure, and the IARC cohort (Kogevinas
et al., 1997) demonstrates the highest increase in the first decade. Australian
Vietnam veterans (Crane et al., 1997) also showed an elevated risk of lung cancer
mortality in the first decade, but this finding is based on a small number of deaths.
The latest report on Ranch Hands (Michalek et al., 1998) shows a reduced risk in
the first 20 years since exposure.

The committee also finds evidence in the literature that the time between
exposure and the detection of respiratory cancer probably depends on the magni-
tude of exposure. This evidence is seen in the Fingerhut et al. (1991) study, which
was the only analysis that presented a cross-classification of time since first expo-

TABLE 8-6 Australian Vietnam Veterans Study: Lung Cancer Observed and
Expected Deaths and SMRs for Men by Time Since Start of Military Service

Time Since
Start of Service Observed Expected SMR

<10 years 3 1.2 2.5
11–15 years 17 19.7 0.9
16–20 years 60 45.9 1.3
21–25 years 95 73.0 1.3
>25 years 35 32.2 1.1

SOURCE: Crane et al., 1997, Table E-19.
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sure with duration of exposure. With latency depending on the level of exposure,
one would not necessarily expect to see the same pattern for time since exposure in
all studies. Nor would one expect the pattern of risk over time since exposure to be
the same for Vietnam veterans as it was for those exposed in manufacturing plants
or through accidental environmental releases of the same chemicals.

When exposure is not protracted, a pattern with time since exposure could be
due to confounding by another exposure that has a similar trend among the
exposed, but no such trend among the unexposed. When exposure is protracted,
as in two of the occupational cohorts, an even more complex pattern would have
to occur for confounding to explain the results. Although one can hypothesize
that a particular pattern of risk with latency could be due to confounding, evi-
dence for differential confounding by years-since-first-exposure may be difficult
to find, particularly for cohorts with a protracted exposure.

How Long Do the Effects of Exposure Last?

If there is, in fact, a causal association between TCDD exposure and respira-
tory cancer, the literature suggests that the risk can be elevated beginning at least
as early as 6 years after exposure, but the literature is less clear on how long the
effect lasts. In the NIOSH study (Fingerhut et al., 1991), risks were most elevated
20 or more years after exposure began, even for those with only 1–4 years of
exposure (i.e., 16–19 years after exposure ended). The SMR in the IARC study
(Kogevinas et al., 1997) for workers exposed to TCDD or higher chlorinated
dioxins dropped to 1.0 from 10 to 19 years after first exposure, and rose to 1.2 for
20 or more years since first exposure (95 percent confidence interval [95% CI]
1.0–1.4), but no analyses are presented by years since last exposure. The most
recent follow-up of the Seveso cohort (Bertazzi et al., 1997) did not provide any
data on lung cancer latency. The Ranch Hands (Michalek et al., 1998) showed an
SMR of 1.3 for 20 or more years of latency, which, depending on how latency
was defined, could represent approximately a few years shorter time since service
ended. Among Australian veterans (Crane et al., 1997), SMRs were 1.3 for 16–25
years after service began and 1.3 for 25 or more years after service began, but
again this analysis was not for years since service ended or since leaving Viet-
nam. Given the scant data, the committee cannot determine how long it takes
before the relative risks return to one. The lack of conclusive data on timing
parallels the lack of definitive data on whether exposures to TCDD and other
herbicides are causally associated with respiratory cancer.

How Does the Effect of Exposure Vary with the Age at
Which It Was Received?

None of the available studies provides information on the variation of the
effect of exposure with age.
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Does the Carcinogen Appear to Act at an Early or a
Late Stage of the Carcinogenic Process?

None of the available studies address this issue.

PROSTATE CANCER

Background

There do not appear to be environmental exposures other than herbicides
associated with prostate cancer for which latency issues have been investigated.
Although there are new data on prostate cancer since Update 1996, there are few
new data on latency for prostate cancer.

Review of the Scientific Literature

The NIOSH study of chemical production workers exposed to TCDD (Fin-
gerhut et al., 1991) reports SMRs for prostate cancer for the entire cohort, as well
as for 20+ years since first exposure, by the duration of exposure: short = <1 and
long = 1+ years. The presentation of results in their paper did not allow a com-
parison of SMRs for <20 and 20+ years since first exposure within duration-of-
exposure categories. Based on the material presented, SMRs were calculated
according to years since first exposure; these are listed in Table 8-7. No differ-
ence in SMRs was observed for time since first exposure. The wide categories of
time since exposure limit the degree to which any inferences can be drawn about
latency.

If the exposure to TCDD after the Seveso accident was of relatively short
duration, the time since the accident is essentially the same as the time since
exposure. The mortality studies by Bertazzi et al. (1989a,b) provide results rel-
evant to the timing of exposure for prostate cancer mortality. By combining the
data from earlier reports with those published in 1997 (Bertazzi et al., 1997),
relative risks were calculated for the 11–15 years since the accident. If a low rate
of immigration is assumed, the calendar-period relative risks will approximate

TABLE 8-7 NIOSH Production Workers Study: Prostate Cancer Observed
and Expected Numbers of Deaths and SMRs by Time Since First Exposure to
TCDD

Time Since
First Exposure Observed Expected SMR

<20 years 6 5.0 1.20
≥20 years 11 8.9 1.23

SOURCE: Derived from Fingerhut et al., 1991, Table 2.

Copyright © National Academy of Sciences. All rights reserved.

Veterans and Agent Orange: Update 1998
http://www.nap.edu/catalog/6415.html

http://www.nap.edu/catalog/6415.html


LATENCY AND CANCER RISK 427

those for three categories of time since exposure. The relative risks are summa-
rized in Tables 8-8A and 8-8B. There are no cases in zone A, 6 cases in zone B,
and 39 in zone R. In zones B and R, there is a decrease in the relative risk with
calendar period, although the small number of cases and the fact that this is a
mortality rather than an incidence study preclude strong statements about the
actual pattern of relative risks.

A recent update of the Ranch Hand study reported prostate cancer for >20
years since the start of exposure but not for <20 years (Michalek et al., 1998).
Hence it provides no information about how time since exposure might be related
to prostate cancer risk.

Conclusions

The committee’s review of the literature yielded only two sets of articles
(Fingerhut et al., 1991; Bertazzi et al., 1989a,b, 1997) on prostate cancer that
presented latency-related results and a sufficient number of cases for statistical
analysis. Prostate cancer is in the category of limited/suggestive evidence, so it is
important to keep in mind that the committee believes the evidence for an asso-
ciation between herbicide exposure and prostate cancer is not conclusive. Al-
though the investigation of latency effects could result in a change in the catego-
rization of evidence, in this case it did not. The fact that the committee reviewed
the literature for latency effects does not imply an a priori belief on the part of the

TABLE 8-8a Seveso Study: Prostate Cancer Relative Mortality in Men by
Calendar Period

RR

Time Since Exposure Zone A Zone B Zone R

0–5 years no cases 2.8 1.9
6–10 years no cases 1.5 1.2
11–15 years no cases 0.9 1.0

SOURCE: Bertazzi et al., 1997, Table 3, and Bertazzi et al., 1989b, Tables 4, 5, and 7.

TABLE 8-8b Seveso Study: Prostate Cancer Relative Mortality in Men for
15-Year Follow-Up

Observed Expected RR

Zone A 0 0.7 0.0
Zone B 6 4.8 1.2
Zone R 39 33.0 1.2

SOURCE: Bertazzi et al., 1997, Table 3.
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committee that the association is definitive. A further caveat is the concern that
evidence based on mortality studies may have no relation to the latency period
that might apply to the incidence of prostate cancer.

How Long Does It Take After Exposure to Detect an
Increase in Disease Risk?

The limited data from the NIOSH study (Fingerhut et al., 1991) are uninfor-
mative; they provide no information about any pattern of relative risk in the 0–20
years since exposure began and show no difference between the first 20 years and
the subsequent years since exposure. The Seveso studies (Bertazzi et al., 1989a,b,
1997) suggest that the relative risk for prostate cancer mortality is higher in the
early period after exposure begins and declines 11–15 years after exposure. As
for respiratory cancer, the extrapolation of latency across studies is very uncer-
tain, since it can vary according to the exposure level and other factors such as
age at exposure.

How Long Do the Effects of Exposure Last?

The available evidence is limited to the results from the Seveso cohort
(Bertazzi et al., 1989a,b, 1997). Since external exposure was for a brief period,
the findings are the same as for time since first exposure, with evidence suggest-
ing little risk if any, between 10 and 15 years after the end of exposure.

How Does the Effect of Exposure Vary with the
Age at Which It Was Received?

None of the studies provides information on the variation of the effect of
exposure with age.

Does the Carcinogen Appear to Act at an Early or a
Late Stage of the Carcinogenic Process?

None of the studies address this issue.

NON-HODGKIN’S LYMPHOMA

Background

In Update 1996, non-Hodgkin’s lymphoma (NHL) was not reviewed for
time-related factors because of the lack of published data. Three recent reports
provide latency data on non-Hodgkin’s lymphoma in relation to herbicide expo-
sures, but one of these relied on PMRs (Watanabe and Kang, 1996).
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Review of the Scientific Literature

Two occupational cohort studies address the latency issue for non-Hodgkin’s
lymphoma. The first is a report from four cohorts in Germany, with a total of six
deaths, shown in Table 8-9 (Becher et al., 1996). None were observed in the 10
years since first exposure, 2 were observed in the second decade, and 4 in the
third decade or later, for SMRs of 0, 3.6, and 4.3, respectively. Only the latter is
significantly elevated. These data are included in the large IARC cohort of herbi-
cide manufacturing workers (Kogevinas et al., 1997), which observed 2, 8, and
14 deaths from this disease, yielding SMRs of 0.6 (95% CI 0.1–2.3), 1.5 (95% CI
0.6–2.9), and 1.6 (95% CI 0.9–2.7). These data are presented in Table 8-10.

Conclusions

The committee’s review of the literature yielded only a few papers with data
on non-Hodgkin’s lymphoma that provided latency-related results and sufficient
numbers of cases for statistical analysis. Non-Hodgkin’s lymphoma is in the
category of having sufficient evidence of an association with exposures to the
herbicides used in Vietnam, which means that the committee finds strong evi-
dence of an association and is convinced that the association is not due to bias or
confounding from other factors.

TABLE 8-9 German Phenoxy Herbicide and Chlorophenol Manufacturing
Workers Study: Non-Hodgkin’s Lymphoma Observed and Expected Deaths
and SMRs for Men by Time Since First Exposure

Time Since
First Exposure Observed Expected SMR

<10 years 0 0.4 0
10 to <20 years 2 0.6 3.6
>20 years 4 0.9 4.3

SOURCE: Becher et al., 1996, Table 4.

TABLE 8-10 IARC International Study of Workers Exposed to TCDD or
Higher Chlorinated Dioxins: Non-Hodgkin’s Lymphoma Observed and
Expected Deaths and SMRs for Men by Time Since First Exposure

Time Since
First Exposure Observed Expected SMR

0–9 years 2 3.2 0.6
11–19 years 8 5.5 1.5
>20 years 14 8.6 1.6

SOURCE: Kogevinas et al., 1997, Table 5.
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How Long Does It Take After Exposure to Detect
an Increase in Disease Risk?

The data suggest that the increase in risk is not immediate. Occupational
cohorts do not begin to show an excess of this type of cancer until the second
decade after initial exposure.

How Long Do the Effects of Exposure Last?

The available evidence suggests that the effect of herbicide exposure on the
risk of non-Hodgkin’s lymphoma lasts for more than 20 years. No data are
available to examine latencies of 30 or more years.

How Does the Effect of Exposure Vary with the Age at
Which It Was Received?

None of the studies provides information on the variation of the effect of
exposure with age.

Does the Carcinogen Appear to Act at an Early or a
Late Stage of the Carcinogenic Process?

None of the studies address this issue.

RELEVANCE OF LATENCY IN ASSESSING THE EFFECT OF
HERBICIDES ON CANCER RISK IN VIETNAM VETERANS

One of the committee’s tasks was to assess the likelihood that exposure to
herbicides used in Vietnam resulted in or will result in increased risk of disease in
Vietnam veterans. Currently, any such inference would have to be based on
extrapolation from the findings about disease experience of other groups exposed
to TCDD or herbicides generally. Given that we know when the potential expo-
sure to TCDD and other herbicides used in Vietnam began and ended, it would
appear reasonable to examine time-related factors for those who served in Viet-
nam, but to date, no adequate analyses of time-related factors for cancer occur-
rence in Vietnam veterans have been published. The extrapolation from other
types of studies is problematic for several reasons. Brief exposures, such as
occurred in Seveso, and chronic occupational exposures may not apply to Viet-
nam veterans because of the different exposure situation. For example, there is
evidence in the literature (e.g., for respiratory cancer) that latency can vary not
only among individuals, but also according to other aspects of the exposure
scenario, such as the magnitude of exposure. Thus, if high exposures in an occu-
pational setting result in a certain pattern of relative risks with time since first
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exposure, this pattern may not hold for lower-level exposures like those that
occurred in Vietnam. Similarly, direct evidence was not presented to evaluate the
impact of age at exposure to herbicides. It is possible that the age at which
exposure was received could influence the pattern of latency observed (e.g.,
exposures incurred at younger ages could be more potent, but the impact might
not be seen for a longer time period; conversely, exposures at older ages might be
more harmful, particularly in the short run). Unfortunately, the data are not avail-
able to evaluate the hypothesis that age at exposure is important. A major limita-
tion of the analyses discussed in this chapter is the failure of most studies to
conduct analyses of latency that also controlled for factors such as duration of
exposure, age, and calendar time of exposure (or analyses of age at exposure that
controlled for time since exposure), particularly for occupational cohorts with
protracted exposure periods.

Another consideration is the long retention time of TCDD and other highly
chlorinated herbicides. Since body burdens from any exposure, no matter how
brief, result in continuing exposure of internal organs, the concept of time since
exposure ended has a different meaning than for chemical agents that are ex-
creted quickly.

A third issue concerns the distinction between morbidity and mortality. As
discussed earlier in this chapter, the latency between exposure and death is com-
posed of two parts: latency until disease is detected and time between disease
occurrence and death. For diseases with low survival, such as respiratory cancer,
the time between disease occurrence and death is generally short, and therefore, a
study focusing on mortality will give a good approximation of the latency period.
However, for diseases that are not always fatal or that have a long survival time,
such as prostate cancer, it is preferable to examine incidence rather than mortal-
ity. Thus, further data on the incidence of prostate cancer would be of great help,
since relatively few men with prostate cancer die from it.

Overall, the data on latency do not alter the committee’s conclusions with
regard to the categories of evidence for individual cancer sites, but they do
provide some information on how long the effects of herbicide exposures last.
The evidence suggests that if respiratory cancer does result from exposures to the
herbicides used in Vietnam, the greatest relative risk for lung cancer may be in
the first decade after exposure, but until further follow-up has been carried out for
some of the cohorts, it will not be possible to put an upper limit on the length of
time these herbicides could exert their effect. For prostate cancer, the published
data are largely uninformative, and conclusions must await more definitive stud-
ies, preferably using incidence rather than mortality. For non-Hodgkin’s lym-
phoma, effects are seen in the second decade after exposure begins and continue
to be observed more than 20 years after external exposure ends. Because of the
long retention times of TCDD, internal exposures can continue long after exter-
nal exposures cease.
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INTRODUCTION

This chapter summarizes published scientific literature on exposure to herbi-
cides and adverse reproductive and developmental effects. The literature dis-
cussed includes papers published since Veterans and Agent Orange: Update
1996 (henceforth called Update 1996) (IOM, 1996). Both Veterans and Agent
Orange: Health Effects of Herbicides Used in Vietnam (henceforth called VAO)
(IOM, 1994) and Update 1996 included a number of environmental, occupa-
tional, and Vietnam veteran studies that evaluated herbicide and dioxin exposure
and the risk of adverse reproductive outcomes, including spontaneous abortion,
birth defects, stillbirths, neonatal and infant mortality, low birthweight, and se-
men quality and infertility. The reports concluded that the evidence at that time
was inadequate or insufficient to determine whether an association exists be-
tween exposure to herbicides and most of the above reproductive and develop-
mental outcomes. Update 1996 concluded that there was limited/suggestive evi-
dence for an association between herbicides and spina bifida.

The primary emphasis of VAO, Update 1996, and this report is on the poten-
tial adverse reproductive and developmental effects of herbicide exposure on
males, because the vast majority of Vietnam veterans are men. Nevertheless, a
brief discussion of the epidemiologic findings pertaining to female exposure is
warranted because of the Department of Veterans Affairs’ current study of fe-
male Vietnam veterans, their reproductive history, and the health of their chil-
dren. A number of studies have evaluated the potential association between her-
bicide exposure in women and the risk of adverse reproductive outcomes,

9

Reproductive Effects
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including spontaneous abortion, stillbirth, preterm delivery, and birth defects
(Hemminki et al., 1980; McDonald et al., 1987; Ahlborg et al., 1989; Savitz et al.,
1989; Fenster and Coye, 1990; Restrepo et al., 1990; Goulet and Theriault, 1991;
Correa-Villasenor et al., 1991; Lin et al., 1994; Nurminen et al., 1995; Blatter and
Roeleveld, 1996; Blatter et al., 1996). In addition, recent studies have investi-
gated maternal dioxin exposure and neurological development among offspring
(Koopman-Esseboom et al., 1996). Another study found no association between
potential Agent Orange exposure and risk of gestational trophoblastic disease
among women living in Vietnam (Ha et al., 1996). The quality and results of
these studies have been mixed. A major limitation of nearly all the studies is the
determination of specific exposures. Many studies have defined exposure based
solely on employment in agricultural occupations. Exposure to specific chemi-
cals and other agents in these agricultural settings is usually not ascertained.
Further, problems such as incomplete ascertainment of the outcome of interest,
selection of inappropriate or no control groups, and failure to account for con-
founding factors have limited some of this work. Improvements in study design,
especially exposure assessment, should allow for a more definitive evaluation of
the relationship between herbicide exposure and adverse reproductive outcomes
among women.

The remainder of this chapter discusses the following specific categories of
reproductive effects: birth defects, fertility, stillbirth, neonatal and infant death,
and low birthweight and preterm birth. For most outcomes, a brief summary of
the scientific evidence in VAO and Update 1996 is presented, followed by a
review of the recent scientific literature.

BIRTH DEFECTS

Background

The March of Dimes defines a birth defect as “an abnormality of structure,
function or metabolism, whether genetically determined or as the result of an
environmental influence during embryonic or fetal life” (Bloom, 1981). Other
terms often used interchangeably with birth defects are “congenital anomalies”
and “congenital malformations.” Major birth defects are usually defined as those
abnormalities that are present at birth and severe enough to interfere with viabil-
ity or physical well-being. Major birth defects are seen in approximately 2 to 3
percent of live births. An additional 5 percent of birth defects can be detected
with follow-up through the first year of life. Given the general frequency of major
birth defects of 2 to 3 percent and the number of men who served in Vietnam (2.6
million), if one assumes that they had at least one child, it has been estimated that
52,000 to 78,000 babies with birth defects have been fathered by Vietnam veter-
ans, even in the absence of an increase due to exposure to herbicides or other
toxic substances (Erickson et al., 1984a). The cause of most birth defects is
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unknown. In addition to genetic factors, a number of other factors and exposures
including medications, environmental, occupational, and lifestyle have been
implicated in the etiology of some birth defects (Kalter and Warkany, 1983).
Most of the etiologic research has focused on maternal and fetal exposures.
Paternal exposures could exert an effect through direct genetic damage to the
male germ cell that is transmitted to the offspring and is expressed as a birth
defect; through seminal fluid transfer of chemicals, with subsequent fetal expo-
sure; or via indirect exposure from household contamination. There is limited
animal evidence that some chemicals are associated with an increase in birth
defects after paternal exposure, although the relative importance of male-medi-
ated developmental toxicity is not established (Olshan and Faustman, 1993). The
previous reports and this update have limited their reviews to studies of paternal
exposures.

Summary of VAO and Update 1996

There have been several occupational and environmental studies of parental
herbicide exposure. The results have been inconsistent, with some studies sug-
gesting an increased risk of a variety of specific birth defects and others reporting
no association. In addition, some studies conducted in Vietnam have indicated an
association between birth defects and herbicide spraying. Several problems have
limited these studies for the evaluation of specific birth defects: relatively small
sample sizes; failure to document reported birth defects; use of ecologic exposure
measures; inability to isolate specific pesticides and exposure of specific parents;
and uncontrolled confounding.

Because of the importance of conclusions regarding spina bifida in Update
1996, the relevant studies are summarized in this section. Table 9.1 is a summary
of the studies that have reported results specifically for neural tube defects (typi-
cally anencephaly and/or spina bifida), including studies in VAO, Update 1996,
and more recent publications reviewed in this report. Results of the analysis of
birth defects among the offspring of Ranch Hands and other Vietnam veterans
suggested the possibility of an association between dioxin exposure and risk of
neural tube defects. Unfortunately, some studies, particularly the occupational
and environmental studies (e.g., Seveso), do not have results specific for indi-
vidual birth defects, usually because of the small number of cases. Several studies
of veterans appear to show an elevated relative risk for neural tube defects such as
anencephaly and/or spina bifida in the offspring of veterans which may be related
to either service in Vietnam or estimated exposure to herbicides or dioxin. Many
of the estimates are imprecise, chance cannot be ruled out, and the specific parent
exposed is unclear. Nonetheless, the pattern of association warrants further evalu-
ation. The Centers for Disease Control and Prevention (CDC) Birth Defects
Study (Erickson et al., 1984a,b), the CDC Vietnam Experience Study (VES)
(CDC, 1989), and the Ranch Hand Study (Wolfe et al., 1995) are of the highest
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TABLE 9-1 Selected Epidemiologic Studies—Neural Tube Defects

Estimated
Exposed Risk

Reference Study Population Cases (95% CI)

OCCUPATIONAL
New Studies
Blatter et al., 1997 Offspring of Dutch farmers—

spina bifida
Pesticides use (moderate or heavy

exposure) 9 1.7 (0.7–4.0)
Herbicides use (moderate or heavy

exposure) 7 1.6 (0.6–4.0)
Kristensen et al., 1997 Offspring of Norwegian farmers—

spina bifida
Tractor spraying equipment 28 1.6 (0.9–2.7)
Tractor spraying equipment and
orchards/greenhouses 5 2.8 (1.1–7.1)

Dimich-Ward et al., 1996 Sawmill Workers
Spina bifida or anencephaly 22a 2.4 (1.1–5.3)
Spina bifida 18a 1.8 (0.8–4.1)

Garry et al., 1996 Private Pesticide Appliers
Central nervous system defects 6 1.1 (0.5–2.4)

ENVIRONMENTALb

Studies Reviewed in VAO
Stockbauer et al., 1988 TCDD soil contamination in Missouri

Central nervous system defects 3 3.0 (0.3–35.9)
Hanify et al., 1981 Spraying of 2,4,5-T in New Zealand

Anencephaly 10 1.4 (0.6–3.3)
Spina bifida 13 1.1 (0.6–2.3)

VIETNAM VETERANS
Studies Reviewed in Update 1996
Wolfe et al., 1995 Follow-up of Air Force Ranch Hands

Neural tube defects among Ranch Handsc 4
Neural tube defects among comparison 0

Studies Reviewed in VAO
CDC, 1989 Vietnam Experience Study

Spina bifida among Vietnam veterans 9 1.7 (0.6–5.0)
Spina bifida among non-Vietnam

veterans 5
Anencephaly among Vietnam

veterans 3
Anencephaly among non-Vietnam

veterans 0
Erickson et al., 1984a,b Birth Defects Study

Vietnam veteran: spina bifida 19 1.1 (0.6–1.7)
Vietnam veteran: anencephaly 12 0.9 (0.5–1.7)
EOI-5: spina bifida 19d 2.7 (1.2–6.2)
EOI-5: anencephaly 7d 0.7 (0.2–2.8)

Copyright © National Academy of Sciences. All rights reserved.

Veterans and Agent Orange: Update 1998
http://www.nap.edu/catalog/6415.html

http://www.nap.edu/catalog/6415.html


438 VETERANS AND AGENT ORANGE: UPDATE 1998

overall quality. The CDC VES cohort study found more Vietnam veterans than
non-Vietnam veterans reported that their children had a central nervous system
anomaly (odds ratio [OR] = 2.3, 95 percent confidence interval [95% CI] 1.2–
4.5) (CDC, 1988). The odds ratio for spina bifida was 1.7 (CI 0.6–5.0). A substudy
was conducted as an attempt to validate the reported cerebrospinal defects (spina
bifida, anencephaly, hydrocephalus) by examination of hospital records. A differ-
ence was detected, but its interpretation was limited by differential participation
between veteran groups and failure to validate negative reports (i.e., veterans
who did not report children having a birth defect). Thus, the issue of recall bias
remains a major concern with this study.

The CDC General Birth Defects Study utilized the population-based birth
defects registry system in the metropolitan Atlanta area (Erickson et al., 1984a,b).
There was no association between overall Vietnam veteran status and the risk of
spina bifida (OR = 1.1, CI 0.6–1.7) or anencephaly (OR = 0.9, CI 0.5–1.7).
However, the exposure opportunity index (EOI) based on interview data was
associated with an increased risk of spina bifida; for the highest estimated level of
exposure (EOI-5, based on interview data), the OR was 2.7 (CI 1.2–6.2). There
was no similar pattern of association for anencephaly. This study has a number of
strengths, including the use of a population-based birth defects registry system
and adjustment for a number of potentially confounding factors. Two study limi-
tations include the relatively low response proportions among both case and
control subjects (approximately 56 percent) and the lag between birth and inter-
view for some cases and controls.

The analysis of birth defects from the Air Force Health Study (AFHS) of
Operation Ranch Hand veterans and their children was published in 1995 (Wolfe

Australia Department Australian Vietnam veterans—Neural 16 0.9
of Veteran Affairs tube defects
Health Studies, 1983

aNumber of workers with maximal index of exposure (upper three quartiles) for any job held up to
three months prior to conception.
bEither or both parents potentially exposed.
cFour neural tube defects among Ranch Hand offspring include 2 spina bifida (high dioxin level), 1
spina bifida (low dioxin), and 1 anencephaly (low dioxin). Denominator for Ranch Hand group is
792 live-born infants and 981 for comparison group.
dNumber of Vietnam veterans fathering a child with a neural tube defect given any exposure oppor-
tunity index (EOI) score based upon interview.

TABLE 9-1 Continued

Estimated
Exposed Risk

Reference Study Population Cases (95% CI)
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et al., 1995). Of the 872 Ranch Hands, 419 fathered 792 live-born infants during
their service in Vietnam or until January 1990. Of the 1,036 comparison veterans,
531 fathered 981 live-born infants during this period. Birth defects were vali-
dated by a medical records review. In considering all birth defects combined,
there was a slightly higher proportion of defects among Ranch Hand children
than among comparison children (22.3 percent versus 20.8 percent). No general
pattern of increasing risk with increasing dioxin levels was found. However,
neural tube defects (spina bifida, anencephaly) were in excess among offspring of
Ranch Hands, with 4 total (rate of 5 per 1,000), in contrast to none among the
comparison infants (p = 0.04). The four cases were distributed as two spina bifida
in the high-dioxin-level category, one anencephaly and one spina bifida in the
low-dioxin category (exact p for spina bifida = 0.09).

Thus, all three epidemiologic studies (Ranch Hand, VES, CDC Birth Defects
Study) (Wolfe et al., 1995; CDC, 1988; Erickson et al., 1984a,b) suggest an
association between herbicide exposure and an increased risk of spina bifida in
offspring. Although the studies were judged to be of relatively high quality, they
suffer from methodologic limitations, including possible recall bias, nonresponse
bias, small sample size, and misclassification of exposure. In addition, the failure
to find a similar association with anencephaly, an embryologically related defect,
is of concern.

Update of Scientific Literature

Dimich-Ward et al. (1996) conducted a nested case-control analysis of birth
defects among offspring of fathers employed in British Columbia sawmills. The
cohort included 9,512 fathers who had worked at least one year in sawmills
where chlorophenate wood preservatives (anti-sap stain fungicides) had been
used. Teschke et al. (1994) summarized the concentrations of various dioxin
congeners in a variety of product formulations used in the British Columbia
sawmill industry. 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) was not detected
in the samples. However, varying levels of related congeners, specifically hexa-
chlorodibenzodioxins, heptachlorodibenzodioxins, and octachlorodibenzodioxins
were found (2–330 ppm [parts per million], as a proportion of 100 percent active
ingredient). Births (1952–1988) to these men were identified by linkage with the
British Columbia (BC) live and stillbirth records. Further linkage with the BC
Health Surveillance Registry identified cases of birth defects. The registry system
is population based and uses multiple sources of identification. A case-control
analysis was conducted, matching 5 controls (non-defect births) per case on year
of birth and gender. Covariates included mother’s and father’s age. Exposure to
chlorophenates for specific time periods was assessed by a team of industrial
hygienists based on job title. Continuous estimates of cumulative hours of chlo-
rophenate exposure were calculated for time windows relative to conception and
pregnancy. Estimates of maximal exposure were determined for the most ex-
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posed job in each time period. A total of 19,675 newborns were fathered by the
9,512 workers. There were a total of 942 birth defects among the offspring (4.8
percent). Several birth defects were associated with estimated chlorophenate ex-
posure including cataracts, anencephaly or spina bifida, and anomalies of genital
organs. Relative risk measures were calculated using a comparison of the 75th
with the 25th percentile of estimated exposure. Exposure measures included
MAX1—maximal exposure index in the three months prior to conception, and
CUM2—estimated cumulative exposure in the three months prior to conception.
Odds ratios were 2.4 (CI 1.1–5.3) for spina bifida or anenecephalus (N = 22;
MAX1) and 1.8 (CI 0.8–4.1) for spina bifida alone (N = 18; MAX1). For cata-
racts, odds ratios of 2.3 (CI 0.7–2.9; N = 11; MAX1) and 5.7 (CI 1.4–22.6;
CUM2) were reported. The difference in the odds ratios between the combined
analysis of spina bifida and anencephaly (OR = 2.4) and spina bifida only (OR =
1.8) suggests some association with anencephaly alone, although no specific
results were presented. Weaker associations were found for genital organ anoma-
lies (OR = 1.3, CI 0.9–1.5 for CUM2). No other defect groups showed an associa-
tion with the exposure indices. The study has a number of strengths including the
use of a well-defined cohort, linkage with a population-based registry system, a
careful time period-specific exposure assessment by a team of industrial hygien-
ists, and analysis of exposure by specific time windows relative to conception and
pregnancy. Limitations include the lack of direct individual exposure measure-
ments, the inability to separate effects of potential chlorophenates and dioxins,
and the use of broad defect groups based on anatomic systems that were of
relatively small size. In addition, only the mother’s and the father’s ages were
adjusted for in the analysis. Nonetheless, this unique cohort provides useful
information on the relationship between a specific industry and related exposures
and the risk of birth defects in offspring.

A series of analyses were conducted using data on birth defects among the
offspring of male pesticide applicators in Minnesota (Garry et al., 1996). In
addition, analyses of the relationship between birth defect rates and county-
specific agricultural data were performed. Information on private state-licensed
pesticide applicators registered with the Minnesota Department of Agriculture in
1991 (N = 34,772) was linked with live birth data for the state of Minnesota
(1989–1992). Birth defect data were contained in these birth files. Pesticide data
for units or clusters of Minnesota counties with similar geologic features and
crops were employed to obtain use data for 12 specific herbicides (including 2,4-
dichlorophenoxyacetic acid [2,4-D]). Overall, the pesticide applicators had a
higher prevalence rate of birth defects than the general population (maternal age-
adjusted OR = 1.4, CI 1.2–1.7) as well as higher rates of circulatory/respiratory
(OR = 1.7, CI 1.04–2.8), gastrointestinal (OR = 1.7; CI 0.8–3.8), urogenital (OR
= 1.7, CI 1.1–2.6), musculoskeletal/integumental (maternal age >30 OR = 2.5, CI
1.6–4.0), and other defects (maternal age >35 OR = 2.9, CI 1.6–5.3). No increase
was seen for central nervous system defects (OR = 1.1, CI 0.5–2.4). The investi-
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gators also reported higher rates of birth defects among the general population
residing in predominantly agricultural regions of Minnesota compared to the
rates in forest/urban regions. Higher rates were found for defects of the central
nervous system, circulatory/respiratory, gastrointestinal, and urogenital systems.
An additional analysis was conducted to evaluate specific pesticide use. Based on
pounds of active ingredient per county, data for low- and high-use categories
were defined for 12 specific pesticides and comparisons of the birth defect rates
were made within each region. The authors reported that the most consistent
associations were found for 2,4-D and MCPA (2-methyl-4-chlorophenoxyacetic
acid). The overall rates were presented after combining the data for both herbi-
cides and combining all defects into a “major” defects category (central nervous
system, circulatory/respiratory, urogenital, musculoskeletal/integumental). The
overall rate ratio, comparing high- and low-use regions, was 1.9 (CI 1.7–2.1) for
major defects and 1.5 (CI 1.4–1.6) for all defects. No results for specific defect
groups were presented. It was also noted that six of the seven counties with the
greatest use of chlorophenoxy herbicides also used fungicides most frequently.

The results of the study suggest a higher rate of birth defects among off-
spring of pesticide applicators than among the general population and a higher
rate in regions with a greater use of chlorophenoxy herbicides. The study had the
advantage of evaluating the risk of birth defects among the offspring of a unique
occupational group—pesticide applicators—with a high potential for exposure to
a variety of pesticides. County pesticide use data also provided interesting infor-
mation for a regional ecologic analysis. The study had several limitations includ-
ing the use of birth vital statistics to ascertain birth defects, use of a small number
of confounders, lumping of birth defects into broad system groups, ecologic
rather than individual-level pesticide data, and inability to separate the possible
effects of multiple pesticides.

Blatter et al. (1997) conducted a multicenter case-control study of paternal
occupation and risk of spina bifida in offspring. Live-born cases of spina bifida
were identified by medical records review at seven hospitals and two rehabilita-
tion centers in the Netherlands (1980–1992). Controls were children who were
born healthy but developed trauma capitis or meningitis during early childhood
and were diagnosed at three of the hospitals where cases were identified (N =
456). Birth registries were used to identify another group of controls (N = 1,894).
Case and control parents were initially mailed a questionnaire to collect data on
occupational histories and potentially confounding factors. A follow-up tele-
phone interview was conducted for fathers that had an occupation with potential
chemical or physical exposure. This second interview included items on the
frequency of tasks and exposures and the use of protective gear. Agricultural
workers were included in this second interview. Estimation of exposure level was
based on responses to a questionnaire, a detailed follow-up phone interview, and
the judgment of industrial hygienists. Exposure was analyzed for the period from
three months prior to the estimated conception date to one month after. Re-
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sponses to the initial questionnaire included 77 percent of cases and 68 percent of
controls. The final analysis sample, including the second interview, totaled 222
cases and 764 controls. Data were collected on a number of potentially confound-
ing factors including medication use, maternal diabetes, parity, family history of
neural tube defects, and parental smoking and alcohol consumption. Overall, the
prevalence of paternal pesticide use did not differ between cases and controls (11
case fathers, 35 control fathers; OR = 0.9, CI 0.4–1.9). However, an association
was found for estimated moderate or high exposure to pesticides (73 percent of
cases, 35 percent of controls; OR = 1.7, CI 0.7–4.0). The association was slightly
reduced after adjustment for maternal agricultural employment (OR = 1.6). It was
also noted that more case fathers used a backpack sprayer than control fathers (45
percent versus 21 percent). Calculation of the unadjusted odds ratio from data
presented in the paper (Blatter et al., 1997, Table III) shows moderate association
with moderate or heavy exposure to herbicides specifically (OR = 1.6, CI 0.6–
4.0; 7 exposed cases and 15 exposed controls). The study had a number of
strengths such as a relatively large number of cases, a two-stage interview to
elicit more specific information on occupational exposures and work practices,
and adjustment for multiple confounders, including maternal employment in ag-
riculture. Study limitations included the use of only live-born cases, the lag
between exposure and interview (2 to 15 years), response proportions, the lack of
data on folic acid use, and the absence of separate analyses for each type of
control group (hospital, population) to evaluate potential selection bias. In addi-
tion, although exposure determination and assessment were better than in some
other earlier studies, they were still incomplete. For example, no consideration
was given to potential pesticide exposure in workers outside of the agricultural
industry. Further, no analyses were presented on specific pesticides, especially
herbicides of interest such as 2,4-D, probably because of the small number of
exposed subjects.

A recent study of birth defects among the offspring of Norwegian farmers
noted several associations, including spina bifida (Kristensen et al., 1997). The
investigators created a cohort of farming families by linking several Norwegian
national registries. Farm holders born after 1924 were identified from the com-
puterized files of national agricultural censuses held in 1969, 1979, and 1989, and
horticultural censuses in 1974 and 1985. Linkages with the Central Population
Register and Medical Birth Registry identified a total of 192,417 births in 1967–
1991 to farm holders. A comparison group consisted of 61,351 births to mothers
residing in agricultural municipalities who were known to not be farm holders.
Birth defects were identified from the Medical Birth Registry, a national registry
of all births of 16 completed weeks’ gestation with up to three birth defects
recorded. In addition, data were available on potential confounding factors in-
cluding maternal age, birth order, parental consanguinity, geographic location,
and maternal chronic disease. Exposure information for each farm was obtained
from the agricultural censuses. Exposure variables used in the analysis were
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based on type of farming (animal husbandry, grain farming, and orchard and
greenhouse farming) and indicators of use (amount of money spent on pesticides,
tractor pesticide-spraying equipment, and amount of phosphorus and nitrogen in
fertilizers). Exposure information was derived from the census closest to the time
of birth. The sensitive period for exposure was considered to be three months
before the estimated date of conception.

Overall, the prevalence rate of all birth defects among farmers was 217.7 per
10,000 births compared to 231.1 among non-farmer births (adjusted OR = 1.0, CI
0.9–1.1). Except for a few birth defects, there was no general association with
farming. However, when specific exposure variables were evaluated, several
associations were noted, including spina bifida and tractor spraying equipment
(28 exposed cases; OR = 1.6, CI 0.9–2.7) and the combination of tractor spraying
equipment and orchards/greenhouses (5 exposed cases; OR = 2.8, CI 1.1–7.1);
hydrocephaly (tractor spraying equipment and orchards/greenhouses; 5 exposed
cases; OR = 3.5, CI 1.3–9.1); cryptorchism (pesticide purchase and field veg-
etables; 19 exposed cases; OR = 2.3, CI 1.3–4.0); hypospadias (tractor spraying
equipment and grain; 40 exposed cases; OR = 1.5 CI, 1.0–2.3); and limb reduction
defects (pesticide purchase and grain; 16 exposed cases; OR = 2.5, CI 1.1–5.9).
There was no positive association found with anencephaly (tractor spraying equip-
ment; OR = 0.7, CI 0.4–1.2). No results were presented for spina bifida and other
exposure combinations. The authors note that the finding for spina bifida is
supported by the fact that more extensive use of pesticides at higher levels occurs
in orchards/greenhouses in Norway and that higher ORs were found for births
conceived in April–June. The study was truly population based (all of Norway),
and some data on potential exposures and confounders were available. Nonethe-
less, exposure indices were indirect and based on an agricultural or horticultural
census taken by the government at approximately 10-year intervals, hence not
usually in the same year as conception and pregnancy, and exposure level of
specific parents is uncertain. With respect to neural tube defects, the association
appeared to be limited to spina bifida, not anencephaly.

Synthesis

The previous literature was generally inconsistent with regard to paternal oc-
cupational and environmental herbicide exposure and risk of birth defects in off-
spring. Several previous studies of veterans showed a suggestive association with
spina bifida, although a number of methodologic issues limit interpretation. The
occupational studies of Dimich-Ward et al. (1996), Blatter et al. (1997), and
Kristensen et al. (1997) provide some additional support for the association of
herbicide exposure with this specific birth defect, although concerns remain, in-
cluding the control of confounding, exposure determination, statistical imprecision,
and isolation of exposure to specific herbicides and TCDD. Association with other
birth defects in the studies of veterans and agricultural occupations is inconsistent.
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Conclusions

Strength of Evidence in Epidemiologic Studies

There are no changes from Update 1996. In Update 1996, there was limited/
suggestive evidence of an association between exposure to the herbicides consid-
ered in this report and spina bifida. There is inadequate or insufficient evidence to
determine whether an association exists between exposure to herbicides and other
birth defects.

Biologic Plausibility

Laboratory studies, using adult male animals, of the potential male-mediated
developmental toxicity of TCDD and herbicides, specifically with regard to birth
defects, are too limited to permit conclusions. A more thorough discussion of
biologic plausibility with respect to exposure to TCDD or herbicides and repro-
ductive and developmental disorders is contained in Chapter 3; a summary is
presented in the conclusion to this chapter.

Increased Risk of Disease Among Vietnam Veterans

Since there are some data suggesting that the highest risks occur in those
veterans estimated to have had exposure to Agent Orange (e.g., Ranch Hands), it
therefore follows that there is limited/suggestive evidence for an increased risk of
spina bifida among offspring of Vietnam veterans. A more thorough discussion
of the issue of increased risk of disease among Vietnam veterans is contained in
Chapter 1.

FERTILITY

Background

Male reproductive function is a complex system under the control of several
components whose proper coordination is important for normal fertility. There
are several components or end points related to male fertility, including reproduc-
tive hormones and sperm parameters. Only a brief description of male reproduc-
tive hormones is given here; more detailed reviews can be found elsewhere (Yen
and Jaffe, 1991; Knobil et al., 1994). The reproductive neuroendocrine axis in-
volves the central nervous system, the anterior pituitary gland, and the testis. The
hypothalamus integrates neural inputs from the central and peripheral nervous
systems and regulates gonadotropins (luteinizing hormone and follicle-stimulat-
ing hormone). Both of these hormones are necessary for normal spermatogenesis.
Luteinizing hormone (LH) and follicle-stimulating hormone (FSH) are secreted
in episodic bursts by the anterior pituitary gland into the circulation. LH interacts
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with receptors on the Leydig cells, which leads to increased testosterone synthe-
sis. FSH and testosterone from the Leydig cells interact with the Sertoli cells in
the seminiferous tubule epithelium to regulate spermatogenesis. Several agents,
such as lead and dibromochloropropane, have been shown to affect the neuroen-
docrine system and spermatogenesis (Bonde and Giwercman, 1995; Tas et al.,
1996).

Summary of VAO and Update 1996

Only one occupational epidemiologic study was available for assessing the
association between herbicide exposure and altered sperm parameters (sperm
count, motility, morphology). This study of 2,4-D exposure did indicate an asso-
ciation with abnormal sperm morphology; however, given the small sample size
and lack of additional studies, the evidence for determination of an association is
considered inadequate (Lerda and Rizzi, 1991). The CDC VES (CDC, 1989) did
not find any association between service in Vietnam and alterations in FSH, LH,
and testosterone, although the Vietnam veterans had a lower average sperm con-
centration and a lower average proportion of morphologically normal sperm than
non-Vietnam veterans. Researchers from the National Institute for Occupational
Safety and Health (NIOSH) conducted a cross-sectional study to evaluate the
relationship between serum dioxin and serum testosterone and gonadotropins in
men previously occupationally exposed to dioxin and in a referent group (Egeland
et al., 1994). The exposed group consisted of men who were either current or
former employees at 2 of the 12 plants that are part of the NIOSH cohort study of
dioxin-exposed workers. Results of the linear regression analysis indicated that
current serum dioxin was related to FSH, LH, and testosterone levels. Serum
dioxin was positively related to FSH (regression coefficient, b = 0.04 pg/g lipid)
and LH (b = 0.03) and inversely related to testosterone (b = –0.02). The magni-
tude of the increases or decreases in hormones was rather small, compared to the
normal range for these hormones in humans. In a categorical analysis, there was
an association found between high LH and current serum dioxin (2nd dioxin
quartile OR = 1.9; 3rd OR = 2.5; 4th OR = 1.9; p for trend = 0.03). For FSH, a
pattern of increasing risk with increasing serum dioxin was also found, but the
test for trend was not statistically significant (p = 0.10). The adjusted odds ratios
for low testosterone were more elevated (2nd dioxin quartile = 3.9; 3rd = 2.7;
4th = 2.1), but again the trend test was not significant (p = 0.10). Similar esti-
mates were obtained for half-life serum dioxin extrapolated to the time at which
occupational exposure ended.

The results of this study indicated that estimated dioxin exposure levels were
positively associated with LH and FSH levels and negatively associated with
serum testosterone. As the authors correctly noted, the magnitude of the differ-
ences in hormone concentrations were small. A major issue in the interpretation
of these findings, if real, is whether these changes in hormone concentration
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ascribed to dioxin have any implications for reproductive failure. Clearly, the
hormonal changes are rather subtle and are well below levels expected to result in
gonadal failure.

Update of the Scientific Literature

An analysis of semen samples collected in 1991–1992 from 17 Vietnam
veterans showed detectable levels of TCDD (an average of 3 parts per quadril-
lion), although the significance of this level of TCDD for adverse reproductive
and developmental endpoints is not clear (Schecter et al., 1996).

A recent Ranch Hand publication addressed the relationship between serum
dioxin and reproductive hormones (Henriksen et al., 1996). The investigators
measured serum testosterone, FSH, LH, and testicular abnormality during clinic
visits by Ranch Hand and comparison participants in 1982, 1985, 1987, and
1992. Serum dioxin was measured from the 1987 sample. Sperm count and
percentage of abnormal sperm were assessed in 1982; testicular volume was
measured in 1992. After exclusion of subjects for nondiagnostic (e.g., refusal,
vasectomy, missing dioxin data) and diagnostic (scrotal varices, prostatitis,
mumps, orchitis, and epididymitis) reasons, a total of 474 Ranch Hands and 532
comparisons were included in the analysis. In the baseline year of 1982 a total of
1,045 Ranch Hands and 1,224 comparisons participated in the study. Serum
testosterone less than 400 ng/ml in 1982, or less than 260 ng/ml in 1987 or 1992,
was defined as abnormally low; FSH levels greater than 25 IU/ml in 1982 or 17.2
IU/ml in 1987, or greater than 15 IU/ml in 1992, were defined as abnormally
high; LH greater than 30 IU/ml in 1982, 25.1 IU/ml in 1987, or 9.8 IU/ml in 1992
was defined as abnormally high. Sperm counts less than or equal to 60 million per
milliliter were defined as abnormally low, and a percentage of abnormal sperm
greater than 30 percent was defined as abnormally high. Potential confounding
factors adjusted for in the analysis included age, race, personality type, diabetes,
current alcohol consumption, current cigarette smoking, and percentage of body
fat. Sperm count and abnormality were only adjusted for age and exposure to
industrial chemicals. Background dioxin levels were defined as less than or equal
to 10 parts per trillion (ppt), the 98th percentile in the comparison group. For
Ranch Hand participants with levels above background, current dioxin level was
extrapolated to their initial level at the end of their tour of duty in Vietnam and at
the time of semen collection in 1982. Ranch Hand participants with dioxin levels
greater than 10 ppt were assigned to low- and high-exposure categories based on
the median (130 ppt) initial dioxin level. The number of Ranch Hands in each
category was 186 (background), 144 (low), and 144 (high). The age of the men in
1987 ranged from 37 to 74 years (mean age 49).

Elevated odds ratios were found for abnormally low testosterone levels among
Ranch Hand men in the high-dioxin category in 1982 (OR = 1.1, CI 0.6–1.8; N =
16; 6%) and 1992 (OR = 1.6, CI 0.9–2.7; N = 18; 7.2%) and in the low category in
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1987 (OR = 2.3, CI 1.1–4.9; N = 10; 3.8%). The other odds ratios for low testoster-
one were at or below 1.0. Some weakly elevated odds ratios were found for abnor-
mally high FSH in the background and low-dioxin, but not high-dioxin, categories
(e.g., 1992: background = 1.3, CI 0.7–2.4, low = 1.6, CI 0.8–3.0, high = 1.0, CI 0.5–
2.1). There were no consistently elevated odds ratios found for abnormally high
LH. A few odds ratios were weakly elevated for testicular abnormality (1987 high
dioxin category OR = 1.2; 1992 low-dioxin category OR = 1.1). No association was
found with percentage of abnormal sperm or low sperm count. No Ranch Hands in
the low- or high-exposure categories had a high percentage of abnormal sperm. The
odds ratio for low sperm count was 0.9 (CI 0.7–1.2) among men in the high dioxin
category. There was also no relationship found between dioxin level and testicular
volume. In a subsequent publication, Henriksen and Michalek (1996) analyzed the
relationships between dioxin and hormone levels as continuous variables. The
analysis used a linear model with adjustment for covariates (age, race, military
occupation, personality type, and percentage of body fat) and transformation of
testosterone (square root) and FSH and LH (logarithmic). The adjusted testosterone
means decreased in relation to the dioxin category (comparison mean = 510.2;
Ranch Hand background = 544.7; low = 542.1; high = 449.4). Adjusted FSH and
LH means also decreased. Among the Ranch Hand subjects a regression model
likewise showed a testosterone decrease (unadjusted slope = –0.4276; standard
error = 0.0950). In the adjusted model an interaction with military occupation was
found. The slope was the most strongly negative among Ranch Hand officers
(–1.2381) and weakest among enlisted ground personnel (–0.3485). This relation-
ship was viewed by the authors as inconsistent owing to the fact that Ranch Hand
officers are the least exposed and ground personnel have the highest dioxin levels.

The study (Henriksen et al., 1996; Henriksen and Michalek, 1996) is note-
worthy because of the unique nature of the Ranch Hand cohort and the fact that
multiple reproductive end points were carefully evaluated. Nonetheless, some
analyses were limited by relatively small numbers of highly exposed subjects.
The study found a general pattern of no association between dioxin levels and
several semen quality and hormone endpoints. The results for testosterone showed
a weak pattern of decreasing hormone level with increasing dioxin level. This
result is somewhat consistent with the industrial cohort study of Egeland et al.
(1994); however, the dioxin body burdens are much lower in the Ranch Hand
subjects than the workers. Further, the decrease in testosterone is not of a magni-
tude that is generally thought to be clinically meaningful.

Heacock et al. (1998) evaluated fertility in a sawmill worker cohort in British
Columbia (referred to earlier in the discussion of birth defects). The worker
cohort was linked with provincial marriage and birth files. The person-year con-
tributions and live births for workers less than 55 years of age, who had worked
for at least one year between 1950 and 1985 (N = 26,487) were included. The
exposure of these workers to chlorophenates, possibly contaminated by dioxin,
was estimated for each worker, along with an index of cumulative chlorophenate
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exposure duration, and was analyzed in categories (<120 hours; 120–1,999;
2,000–3,999; 4,000–9,999; and ≥10,000 hours). For the external analysis, expo-
sure was defined as sawmills in which chlorophenates were used; for the internal
analysis, the cumulative exposure index was used. The standardized fertility ratio
(SFR) was estimated from the number of live births divided by the number of
expected births adjusted for age and calendar year based on person-years at risk
for the worker cohort multiplied by male fertility rates in British Columbia. The
internal analysis estimated the rate ratio to evaluate the effects of chlorophenate
exposure and time since hire, with adjustment for age and calendar period.

The SFR was 0.7 (CI 0.7–0.8) for workers from mills where chlorophenates
were used and 0.8 (CI 0.8–0.9) for workers from mills not using chlorophenates.
The rate ratio for workers from chlorophenate mills was 0.9 (CI 0.8–0.9). Analysis
of the cumulative chlorophenate exposure duration index did not show
a pattern of decreasing SFRs with increasing cumulative hours of exposure (≥10,000
hours: SFR = 0.8, CI 0.7–0.8). Similar results for the analysis estimating rate ratios
(RR for ≥10,000 hours relative to <120 hours: 1.1, CI 0.9–1.2; adjusted for age and
calendar period). Increasing time since hire was associated with decreasing fertility
for all sawmill workers (>20 years among workers from mills not using chloro-
phenates: SFR = 0.5, CI 0.2–0.9; >20 years among workers from mills using
chlorophenates SFR = 0.4, CI 0.4–0.5). No association with age at hire was found.
The results indicate reduced fertility among the sawmill workers; however, the
decrease does not appear to be related to estimated chlorophenate exposure. The
population study was based on a relatively large number of workers and included a
detailed assessment of potential chlorophenate exposure. However, a number of
potentially confounding factors such as smoking, alcohol use, contraceptive use,
and history of illness were not included in the study.

A potentially related fertility end point is sex ratio. Sex ratio (proportion at
birth, about 105–107 males per 100 females) has been used for a number of years
as a potential marker of genetic damage. It has been hypothesized that the induc-
tion of lethal mutations prior to birth will alter the sex ratio at birth. In general it
was thought that with paternal exposure there would be a reduction in the fre-
quency of female offspring since sex-linked lethals on the paternal X chromo-
some would differentially affect female conceptuses. Investigators have evalu-
ated the sex ratio among various species in relation to exposures such as radiation
for a number of years. More recently, it has been suggested that the sex ratio is
controlled by parental hormone levels at conception and that changes in gonadot-
ropin and steroid levels may result in an altered sex ratio (James, 1997). The
specific mechanisms involved (zygote formation, implantation, regulation of sex-
determining factors, selective fetal loss) are uncertain, and direct experimental
evidence for or against the hypothesis is lacking. James (1996) has suggested that
a reduction in testosterone and high gonadotropin levels after dioxin exposure
would result in an excess of female offspring. Potential confounding factors for
altered sex ratio are uncertain, but parental age, social class, illness, race, smok-
ing, and stress have been considered.
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Mocarelli et al. (1996) evaluated the sex ratio (males to females) among
offspring who were born in zone A of Seveso from 1977 to 1984. Among the 74
total births there was an excess of females (26 males/48 females; p = <0.001).
Stored serum samples were used to determine TCDD levels in 13 families in
which both parents were from zone A to further examine the relationship to sex
ratio. From the data presented, it appeared that there were only female births
among the nine families with “high” TCDD levels in 1976 (104–2340 ppt) and
mostly male offspring of parents with “low” levels (26.6–65.4 ppt). In contrast,
Garry et al. (1996) found that the sex ratio in county clusters with high chloro-
phenoxy herbicide/fungicide use was 2.8 among children of pesticide applicators
with major anomalies and 1.5 among births in the general population in the same
area. The sex ratios for children without anomalies among applicators and the
general population in these areas were not presented. The British Columbia study
of sawmill workers reported a sex ratio of 1.06:1 for offspring of chlorophenate-
exposed workers, 1.08:1 for unexposed workers, and 1:05:1 for the province of
British Columbia (Heacock et al., 1998). Results from the small Seveso study
(Mocarelli et al., 1996) suggest an altered sex ratio with dioxin and/or herbicide
exposure; however, other studies do not support this finding. Experimental ani-
mal evidence and further mechanistic data are also needed to evaluate the rela-
tionship between dioxin, or herbicides and sex ratio.

Synthesis

Three relatively well-designed studies have evaluated hormone, semen qual-
ity, and fertility endpoints in relation to potential dioxin exposure. The NIOSH
study (Egeland et al., 1994) suggested a weak effect of dioxin on levels of LH,
FSH, and testosterone. The recent Ranch Hand study (Henriksen et al., 1996) also
reported a relatively small decrease in testosterone in relation to increased dioxin
level. The study found no association with sperm count or percentage of abnor-
mal sperm. The British Columbia sawmill worker study (Heacock et al., 1998)
found reduced fertility rates among the worker cohort but could not consistently
attribute this effect to chlorophenate exposure. Nonetheless, sufficient uncer-
tainty remains because some studies had methodologic limitations including small
sample sizes for higher exposure categories, failure to account for potential con-
founding factors, and exposure misclassification. Fertility studies are summa-
rized in Table 9-2.

Conclusions

Strength of Evidence in Epidemiologic Studies

There is inadequate or insufficient evidence to determine whether an asso-
ciation exists between exposure to the herbicides considered in this report and
altered hormone levels, semen quality parameters, or infertility.
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TABLE 9-2 Selected Epidemiologic Studies—Fertility

Estimated
Exposed Risk

Reference Study Population Cases (95% CI)

OCCUPATIONAL
New Studies
Heacock et al., 1998 Workers at sawmills using 18,016 0.9 (0.8-0.9)

chlorophenates (RR) births
Workers at sawmills using

chlorophenates (SFR) 18,016 0.7 (0.7–0.8)
Cumulative exposure (hours) RR

120–1,999 7,139 0.8 (0.8–0.9)
2,000–3,999 4,582 0.9 (0.8–0.9)
4,000–9,999 4,145 1.0 (0.9–1.1)
≥10,000 1,300 1.1 (0.9–1.2)

VIETNAM VETERANS
New Studies
Henriksen et al., 1996 Ranch Hands

Low testosterone
High dioxin (1992) 18 1.6 (0.9–2.7)
High dioxin (1987) 3 0.7 (0.2–2.3)
Low dioxin (1992) 10 0.9 (0.5–1.8)
Low dioxin (1987) 10 2.3 (1.1–4.9)
Background (1992) 9 0.5 (0.3–1.1)

High FSH
High dioxin (1992) 8 1.0 (0.5–2.1)
Low dioxin (1992) 12 1.6 (0.8–3.0)
Background (1992) 16 1.3 (0.7–2.4)

High LM
High dioxin (1992) 5 0.8 (0.3–1.9)
Low dioxin (1992) 5 0.8 (0.5–3.3)
Background (1992) 8 0.8 (0.4–1.8)

Low Sperm Count
High dioxin 49 0.9 (0.7–1.2)
Low dioxin 43 0.8 (0.6–1.0)
Background 66 0.9 (0.7–1.2)

Reviewed in VAO
CDC, 1989 Vietnam Experience Study

Lower sperm concentration 42 2.3 (1.2–4.3)
Proportion of abnormal sperm 51 1.6 (0.9–2.8)
Reduced sperm motility 83 1.2 (0.8–1.8)

Stellman et al., 1988 American Legionnaires who served
in Southeast Asia—difficulty 349 1.3 (p < 0.01)
having children
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Biologic Plausibility

Experimental animal evidence suggests that dioxin can alter testosterone
synthesis, generally at relatively high doses, but does not provide direct clues as
to the reproductive significance of hormone dysregulation of the magnitude found
in available studies. A more thorough discussion of biologic plausibility with
respect to exposure to TCDD or herbicides and reproductive and developmental
disorders is contained in Chapter 3; a summary is presented in the conclusion to
this chapter.

STILLBIRTH, NEONATAL DEATH, AND INFANT DEATH

Background

The use of the terms “stillbirth” and “neonatal death” can be confusing and has
differed in various epidemiologic studies. Stillbirth (or late fetal death) is typically
defined as the delivery of a fetus occurring at or after 28 weeks of gestation and
showing no signs of life at birth, although a more recent definition includes deaths
among all fetuses weighing more than 500 grams at birth, regardless of gestational
age at delivery (Kline et al., 1989). Neonatal death is usually defined as the death of
a live-born infant within the first 28 days of life. Because there are no clear biologi-
cal differences between late fetal deaths (stillbirths) and deaths in the early neonatal
period, these are commonly referred to together as perinatal deaths (Kallen, 1988).
Stillbirths occur in approximately 1 to 2 percent of all births (Kline et al., 1989).
Among low-birthweight live- and stillborn infants (500–2,500 grams), placental
and delivery complications such as abruptio placentae, placenta previa, malpresen-
tation, and umbilical cord complications are the most common causes of perinatal
mortality (Kallen, 1988). Among infants weighing more than 2,500 grams at birth,
the most common causes of perinatal death are lethal congenital malformations and
placental complications (Kallen, 1988).

Summary of VAO and Update 1996

A statistical association of herbicide exposure with stillbirth, neonatal, and
infant death has been inconsistently reported in the available occupational and
environmental epidemiologic studies. The majority of studies did not have ad-
equate statistical power, and the assessment of exposure was incomplete. Some
studies of veterans have reported an increased risk, whereas others have indicated
no statistical association. Interpretation of these veteran studies is constrained by
limited statistical power and, most importantly, by uncertainty of correctly as-
signing herbicide exposure to study groups.
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Update of the Scientific Literature

The study of sawmill workers in British Columbia also evaluated the asso-
ciation between chlorophenates and the risk of stillbirth and neonatal death
(Dimich-Ward et al., 1996). The sawmill worker cohort was linked with stillbirth
and infant death records maintained by the British Columbia Division of Vital
Statistics. In this study, neonatal death was defined as the death of a live-born
infant within the first year of life (usually known as infant death). Stillbirths
included deaths of at least 28 weeks gestational age. No association was found for
either stillbirths or infant deaths and any of the chlorophenate exposure measures.
For the maximal index of exposure for any sawmill job held up to three months
prior to conception the odds ratios were close to the null value (stillbirth OR =
1.0, CI 0.9–1.1; infant death OR = 1.0, CI 0.9–1.0).

A recent Ranch Hand publication reported results for the analysis of dioxin
levels in relation to infant death (Michalek et al., 1998). Infant death was ascer-
tained from medical records, vital statistics and autopsy records. Cause of death
was coded based on record review. The analysis included a total of 5,151 children
(2,082 conceived before the father’s service in Southeast Asia [pre-SEA] and
3,069 post-SEA). Post-SEA children were stratified into four exposure categories
including children of comparison veterans (current dioxin levels less than 10
ppt), “background” Ranch Hand children (<10 ppt), “low” Ranch Hand children
(>10 ppt and <79 ppt), and “high” Ranch Hand children (>79 ppt). The cutpoint
of 79 ppt is the median initial dioxin level based on extrapolated current levels (in
1987 or 1992). The stratified analyses adjusted for father’s race, mother’s smok-
ing and alcohol consumption during pregnancy, parental age, and father’s mili-
tary occupation. The risk of infant death was increased in every Ranch Hand
category. Post-SEA there were six deaths among the comparison children (0.5
percent); five deaths (1.6 percent) among the background infants (adjusted risk
relative to the comparison group: 3.2, CI 1.0–10.3); two among the low-dioxin-
category infants (RR = 1.5, CI 0.3–7.5); and six among the high-category infants
(RR = 4.5, CI 1.5–14.0). The relative risk for the combined low and high catego-
ries was 3.0 (CI 1.1–8.7). Pre-SEA infant deaths were also associated with dioxin
level (low and high RR = 1.8, CI 0.9–3.6; N = 15). The investigators also exam-
ined the distribution of post-SEA infant deaths in the low and high categories by
quintile of initial dioxin. The number of infants at risk in each quintile was 107 in
the first four quintiles and 108 in the last. Five of the eight deaths were in the 4th
quintile (104.3 to 184 ppt), and one death was in the 5th quintile (184 to 1424.8
ppt). Another analysis was conducted excluding infants whose mothers had medi-
cal conditions such as hypertension during pregnancy, abruptio placentae, pla-
centa previa, and Rh incompatibility. The results were similar to the analysis
including these infants. Examination of the underlying cause of death showed
that five of the six infant deaths in the post-SEA high category and all five deaths
in the background group were caused by disorders related to short gestation and
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unspecified low birthweight. An analysis of infant death by military occupation
showed an increased risk for both officers (RR = 3.3) and enlisted ground person-
nel (RR = 2.6). The authors viewed the results as inconsistent because elevated
risks were found for both background and high-dioxin-exposure categories, an
excess of deaths was not found in the 5th dioxin quintile, and increased risks were
also found for pre-SEA children. In addition, the findings by military occupation
were also considered problematic because officers generally had the lowest expo-
sure. Nevertheless, the findings remain intriguing and cannot be dismissed. The
study is valuable because of the individual dioxin measurements, ascertainment
of outcome from records, and adjustment for some potentially confounding fac-
tors. The analysis is limited by the relatively small number of exposed cases.

Synthesis

Previous occupational, environmental, and veteran studies did not consis-
tently find an association between herbicide and dioxin exposure and an in-
creased risk of fetal and infant death. The British Columbia study of chloro-
phenate-exposed sawmill workers did not find any association with stillbirth or
infant death. The new Ranch Hand report suggested an association between
dioxin exposure and an increased risk of infant death; however, the association
was not consistently related to level of exposure and was also found for the period
prior to service in southeast Asia. The evidence remains inadequate because
some studies were limited by small sample sizes for higher exposure categories,
failure to account for potential confounding factors, and exposure misclass-
ification. The relevant studies are summarized in Tables 9-3, 9-4, and 9-5.

Conclusions

Strength of Evidence in Epidemiologic Studies

There is inadequate or insufficient evidence to determine whether an asso-
ciation exists between exposure to the herbicides considered in this report and
stillbirth, neonatal death, and infant death.

Biologic Plausibility

Laboratory studies of the potential male-mediated developmental toxicity of
TCDD and herbicides as a result of exposure of adult male animals are too
limited to permit conclusions. A more thorough discussion of biologic plausibil-
ity with respect to exposure to TCDD or herbicides and reproductive and devel-
opmental disorders is contained in Chapter 3; a summary is presented in the
conclusion to this chapter.
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TABLE 9-3 Selected Epidemiologic Studies—Stillbirth

Estimated
Exposed Risk

Reference Study Population Cases (95% CI)

OCCUPATIONAL
New Studies
Dimich-Ward et al., 1996 British Columbia sawmill workers 159 1.0 (0.9–1.1)

Maximal index of exposure for
any job held up to three months
prior to conception

Studies Reviewed in VAO
Suskind and Hertzberg, Follow-up of 2,4,5-T production

1984 workers 11 1.4 (0.5–4.1)
Smith et al., 1982 Follow-up of 2,4,5-T sprayers 3 —
Townsend et al., 1982 Follow-up of Dow chemical plant

employees 15 1.1 (0.5–2.1)

ENVIRONMENTAL
Studies Reviewed in VAO
Stockbauer et al., 1988 TCDD soil contamination in Missouri  4 1.6 (0.3–7.4)
White et al., 1988 Follow-up of agricultural activity in

New Brunswick
Highest level of potential exposure
in second trimester NA 1.5 (1.0–2.3)

VIETNAM VETERANS
Studies Reviewed in VAO
Aschengrau and Monson, Stillbirth and paternal Vietnam service

1990 Vietnam veterans compared to men
with no military service 5 1.5 (0.4–3.9)

Vietnam veterans compared to non-
Vietnam veterans 5 3.2 (0.7–14.5)

CDC, 1989 Vietnam Experience Study
Interview study 126 0.9 (0.7–1.1)

Low exposure 41 1.1 (0.7–1.7)
Medium exposure 32 1.2 (0.7–1.9)
High exposure 3 0.5 (0.2–1.6)

Validation study 10 1.0 (0.4–2.4)
Field and Kerr, 1988 Follow-up of Australian Vietnam

veterans 11 1.4 (0.5–3.5)

LOW BIRTHWEIGHT AND PRETERM BIRTH

Background

Reduced infant weight at birth is one of the most important causes of neona-
tal mortality and morbidity in the United States. The World Health Organization
recommends a 2,500-gram cutpoint for the determination of low birthweight
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(Alberman, 1984). Although often treated as a single entity, the concept of low
birthweight actually encompasses two different causal pathways: (1) low birth-
weight secondary to intrauterine growth retardation (IUGR) or small for gesta-
tional age, which is more related to neonatal morbidity, and (2) low birthweight
secondary to preterm delivery, which is more strongly associated with neonatal
mortality (Alberman, 1984; Kallen, 1988). The concept of IUGR represents
birthweight adjusted for gestational age. The currently used definition of preterm
delivery (PTD) is delivery at less than 259 days, or 37 completed weeks of
gestation, calculated on the basis of the date of the last menstrual period (Bryce,
1991). Approximately 7 percent of live births have low birthweight. The inci-
dence of IUGR is much more difficult to quantify since there are no universally
applied standards for dividing the distribution of birthweight for gestational age.
When no distinction is made between the causes of low birthweight (i.e., IUGR
versus PTD), the factors most strongly associated with reduced birthweight are
maternal smoking during pregnancy, multiple births, and race or ethnicity. Other
potential risk factors for low birthweight include socioeconomic status (SES),
maternal size, birth order, maternal complications during pregnancy (e.g., severe

TABLE 9-4 Selected Epidemiologic Studies—Neonatal Death

Estimated
Exposed Risk

Reference Study Population Cases (95% CI)

OCCUPATIONAL
Studies Reviewed in VAO
Suskind and Hertzberg, Follow-up of 2,4,5-T production

1990 workers 17 1.8 (0.7–4.5)
May, 1982 Follow-up of 2,4,5-T production

workers—perinatal death 1

ENVIRONMENTAL
Studies Reviewed in VAO
Stockbauer et al., 1988 TCDD soil contamination in Missouri

Perinatal deaths (includes stillbirths) 6 1.3 (0.4–4.2)

VIETNAM VETERANS
Studies Reviewed in VAO
Aschengrau and Monson, Neonatal death and paternal Vietnam

 1990 service
Vietnam veterans compared to men

with no known military service 3 1.2 (0.2–4.2)
Vietnam veterans compared to non-

Vietnam veterans 3 1.1 (0.2–4.5)
CDC, 1989 Vietnam Experience Study

GBDS study—early neonatal death 16 2.0 (0.8–4.9)
Field and Kerr, 1988 Follow-up of Australian Vietnam veterans 12 18.1 (2.4–134.4)
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TABLE 9-5 Selected Epidemiologic Studies—Infant Death

Estimated
Exposed Risk

Reference Study Population Cases (95% CI)

OCCUPATIONAL
New Studies
Dimich-Ward et al., 1996 British Columbia sawmill workers

Maximal index of exposure for any 300 1.0 (0.9–1.0)
job held up to three months prior
to conception

Studies Reviewed in VAO
Townsend et al., 1982 Follow-up of Dow chemical plant

workers 9 0.6 (0.3–1.4)

ENVIRONMENTAL
Studies Reviewed in VAO
Stockbauer et al., 1988 TCDD soil contamination in Missouri 5 2.0 (0.5–8.7)

VIETNAM VETERANS
New Studies
Michalek et al., 1998 Ranch Hand—infant death post-

service in southeast Asia
Background 5 3.2 (1.0–10.3)
Low 2 1.5 (0.3–7.5)
High 6 4.5 (1.5–14.0)

Studies Reviewed in VAO
CDC, 1989 Vietnam Experience Study

Interview study 152 1.0 (0.8–1.3)
Low exposure 58 1.9 (1.2–2.9)
Medium exposure 38 2.0 (1.2–3.1)
High exposure 11 2.7 (1.4–5.4)

Field and Kerr, 1988 Follow-up of Australian Vietnam
Veterans—deaths between ages 4 0.9 (0.2–3.5)
1 month and 1 year

preeclampsia) and obstetric history, job stress, and cocaine or caffeine use during
pregnancy (Kallen, 1988). Established risk factors for preterm birth include race,
marital status, socioeconomic status, previous low birthweight or preterm birth,
multiple gestations, cigarette smoking, and cervical, uterine, or placental abnor-
malities (Berkowitz and Papiernik, 1993).

Summary of VAO and Update 1996

Given the lack of available occupational and environmental studies, the evi-
dence on low infant birthweight was considered inadequate. Its inadequacy is due
to the paucity of occupational studies and lack of consistent findings. One avail-
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able epidemiologic study (Stockbauer et al., 1988) of dioxin exposure (soil con-
tamination) reported a weak association (statistically nonsignificant) with low
birthweight. Studies of veterans were inconsistent (AFHS, 1992; CDC, 1989;
Field and Kerr, 1988); some indicated no increased risk, whereas others sug-
gested an increased risk among certain subgroups.

Update of Scientific Literature

The study of sawmill workers in British Columbia also evaluated the asso-
ciation between chlorophenates and risk of low birthweight (Dimich-Ward et al.,
1996). The sawmill worker cohort was linked with birth records maintained by
the British Columbia Division of Vital Statistics. Low birthweight was defined as
less than 2,500 grams, and small for gestational age as less than the 10th percen-
tile based on the distribution of birthweight for gestational age in British Colum-
bia. In addition, the investigators examined preterm birth (<37 weeks gestation).
Adjustment was made for gender and, in the case of low birthweight, gestational
age as well. No association was found for either low birthweight, small for
gestational age, or PTD and any of the chlorophenate exposure measures. For the
maximal index of exposure for any sawmill job held up to three months prior to
conception, the odds ratios were close to 1.0 (low birthweight OR = 0.99, CI
0.97–1.0; small for gestational age OR = 1.0, CI 0.9–1.0; preterm birth OR = 0.9,
CI 0.9–1.0). The recent Ranch Hand analysis described in the previous section
also evaluated PTD and IUGR (Michalek et al., 1998). Preterm delivery (<37
weeks gestation) was determined using the mother’s record of labor and delivery.
IUGR was defined as birthweight less than the 10th percentile of birthweight for
gestational week. The post-SEA analysis did not find a pattern of increased risk
relative to dioxin exposure (background RR = 1.4, CI 0.9–2.3; low RR = 0.5, CI
0.2–1.5; high RR = 1.3, CI 0.8–2.3). With respect to IUGR, the relative risks were
close to 1.0 for all exposure categories (background RR = 0.9, CI 0.6–1.4; low
RR = 0.9, CI 0.6–1.3; high RR = 0.9, CI 0.6–1.3). As discussed previously, the
Ranch Hand study is a valuable cohort because of exposure and outcome assess-
ment, although again some of the analyses are limited by a small number of
subjects.

Synthesis

Previous studies of Vietnam veterans (AFHS, 1992; CDC, 1989; Field and
Kerr, 1988) did not consistently find an association between herbicide and dioxin
exposure and an increased risk of low birthweight and preterm birth. The British
Columbia study (Dimich-Ward et al., 1996) of chlorophenate-exposed sawmill
workers did not find any association with low birthweight, small for gestational
age, or preterm birth. The new Ranch Hand report (Michalek et al., 1998) did not
find an association between dioxin exposure and an increased risk of preterm
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birth or small for gestational age. The evidence remains inadequate because some
studies were limited by small sample sizes for higher-exposure categories, failure
to account for potential confounding factors, and exposure misclassification. Stud-
ies are summarized in Table 9-6.

Conclusions

Strength of Evidence in Epidemiologic Studies

There is inadequate or insufficient evidence to determine whether an asso-
ciation exists between exposure to the herbicides considered in the report and low
birthweight and preterm birth.

Biologic Plausibility

Laboratory studies of the potential male-mediated developmental toxicity of
TCDD and herbicides as a result of exposure of adult male animals are too
limited to permit conclusions. A more thorough discussion of biologic plausibil-
ity with respect to exposure to TCDD or herbicides and reproductive and devel-
opmental disorders is contained in Chapter 3; a summary is presented in the
conclusion to this chapter.

CONCLUSIONS FOR REPRODUCTIVE EFFECTS

Strength of Evidence in Epidemiologic Studies

In Update 1996 there was limited/suggestive evidence of an association
between exposure to the herbicides considered in this report and spina bifida. The
occupational studies of Dimich-Ward et al. (1996), Blatter et al. (1997), and
Kristensen et al. (1997) provide some additional support for the association with
this specific birth defect, although concerns remain including control of con-
founding, exposure determination, statistical imprecision, and isolation of expo-
sure to specific herbicides and TCDD.

There is inadequate or insufficient evidence to determine whether an asso-
ciation exists between exposure to the herbicides and fertility, stillbirth, neonatal
and infant death, birth defects (other than spina bifida), and low birthweight and
preterm birth.

Biologic Plausibility

Chapter 3 details the committee’s evaluation of data from animals and stud-
ies with cells regarding the biological plausibility of a connection between expo-
sure to dioxin or herbicides and various reproductive and developmental effects.
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TABLE 9-6 Selected Epidemiologic Studies—Low Birthweight and
Preterm Birth

Estimated
Exposed Risk

Reference Study Population Cases (95% CI)

OCCUPATIONAL
New Studies
Dimich-Ward et al., 1996 Sawmill workers—Maximal index of

exposure for any job held up to
three months prior to conception
Low birthweight 848 0.9 (0.9–1.0)
Preterm birth 867 0.9 (0.6–1.3)

Studies Reviewed in VAO
Fitzgerald et al., 1989 Follow-up of an electrical transformer

 fire 3 81 (16.7–236.4)*

ENVIRONMENTAL
Studies Reviewed in VAO
Stockbauer et al., 1988 TCDD soil contamination in Missouri

Intrauterine growth retardation 14 1.1 (0.5–2.3)
Low birthweight 27 1.5 (0.9–2.6)

VIETNAM VETERANS
New Studies
Michalek et al., 1998 Ranch Hand preterm birth

Background 20 1.4 (0.9–2.3)
Low 6 0.5 (0.2–1.2)
High 16 1.3 (0.8–2.3)

Intrauterine growth retardation—
post-service in southeast Asia
Background 29 0.9 (0.6–1.4)
Low 22 0.9 (0.6–1.3)
High 22 0.9 (0.6–1.3)

Studies Reviewed in VAO
AFHS, 1992 Follow-up of Air Force Ranch Hands

conceptions during or after
Southeast Asian service with high
current dioxin levels 20 2.3 (1.3–4.0)

CDC, 1989 Vietnam Experience Study (GBDS) 99 1.0 (0.8–1.4)
Field and Kerr, 1988 Follow-up of Australian Vietnam

veterans 48 1.6 (1.0–2.5)
Stellman et al., 1988 Offspring of American Legion Vietnam

veterans — —

*Standard incidence rate (SIR).
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This section summarizes that evidence. Some of the preceeding discussions of
reproductive and developmental outcomes include references to specific relevant
papers.

TCDD is reported to cause a number of reproductive and developmental
effects in laboratory animals. Administration of TCDD to male rats, mice, guinea
pigs, marmosets, monkeys, and chickens elicits reproductive toxicity by affecting
testicular function, decreasing fertility, and decreasing the rate of sperm produc-
tion. TCDD has also been found to decrease the levels of hormones such as
testosterone in rats. The reproductive systems of adult male laboratory animals
are considered to be relatively insensitive to TCDD, because high doses are
required to elicit effects.

Limited research has been conducted on the offspring of male animals ex-
posed to herbicides. A study of male mice fed varying concentrations of simu-
lated Agent Orange mixtures concluded there were no adverse effects in off-
spring. A statistically significant excess of fused sternebra in the offspring of the
two most highly exposed groups was attributed to an anomalously low rate of the
defect in the controls. Another study reported an increase in the incidence of
malformed offspring of male mice exposed to subacute levels of a mixture of 2,4-
D and picloram in drinking water. However, the paternal toxicity observed in the
high dosage levels used and inconsistent dose-response pattern are of concern.

Studies in male rats and hamsters show that decreased daily sperm produc-
tion and cauda epididymal sperm number result from in utero and lactational
TCDD exposure. Research suggests that in utero and lactational TCDD expo-
sure selectively impairs rat prostate growth and development without inhibit-
ing testicular androgen production or consistently decreasing prostate DHT
concentrations.

Studies in female animals are limited but demonstrate in utero and lacta-
tional exposure reduced fertility, decreased ability to remain pregnant throughout
gestation, decreased litter size, increased fetal death, impaired ovary function,
and decreased levels of hormones such as estradiol and progesterone. Most of
these effects may have occurred as a result of TCDD’s general toxicity to the
pregnant animal, however, and not as a result of a TCDD-specific mechanism
that acted directly on the reproductive system.

Recent studies on female rats show that a single dose of TCDD administered
on gestational day 15 results in malformations of the external genitalia in Long-
Evans and Holtzman rats. There was complete to partial clefting of the phallus.
Exposure on gestation day 8 was more effective in inducing functional reproduc-
tive alterations in female progeny (e.g., decreased fertility rate, reduced fecundity,
cystic endometrial hyperplasia, and increased incidences of constant estrus).
TCDD also induced changes in serum hormone levels in immature female rats
administered TCDD by gastric intubation, increasing LH, FSH, and gonadotropin
levels. This effect is partially due to the action of TCDD on the pituitary and is
calcium dependent.
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TCDD exposure did not increase egg mortality nor did it affect time-to-
hatching of newly fertilized zebrafish eggs. However, pericardial edema and
craniofacial malformations were observed in zebrafish larvae. In ovo TCDD
exposure adversely affected the body and skeletal growth and hatchibility of the
domestic pigeon but had no effect on the domestic chicken or great blue heron.

TCDD is teratogenic in mice, inducing cleft palate and hydronephrosis. Re-
search indicates that co-exposure with either of two other chemicals, hydrocorti-
sone or retinoic acid, synergistically enhances expression of cleft palate. This
synergy suggests that the pathways controlled by these agents converge at one or
more points in cells of the developing palate.

Several reports published during the reference period describe developmen-
tal deficits in the cardiovascular system of TCDD-treated animals. For example,
the cardiotoxicity induced by TCDD was examined in the chick embryo. The
spatial and temporal expression of AhR and Arnt suggests that the developing
myocardium and cardiac septa are potential targets of TCDD induced teratoge-
nicity, and such targets are also consistent with cardiac hypertrophy and septal
defects observed following TCDD exposure. Evidence suggests that the endothe-
lium lining of blood vessels is a primary target site of TCDD-induced cardiovas-
cular toxicity. CYP1A1 induction in the endothelium may be linked to early
lesions that result in TCDD-induced vascular derangements. CYP1A1 is induced
in mammalian endothelial cells in culture in the vascular endothelium in lake
trout of developing animals and in adult quail aortic smooth muscle cells. DNA
damage and consequent cell death in the embryonic vasculature are key physi-
ological mediators of TCDD-induced embryotoxicity in Medaka, a type of fish
often used in laboratory studies. Treatment of TCDD-exposed Medaka embryos
with an anti-oxidant provides significant protection against TCDD-induced em-
bryotoxicity and suggests that reactive oxygen species may participate in the
teratogenic effects of TCDD.

Little information is available on the cellular and molecular mechanisms of
action that mediate TCDD’s reproductive and developmental effects in labora-
tory animals. Evidence from mice indicates that the Ah receptor may play a role.
However, other, as-yet-unidentified factors also play a role, and it is possible that
these effects occur only secondarily to TCDD-induced general toxicity. Extrapo-
lating these results to humans is not straightforward because of the many factors
that determine susceptibility to reproductive and developmental effects vary
among species. More generally, TCDD has a wide range of effects on growth
regulation, hormone systems, and other factors associated with the regulation of
activities in normal cells. These effects may in turn influence reproductive and
developmental outcomes.

Limited information is available on reproductive/developmental effects of
the herbicides discussed in the report. Studies indicate that 2,4-D does not affect
male or female fertility and does not produce fetal abnormalities, but when preg-
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nant rats or mice are exposed it does reduce the rate of growth of offspring and
increase their rate of mortality. Very high doses were required to elicit these
effects. 2,4,5-T was toxic to fetuses when administered to pregnant rats, mice,
and hamsters. The ability of 2,4,5-T to interfere with calcium homeostasis in vitro
was documented and linked to the teratogenic effects of 2,4,5-T on the early
development of sea urchin eggs. Cacodylic acid is toxic to rat, mouse, and ham-
ster fetuses at high doses that are also toxic to the pregnant mother. Limited data
suggested that picloram may produce fetal abnormalities in rabbits at doses that
are also toxic to the pregnant animals.

The foregoing evidence suggests that a connection between TCDD or herbi-
cide exposure and human reproductive and developmental disorders, is, in gen-
eral, biologically plausible. However, differences in sensitivity and susceptibility
across individual animals, strains and species, lack of strong evidence of organ-
specific effects across species, and differences in route, dose, duration and timing
of exposure complicate any more definitive conclusions about the presence or
absence of a mechanism for induction of specific reproductive and developmen-
tal disorders by TCDD and herbicides.

Considerable uncertainty remains over how to apply this information to the
evaluation of potential health effects of herbicides or dioxin exposure in Vietnam
veterans. Scientists disagree over the extent to which information derived from
animals and cellular studies predicts human health outcomes, and the extent to
which the health effects resulting from high-dose exposure are comparable to
those resulting from low-dose exposure. Research on biological mechanisms is
burgeoning and subsequent Veterans and Agent Orange updates may have more
and better information on which to base conclusions.

Increased Risk of Disease Among Vietnam Veterans

Under the Agent Orange Act of 1991, the committee is asked to determine
(to the extent that available scientific data permit meaningful determinations) the
increased risk of the diseases it studies among those exposed to herbicides during
their service in Vietnam. Chapter 1 presents the committee’s general findings
regarding this charge. Where more specific information about particular health
outcomes is available, this information is related in the preceding discussions of
those health outcomes.
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BACKGROUND

The nervous system is made up of a central portion—the central nervous
system (CNS)—that consists of the brain and spinal cord, and the peripheral
nervous system (PNS), which includes the nerve roots, the brachial and lumbar
plexuses, and the peripheral nerves that pass to the extremities. The peripheral
nerves are responsible for innervating the muscles and also are made up of
afferent fibers that convey sensory information to the CNS. In addition, they
contain autonomic fibers that regulate the activity of the heart, blood vessels,
sweat glands, bladder, and bowels.

Disturbances of the CNS may lead to neurobehavioral abnormalities such as
cognitive changes and neuropsychiatric disorders. Other disturbances related to
CNS dysfunction include abnormalities of sensation, weakness, tremors, incoor-
dination, and the development of abnormal movements.

Disturbances of the PNS lead to peripheral neuropathy. Peripheral neuropa-
thy is an imprecise term that includes the symmetric involvement of numerous
nerves in the extremities (polyneuropathy) or the selective involvement of one or
several individual peripheral nerves (mononeuropathy simplex or multiplex). It is
sometimes used to refer to pathology affecting the nerve roots, which emerge
from the spinal cord and have branches that ultimately form the nerves to the
extremities. Chronic peripheral neuropathy may occur for many different rea-
sons; it varies in its pathology and severity in different cases. It may be a feature
of a number of common general medical disorders, especially diabetes mellitus.

Numerous publications have addressed the neurotoxicity of herbicides and
pesticides. Such reports have been based on studies related to occupational, envi-
ronmental, or Vietnam veteran exposure. In Veterans and Agent Orange: Health

10

Neurobehavioral Disorders
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Effects of Herbicides Used in Vietnam (henceforth called VAO) (IOM, 1994),
attention was focused particularly on persistent neurobehavioral dysfunction. In
Veterans and Agent Orange: Update 1996 (henceforth called Update 1996) (IOM,
1996), attention was also directed at the occurrence of acute and subacute periph-
eral neuropathy, and earlier data relating to that aspect were reexamined. In the
present report, at the specific request of the Department of Veteran Affairs, the
possibility of chronic peripheral neuropathy developing in Vietnam veterans as a
consequence of herbicide exposure has been reconsidered.

COGNITIVE AND NEUROPSYCHIATRIC EFFECTS

Summary of VAO and Update 1996

In VAO, the committee concluded that the literature was insufficient to deter-
mine whether an association existed between exposure to herbicides and related
compounds and chronic cognitive or neuropsychiatric disorders. As suggested by
Sharp et al. (1986), the delayed effects of such exposures on human health are
difficult to detect, and the health risks may be sufficiently small that they are
below the power of present epidemiologic studies to detect.

Although there was no shortage of studies concerning this topic, method-
ologic problems made it difficult to reach definitive conclusions. Shortcomings
in defining exposure included absent or poor exposure assessments; inconsisten-
cies in identifying exposed individuals for study (i.e., some studies relied on the
presence of chloracne for inclusion, whereas others assumed that all subjects had
been exposed); and concomitant exposure to different chemicals, mixtures of
chemicals, or concentrations of chemicals. Studies of cognitive or neuropsychiat-
ric disorders are also weakened by the small numbers of subjects; poor selection
or absence of comparison groups; confounding of the possible effects of herbi-
cides with the effects of stress; and inadequate statistical analyses. Self-reports of
exposure and symptoms may not be verified independently.

The committee noted that in order to maximally define the direct effects of
dioxin on cognitive and neuropsychiatric function, future studies should focus
primarily on occupationally exposed groups for whom levels of exposure are
better known and should include neurobehavioral testing in relative proximity to
the time of exposure.

VAO also concluded that significantly exposed subjects should be followed
for the development of neuropsychological dysfunction in middle and later life. It
is possible that minor CNS changes acquired in early adulthood are too subtle to
be detected by current neuropsychological testing methods, but they could mani-
fest themselves later when compounded by “normal age-related changes” of the
CNS. Theoretically, exposure to neurotoxins could produce “accelerated aging”
of the brain due to premature neuronal loss, which could then result in neuro-
behavioral deficits.
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In Update 1996, the committee reviewed the several publications that had ap-
peared since the original report, concluding that there was still inadequate or insuffi-
cient evidence from occupational and other studies of any association between expo-
sure to the herbicides under consideration and cognitive or neuropsychiatric disorders.

Update of the Scientific Literature

In a report from Australia, O’Toole et al. (1996) analyzed the self-reported
psychiatric states of Vietnam veterans as determined 20–25 years after the war. It
was found that the veterans had higher prevalences than the civilian population of
alcohol abuse or dependence, posttraumatic stress disorder, and social and simple
phobias. This related to combat rather than posting to a combat unit. No attempt
was made in the report to relate these behavioral disorders to herbicide exposure.
We are aware of no other new studies since the last report that have provided any
further evidence of an association between herbicide exposure and cognitive or
neuropsychiatric dysfunction.

MOTOR/COORDINATION DYSFUNCTION

Summary of VAO and Update 1996

In VAO, the committee concluded that there were no definitive studies to
determine whether exposure to dioxin or related herbicides was associated with
CNS motor/coordination problems. However, follow-up of veterans and, to a
lesser extent, environmental observations suggested that motor and coordination
difficulties should be assessed further in exposed subjects. It was determined that
longitudinal assessments of motor and coordination problems were warranted in
exposed subjects, especially those with high exposure, such as the National Insti-
tute for Occupational Safety and Health cohort studied by Fingerhut et al. (1991).
Vietnam veterans represent the most systematically evaluated group with chronic
TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin) exposure, and the findings in this
group suggest that CNS disorders may focus on the subtle clinical area of coordi-
nation and abnormal involuntary movement disorders. Since this area is a specific
subspecialty of neurology, future evaluations should involve specialists in this
field. Internationally accepted scales for movement disorders have been devel-
oped, and these scales should be used in future studies of such problems.

In addition to assessments that capture the disability related to any objective
findings, VAO also stressed that in the past decade, an increasing concern—
unrelated specifically to the question of TCDD and the CNS—has developed
scientifically over the possible link between Parkinson’s disease and chemicals
used as herbicides and pesticides (Semchuk et al., 1992). It was suggested that as
Vietnam veterans move into the decades when Parkinson’s disease becomes
more prevalent, attention to the frequency and character of new cases in exposed
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versus nonexposed individuals may be highly useful in assessing whether dioxin
exposure is a risk factor for eventual Parkinson’s disease.

In Update 1996 it was noted that no new data relating to this topic had been
published. Nevertheless, it was pointed out that concern persisted about the role
of herbicides and pesticides in the pathogenesis of parkinsonism. For example,
Semchuk et al. (1993) had noted following multivariate statistical analysis that
occupational herbicide use was the third highest predictor of eventual Parkinson’s
disease risk. Similarly, Butterfield et al. (1993) examined occupational and envi-
ronmental factors associated with disease risk in patients with early-onset Parkin-
son’s disease and found that the disease was positively associated with herbicide
exposure, insecticide exposure, previous residence in a fumigated house, and
residence in a rural area at the time of diagnosis. The committee emphasized the
importance of cases of early-onset parkinsonism in testing the hypothesis that the
disease relates to a toxic exposure, and pointed to the particular medical and
scientific importance of a systematic and prospective study of Vietnam veterans
for the development of early-onset parkinsonism.

Update of the Scientific Literature

As far as this committee is aware, no new studies relating directly to this
aspect have been published. However, Schulte et al. (1996) examined the death
certificates from 27 states in the National Occupational Mortality Surveillance
System and calculated proportional mortality ratios by occupation for certain
neurodegenerative disorders. They found an increase in proportionate mortality
ratio for Parkinson’s disease among male pesticide applicators, horticultural farm-
ers, farm workers, and graders and sorters of agricultural products. Similarly, in
Taiwan, an increased risk of Parkinson’s disease has been found among those
using paraquat and other herbicides and pesticides (Liou et al., 1997). This was a
case-control study in which 120 patients with Parkinson’s disease were age- and
sex-matched with 240 controls, and data were then obtained on demographic and
residential history and on potential exposure to occupational and environmental
agents. In Germany significantly elevated odds ratios with pesticide exposure
have been noted among patients with Parkinson’s disease (Seidler et al., 1996).
The implications of these studies for the health of Vietnam veterans are unclear.
Such reports underscore the importance of a prospective study of Vietnam veter-
ans for the development of parkinsonism.

CHRONIC PERSISTENT PERIPHERAL NEUROPATHY

Summary of VAO and Update 1996

Although some of the case reports reviewed in VAO suggested that an acute
or subacute peripheral neuropathy can develop with exposure to TCDD and
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related products, other reports with comparison groups did not offer clear evi-
dence that TCDD exposure is associated with chronic peripheral neuropathy. The
most rigorously conducted studies argued against a relationship between TCDD
or herbicides and chronic persistent neuropathy.

As a group, the studies concerning peripheral neuropathy have been con-
ducted with highly varying methodologies and have lacked uniform operational
definitions of neuropathy. They have not applied consistent methods to define a
comparison population or to determine exposure or clinical deficits. Timing of
follow-up may be important, since many, but not all, reports that find neuropathy
were based on assessments made only a short time after exposure. It was con-
cluded that careful definition of neuropathy and standardization of protocols will
be essential to future evaluations.

In Update 1996 it was noted that several new articles had appeared on this
topic related to occupational and other studies. Careful analysis, however, showed
there to be inadequate or insufficient evidence of any association between expo-
sure to the herbicides under consideration and the development of chronic persis-
tent peripheral neuropathy.

Update of the Scientific Literature

No new information has appeared in the intervening two years that alters this
conclusion. It is important, however, to review the context in which this conclu-
sion was reached.

Synthesis

There have been only a limited number of epidemiologic studies of chronic
peripheral neuropathy, except for the neuropathy associated with diabetes. A
recent study from Europe estimated that a chronic symmetric polyneuropathy
occurs in about 8 percent of people over the age of 55 years with a severity that
is sufficient to lead to symptoms of the disorder (Italian General Practitioner
Study Group, 1995). Prevalence studies of peripheral neuropathy performed
both in Asia and in Europe also suggest that peripheral neuropathy is common,
occurring in between 2 and 7 percent of the population. In the United States, the
most common cause of chronic peripheral neuropathy is diabetes. Several types
of peripheral neuropathy are associated with diabetes, including a predomi-
nantly sensory polyneuropathy, an asymmetric proximal neuropathy, involve-
ment of individual cranial or limb nerves, and an autonomic neuropathy. In one
study it was found that approximately 4 percent of diabetic patients develop a
neuropathy within 5 years of diagnosis and 15 percent do so within 20 years
(Palumbo et al., 1978). More recent population studies or studies of clinical case
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series suggest that the prevalence of neuropathy is even higher among diabetic
patients. Thus, in one study of insulin-dependent diabetic patients, the overall
prevalence of distal polyneuropathy was 34 percent, and this increased to 58
percent in patients who were aged 30 years or more (Maser et al., 1989). In
diabetics who are not dependent upon insulin, evidence of peripheral sensory
loss has been found in 26 percent of instances (Franklin et al., 1990). A study
from Finland in 1995 has indicated that among non-insulin-dependent diabetic
subjects, 8 percent satisfied criteria for definite or probable neuropathy at the
time of diagnosis; after a 10-year follow-up period, the prevalence of neuropa-
thy had increased to 42 percent in the diabetic patients, compared to 6 percent in
control subjects (Partanen et al., 1995). Among the factors that relate to the
development of neuropathy in diabetics are the duration of the disease and the
extent to which the blood glucose level is controlled (Orchard et al., 1990;
DCCT Research Group, 1995). Further reference to diabetes can be found in
Chapter 11.

The peripheral nerves are vulnerable to a number of toxic substances in-
cluding some of the heavy metals such as lead, arsenic, and thallium; certain
organic solvents such as n-hexane and methyl n-butyl ketone; and various orga-
nophosphates. A neuropathy is also a common complication of chronic alcohol
abuse and, in this circumstance, may relate to either a direct toxic effect of
alcohol, a concomitant nutritional deficiency, or both. Other causes of chronic
peripheral neuropathy include infection (such as leprosy), diverse metabolic
disorders, and a number of general medical diseases. Some neuropathies
have a hereditary basis, even though they may not become symptomatic until
adulthood.

It is often not possible to distinguish with confidence among various possible
causes of neuropathy, except by the setting in which the neuropathy develops.
Distinction depends on the results of a detailed family and general medical his-
tory, any associated clinical findings, the results of various investigations includ-
ing electrophysiologic studies, and pathologic examination of nerve biopsy speci-
mens. A neuropathy with acute onset suggests a metabolic or toxic cause or an
infective or inflammatory disturbance. A toxic basis for a neuropathy is sup-
ported by the cessation of progression—and by subsequent clinical improve-
ment—after discontinuation of exposure to the offending substance. A chronic
peripheral neuropathy due to toxic exposure (such as might be attributed to
herbicide exposure) would not be expected to develop years after exposure to that
toxin ceases.

Despite intensive investigation, a specific cause of a chronic peripheral
neuropathy may not be found in between 20 and 50 percent of cases (Dyck
et al., 1981; McLeod et al., 1984; Notermans et al., 1993; McLeod, 1995). It is
not possible to ascribe such neuropathies to exposure to a possible
neurotoxin when that exposure occurred years earlier and is not continuing.
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ACUTE AND SUBACUTE TRANSIENT PERIPHERAL NEUROPATHY

Summary of VAO and Update 1996

In Update 1996 it was noted that the methodology used to establish associa-
tions between putative causal agents and persistent chronic neurological deficits
relies heavily on epidemiologic studies with adequate control or comparison
populations. Such methodology can rarely be set in motion with sufficient speed
to assess relationships between unexpected chemical exposure and the develop-
ment of acute or subacute transient neurological disturbance. Because of the very
transient nature of the conditions, documenting signs and symptoms in associa-
tion with documented exposures can be difficult to accomplish in a systematic
manner. In such instances, greater reliance must be placed on isolated case histo-
ries and less well controlled studies. Based on an analysis of the data from studies
reviewed in VAO and Update 1996, as well as those published more recently
regarding occupational, environmental, and Vietnam veteran exposure to herbi-
cides and herbicide components, this committee agrees with the conclusion of the
last committee that there is limited/suggestive evidence of an association between
exposure to certain herbicides used in Vietnam and the development of an acute
or subacute transient peripheral neuropathy. Acute peripheral neuropathies have
been reported following acute occupational exposure to 2, 4-dichlorophenoxy-
acetic acid (2,4-D) weedkiller by several authors (Goldstein et al., 1959; Todd,
1962; Berkley and Magee, 1963). Affected patients had not been examined prior
to exposure, but the temporal relationship between clinical disturbance and herbi-
cide exposure was well documented. It remains possible, however, that the
neuropathy was unrelated to the herbicide exposure and related to other dis-
orders, such as Guillain-Barré syndrome.

Update of the Scientific Literature

The committee is aware of no new publications that bear on this issue. If
TCDD were associated with the development of transient acute and subacute
peripheral neuropathy, the disorder would become evident shortly after exposure.
The committee knows of no evidence that new cases developing long after ser-
vice in Vietnam are associated with herbicide exposure.

CONCLUSIONS FOR NEUROBEHAVIORAL DISORDERS

Strength of Evidence in Epidemiologic Studies

As in the earlier reports, this committee finds that there is inadequate or
insufficient evidence to determine whether an association exists between expo-
sure to the herbicides used in Vietnam and disorders involving cognitive and
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neuropsychiatric dysfunction, motor/coordination deficits, and chronic persistent
peripheral neuropathy. The evidence regarding association is drawn from occu-
pational and other studies in which subjects were exposed to a variety of herbi-
cides and herbicide components, as reviewed in previous reports. No new evi-
dence has appeared since those reports.

In Update 1996, the committee indicated that there is limited/suggestive
evidence of an association between exposure to the herbicides considered in this
report and acute or subacute transient peripheral neuropathy. The evidence re-
garding association is drawn from occupational and other studies in which sub-
jects were exposed to a variety of herbicides and herbicide components. This
conclusion remains unchanged.

Biologic Plausibility

Chapter 3 details the committee’s evaluation of data from animals and stud-
ies with cells regarding the biological plausibility of a connection between expo-
sure to dioxin or herbicides and various neurobehavioral disorders. This section
summarizes that evidence. Some of the preceding discussions of neurobehavioral
outcomes include references to specific relevant papers.

Little information exists on the development of neurobehavioral disorders
and TCDD exposure in laboratory animals. Acute doses of TCDD administered
to rats affect the metabolism of serotonin, a neurotransmitter in the brain able to
modulate food intake. This biochemical change is consistent with observations of
progressive weight loss and anorexia in experimental animals exposed to TCDD.
In primary cultures of rat hippocampal neuronal cells, there is evidence that
TCDD may increase the uptake of intracellular calcium. This concentration-
dependent increase in calcium is associated with a decrease in mitochondrial
membrane potentiation and activation of α-protein kinase C. An experimental
study in rats suggested that a single low dose of TCDD could cause a toxic
polyneuropathy.

In general, TCDD has a wide range of effects on growth regulation, hormone
systems, and other factors associated with the regulation of activities in normal
cells. These effects may in turn influence nerve cells. Studies in animals indicate
that some TCDD effects are mediated through the Ah receptor (AhR), a protein in
animal and human cells to which TCDD can bind. It is hypothesized that TCDD,
together with the AhR, can interact with sites on DNA and alter the information
obtained from DNA in a way that transforms normal cells into abnormal cells.
Although structural differences in the AhR have been identified, this receptor
operates in a similar manner in animals and humans. Evidence has also begun to
accumulate for non-AhR-mediated effects. Animal studies and in vitro mechanis-
tic studies continue to emphasize the importance of alterations in neurotransmitter
systems as underlying mechanisms of TCDD induced behavioral dysfunction.
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Limited information is available on health effects of exposure to the herbi-
cides discussed in the report. Some studies have observed impairment of motor
function in rats administered high single oral doses of 2,4-D. Another study
showed that the toxic effects of 2,4-D in rats were observed within one-half hour
after its oral administration and correlated with signs and symptoms of CNS
depression. These data were interpreted to suggest that the toxic mechanism of
2,4-D is related to an action on the central nervous system. 2,4-D also renders the
developing rat nervous system vulnerable by hindering the process of myelina-
tion in the brain. Evidence was recently presented suggesting that 2,4-D and
2,4,5-T access to the central nervous system is energy-dependent. Results from in
vitro mechanistic studies suggest that 2,4,5-T may acutely affect neuronal and
muscular function by altering cellular metabolism and cholinergic transmission.

The herbicide 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is
known to produce parkinsonism in humans and experimentally in animals, in-
cluding nonhuman primates. Paraquat, another herbicide, shares with MPTP the
ability to increase free-radical load in target tissues and exposure to it has also
been related to an increased incidence of parkinsonism. These results may be
biologically relevant because it is suspected that TCDD and some of the herbi-
cides used in Vietnam may indirectly generate free radicals or sensitize cells to
free radical injury.

The foregoing evidence suggests that a connection between TCDD or herbi-
cide exposure and human health effects is, in general, biologically plausible.
However, differences in sensitivity and susceptibility across individual animals,
strains and species, lack of strong evidence of organ-specific effects across spe-
cies, and differences in route, dose, duration and timing of exposure complicate
any more definitive conclusions about the presence or absence of a mechanism
for the induction of neurobehavioral effects.

Considerable uncertainty remains over how to apply this information to the
evaluation of potential health effects of herbicides or dioxin exposure in Vietnam
veterans. Scientists disagree over the extent to which information derived from
animals and cellular studies predicts human health outcomes, and the extent to
which the health effects resulting from high-dose exposure are comparable to
those resulting from low-dose exposure. Research on biological mechanisms is
burgeoning and subsequent Veterans and Agent Orange updates may have more
and better information on which to base conclusions.

Increased Risk of Disease Among Vietnam Veterans

Under the Agent Orange Act of 1991, the committee is asked to determine
(to the extent that available scientific data permit meaningful determinations) the
increased risk of the diseases it studies among those exposed to herbicides during
their service in Vietnam. Chapter 1 presents the committee’s general findings
regarding this charge. Where more specific information about particular health
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outcomes is available, this information is related in the preceding discussions of
those diseases.
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INTRODUCTION

A variety of health outcomes are evaluated in this chapter, including chlor-
acne, porphyria cutanea tarda, respiratory disorders, immune system disorders
(immune suppression, autoimmunity), diabetes mellitus, lipid abnormalities, gas-
trointestinal and digestive disease (including liver toxicity), and circulatory dis-
orders. Many of these outcomes have not been addressed as thoroughly in the
epidemiologic literature as the health outcomes described in Chapters 7, 9, and
10.

For most of the health outcomes discussed in this chapter, a brief summary of
the scientific evidence described in Veterans and Agent Orange: Health Effects
of Herbicides Used in Vietnam (henceforth called VAO) (IOM, 1994) and Veter-
ans and Agent Orange: Update 1996 (henceforth called Update 1996) (IOM,
1996) is presented, followed by an update of the recent scientific literature.
Because of special interest expressed by the Department of Veterans Affairs, a
complete discussion of the evidence, including the studies cited in VAO and
Update 1996, is presented for diabetes and for lipid and lipoprotein disorders.

CHLORACNE

Background

Skin disorders are among the most common health problems encountered in
combat, aside from traumatic injuries. Because of the tropical environment and

11

Other Health Effects
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living conditions in Vietnam, veterans developed a variety of skin conditions
ranging from bacterial and fungal infections to a condition known as “tropical
acne” (Odom, 1993). However, the only dermatologic disorder consistently re-
ported to be associated with Agent Orange and other herbicides, including the
contaminant 2,3,7,8-tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD, TCDD, or di-
oxin), is chloracne. Therefore, this discussion focuses on chloracne and its link to
TCDD.

Among the numerous industrial chemicals known to cause chloracne, the
most potent appears to be TCDD. However, as noted later in this discussion,
individual host factors appear to play an important role in determining disease
expression. Even at relatively high doses, not all exposed individuals develop
chloracne, whereas others with similar or lower exposure manifest the condition.

Chloracne has a variable natural history. Longitudinal studies of exposed
cohorts suggest that the lesions typically regress and heal over time. However,
historical reports indicate that a chronic form of the disease can persist up to 30
years after an exposure (Suskind and Hertzberg, 1984). Like many dermatologic
conditions, chloracne can reasonably be suspected on the basis of a careful medi-
cal history or appropriate questionnaire information. A key element in diagnosis
is the characteristic anatomic distribution. Because acne is such a common der-
matologic condition, a number of precautionary steps should be taken in any
analysis attempting to link acne or chloracne with an environmental or occupa-
tional exposure; it is critical that adequate attention be paid to the clinical charac-
teristics, time of onset, and distribution of lesions and that there be careful com-
parison with an appropriate control group. Definitive diagnosis may require
histologic confirmation from a biopsy specimen.

Chloracne can be viewed as both a toxic outcome of exposure to TCDD
and a potential clinical marker of TCDD exposure. It is the latter that has
generated the most controversy. In this section, the primary focus is on the
linkage of chloracne to TCDD exposure. Dose–response relationships between
TCDD exposure and chloracne are addressed briefly. The inadequacies of chlor-
acne as a human biomarker of dioxin exposure are discussed in more detail in
Chapter 5. A major unresolved issue is whether TCDD exposure below the
level required to cause chloracne may have other adverse health consequences
such as cancer.

Summary of VAO and Update 1996

Chloracne has been linked to TCDD exposure in numerous epidemiologic
studies of occupationally and environmentally exposed populations. The data on
Vietnam veterans potentially exposed to Agent Orange and other herbicides are
less convincing.

From the studies reviewed in VAO and Update 1996, it is apparent that
higher levels of exposure to TCDD, as reflected by increased serum levels, are
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associated in a general way with increased risk of developing chloracne. How-
ever, the great degree of variability in TCDD levels among subjects with a history
of chloracne and among those with no evidence of the condition suggests a
complex dose–response relationship, with highly variable individual susceptibil-
ity. In addition, in many subjects the serum TCDD levels were measured many
years after first exposure or onset of chloracne. Based on current data, it is not
possible to assign a “threshold” TCDD level associated with chloracne.

Update of the Scientific Literature

No new informative publications were identified that related chloracne to
exposure to herbicides or dioxin in humans. Because TCDD-associated chloracne
becomes evident shortly after exposure, there is no risk that new cases will occur
in veterans due to Vietnam service-related exposures.

Conclusions

Strength of Evidence in Epidemiologic Studies

Evidence is sufficient to conclude that there is a positive association between
exposure to the herbicides considered in this report and chloracne. The evidence
regarding association is drawn from occupational and other studies in which
subjects were exposed to a variety of herbicides and herbicide components.

Biologic Plausibility

The formation of chloracne lesions after administration of TCDD is ob-
served in some species of laboratory animals. Similar observations have not been
reported for the herbicides. A more thorough discussion of biologic plausibility
with respect to exposure to TCDD or herbicides and chloracne is contained in
Chapter 3; a summary is presented in the conclusion to this chapter.

PORPHYRIA CUTANEA TARDA

Background

Porphyria cutanea tarda (PCT) is an uncommon disorder of porphyrin me-
tabolism manifest in patients by thinning and blistering of the skin in sun-exposed
areas, as well as by hyperpigmentation (excess pigment in skin) and hypertri-
chosis (excess hair growth) (Muhlbauer and Pathak, 1979; Grossman and Poh-
Fitzpatrick, 1986). The disease is caused by a hereditary or acquired deficiency of
uroporphyrinogen decarboxylase (UROD), a cytoplasmic enzyme in the pathway
of hemoglobin synthesis (Sweeney, 1986). In the hereditary form, no precipitat-
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ing exposure is necessary for the appearance of excess uroporphyrin and copro-
porphyrin in the urine and the development of clinical symptoms.

In cell culture and in rodents (mice and rats), TCDD causes a toxic porphyria
resembling PCT in humans (De Verneuil et al., 1983; Cantoni et al., 1984; Smith
and De Matteis, 1990).

Summary of VAO and Update 1996

The occurrence of clinical PCT is rare and may be influenced by genetic
predisposition of individuals with low enzyme levels of UROD. The cases re-
ported have occurred relatively shortly after exposure to specific chemicals, in-
cluding TCDD, and have improved after removal of the agent. Simultaneous
exposure to alcohol and other chemicals, such as hexachlorobenzene, probably
increases the risk and severity of PCT. Abnormal porphyrin excretion without
clinical illness may occur more commonly than clinical evidence of PCT and
may represent a preclinical stage of PCT.

There is no suggestion of an increase in PCT in studies of Vietnam veterans
or Ranch Hands, possibly because of comparatively low dioxin exposure even for
Ranch Hand veterans or a fortuitous absence of genetically predisposed individu-
als who could develop PCT after exposure to TCDD. Further studies of PCT
incidence in Vietnam veterans would not be called for, since the biologic and
clinical evidence indicates that the rare appearance of PCT occurs soon after
heavy TCDD exposure and improves with time. Moreover, the association of
PCT with alcoholism makes it difficult to interpret studies of TCDD exposure
and PCT that do not simultaneously assess alcohol consumption.

Jung et al. (1994) presented porphyrin data on former workers in a German
pesticide plant that had manufactured 2,4-dichlorophenoxyacetic acid (2,4-D)
and 2,4,5-trichlorophenoxyacetic acid (2,4,5-T). The study found no difference
in porphyrin levels or abnormal liver function tests between subjects with and
without chloracne. There was also no relationship between porphyrin levels in
urine, red blood cells, or plasma and TCDD levels in adipose tissue. Three cases
of chronic hepatic porphyria (none with overt PCT and none with chloracne)
were identified, which did not exceed the expected prevalence in this population.

Calvert et al. (1994) analyzed porphyrin levels and TCDD serum levels in a
cross-sectional medical study of the National Institute for Occupational Safety
and Health (NIOSH) cohort of workers who had been previously exposed to
TCDD through manufacture of sodium trichlorophenol, 2,4,5-T, or hexachlo-
rophene. There were no cases of overt PCT, and three exposed and three unex-
posed subjects had subclinical PCT. Porphyrin levels did not differ between
exposed and unexposed workers, and there was no significant relationship be-
tween urinary porphyrin levels and serum TCDD levels.

Taken together, the studies reviewed did not support the hypothesis that
TCDD caused disturbances in heme metabolism in humans, even at the relatively
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high exposure levels experienced by these cohorts. Reports that some persons
employed in herbicide production have evidence of increased porphyrins in urine
warrant further investigation.

Update of the Scientific Literature

No informative publications were identified relating PCT to exposure to
herbicides or dioxin in humans. Because TCDD-associated PCT becomes evident
shortly after exposure, there is no risk that new cases will occur in veterans due to
Vietnam service-related exposures.

Conclusions

Strength of Evidence in Epidemiologic Studies

There is limited/suggestive evidence of an association between exposure to
the herbicides considered in this report and porphyria cutanea tarda. Evidence
regarding the association is drawn from occupational and other studies in which
subjects were exposed to a variety of herbicides and herbicide components.

Biologic Plausibility

There is some evidence that TCDD can be associated with porphyrin abnor-
malities in laboratory animals, although PCT has not been reported. Porphyria
has not been reported in animals exposed to herbicides. A more thorough discus-
sion of biologic plausibility with respect to exposure to TCDD or herbicides and
PCT is contained in Chapter 3; a summary is presented in the conclusion to this
chapter.

RESPIRATORY DISORDERS

Background

The studies reviewed in this section cover a wide range of respiratory condi-
tions encompassed by International Classification of Diseases, Ninth Edition
(ICD·9) codes 460–519, including acute respiratory infections, other diseases of
the upper respiratory tract, pneumonia, influenza, chronic obstructive pulmonary
disease, chronic bronchitis, emphysema, asthma, pleurisy, and pneumoconiosis.
In the morbidity studies, a variety of methods were used to assess the respiratory
system, including assessment of symptoms, physical examination of the chest,
lung function tests, and chest radiographs. Lung function (also called pulmonary
function) tests included tests commonly used to detect airflow obstruction (which
can occur in conditions such as asthma, chronic bronchitis, and emphysema) and
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restriction or decrease in lung volume (which can occur because of lung scarring
or inflammation). Tests that measure airflow obstruction include FEV1 (forced
expirating volume, the amount of air that can be exhaled forcefully in one sec-
ond); the ratio FEV1/FVC (forced vital capacity, the total amount of air that can
be forcefully exhaled); FEF 25–75 (forced expiratory flow, the rate of airflow in the
middle range of total volume); and FEFmax (rate of airflow at highest lung vol-
ume). The test that measures restriction is FVC, which determines the total
amount of air that can be exhaled with sustained effort. Chest radiographs, which
were used in several studies, can assess whether inhaled agents have damaged the
lungs; damage is usually apparent as opacities such as scarring, inflammation, or
both.

Summary of VAO and Update 1996

Among the morbidity studies, strong rationales for examining respiratory
outcomes were not given. However, in the case of occupational exposures or
exposures of military personnel involved in herbicide spraying, the respiratory
tract could be viewed as a target organ for aerosol or other particulate deposition.
In general, the lack of working hypotheses about respiratory disease outcomes
associated with herbicides, the nonuniformity in methods and reported results,
and the variable ability to adjust for the effects of cigarette smoking make it
difficult to interpret much of the morbidity data, especially reports of symptoms
and radiographic data.

Interpretation of many of the mortality studies was generally limited by the
small number of deaths observed. These studies also tended to use the ICD·9
codes for all respiratory diseases. The wide range of diverse conditions and small
number of total deaths make it difficult to assess any particular respiratory out-
come using mortality studies. In some studies, the specific ICD·9 codes used
were not stated, thus making comparisons with other studies difficult. Overall,
there was little evidence of any associations with herbicide or dioxin exposure.

Update of the Scientific Literature

Occupational Studies

Becher et al. (1996) examined mortality among workers in four German
facilities that produced phenoxy herbicides and chlorophenols. The population
included workers who had a least one month of employment, and resulted in a
cohort consisting of 2,479 male workers. Standardized mortality ratios (SMRs)
and 95 percent confidence intervals (95% CIs) were calculated using West Ger-
man mortality rates by five-year age and calendar intervals. SMRs for respiratory
system disease among the four plants ranged from 0.5 to 0.8.

Svensson et al. (1995) studied mortality and disease incidence in two cohorts
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of Swedish fishermen. One group (2,896 men) resided on the east coast of Swe-
den and consumed fish from the Baltic Sea. These fatty fish (particularly salmon
and herring) are reported to contain elevated levels of polychlorinated biphenyls
(PCBs), polychlorinated dibenzodioxins (PCDDs), and polychlorinated dibenzo-
furans (PCDFs). The other group of fishermen (8,477 men) resided on the west
coast of Sweden and were presumed to have a higher intake of lean (and less
contaminated) fish, including cod and flat fish. Bronchitis and emphysema rates
(ICD·9 codes 490–493), were reported, and no significant increase was found
among east coast fishermen (SMR 0.5, 95% CI 0.1–1.2).

Ott and Zober (1996) updated the experience of workers exposed to TCDD
during the cleanup of a trichlorophenol (TCP) reactor that exploded in 1953 at a
BASF plant in Ludwigshafen, Germany. They studied disease incidence and
mortality up to 1992 for a group of 243 men and developed TCDD dose estimates
based on work activity information, blood TCDD determinations on a subset of
the population, and estimates of TCDD elimination rates. Expected numbers of
incident cases and cause-specific deaths were obtained from German sources by
five-year age and calendar intervals. The overall SMR (95% CI) for respiratory
system diseases was 0.1 (0.0–0.8); in the highest TCDD dose group, the SMR
(95% CI) was 0.4 (0.0–2.0).

Ramlow et al. (1996) examined mortality in a cohort of workers exposed to
pentachlorophenol (PCP), as part of a larger study of Dow chemical manufactur-
ing workers exposed to the higher chlorinated dioxins. The study cohort was
assembled from company records, starting with a cohort of 2,192 workers ever
employed in a department with potential PCDD exposure between 1937 and
1980. From this cohort, 770 workers were identified who were considered to
have potential PCP exposure based on work history records. Cumulative expo-
sure indices for PCP and dioxin were calculated using scores described by Ott et
al. (1987). In the study analysis, the U.S. white male death rates (five-year age
and calendar time specific) and the death rates of non-PCP and non-PCDD male
Dow Michigan employees for 1940 to 1989 were both used as reference values to
calculate expected deaths. The overall SMR (95% CI) for respiratory system
disease was 0.9 (0.5–1.5), with no significant effect of latency or estimated
exposure level.

In an update and expansion of the International Agency for Research on
Cancer (IARC) cohort study, Kogevinas et al. (1997) examined mortality in a
cohort of 26,615 male and female workers engaged in the production or applica-
tion of phenoxy herbicides. Exposure information varied between cohorts, but in
general exposures were reconstructed from job records. Based on job categories
and information on production processes and the composition of the materials
used, exposed workers were classified into three categories: exposed to TCDD or
higher chlorinated dioxins, unexposed to the same, and unknown exposure to the
same. Analysis was performed by calculating SMRs and 95% CI, using the
World Health Organization (WHO) mortality data bank to calculate national
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mortality rates by sex, age (five-year intervals), and calendar period (five years).
Overall, a decrease in respiratory system disease was observed in exposed work-
ers compared to unexposed workers for males (SMR 0.8, 95% CI 0.7–0.9), with
no significant differences observed for women (SMR 1.1, 95% CI 0.4–2.2).

Studies of Vietnam Veterans

In a study of postservice suicide among Vietnam veterans, Bullman and
Kang (1996) reported subsequent cause-specific mortality for 34,534 veterans
who had been hospitalized for wounds suffered in Vietnam, compared to U.S.
men overall. They observed no significant difference in respiratory system dis-
ease deaths (SMR 0.9, 95% CI 0.7–1.2) compared to U.S. men.

O’Toole et al. (1996) described the results of a simple random sample of
Australian Army Vietnam veterans on self-reported health status. Data were
obtained on 641 veterans from the Australian Bureau of Statistics Health Inter-
view Survey 1989–90, and illness rates were compared to the age- and sex-
matched Australian population. They observed no significant increase in overall
respiratory system disease among veterans; the relative risk (RR) was 2.0 (99%
CI 0.0–7.1). Hay fever (RR 1.6, [CI, 1.3–1.9]), bronchitis or emphysema (4.1 [CI
2.8–5.5]), and other respiratory disease (4.0 [CI 2.2–5.9]) were significantly el-
evated compared to the general population, although none of these conditions
were related to an index of combat exposure. The veterans were significantly less
likely to have never smoked than the general population (0.7 [CI 0.5–0.8]), a
finding similar to data reported by McKinney et al. (1997) on U.S. Vietnam
veterans. No information was available on other potential confounding factors
such as occupational exposures.

Watanabe and Kang (1996) reported on the mortality of 33,833 U.S. Army
and Marine Corps Vietnam veterans who died during 1965–1988, compared to
mortality among 36,797 deceased non-Vietnam veterans, using proportionate
mortality ratios (PMRs). They observed no increase in respiratory system disease
mortality among Army Vietnam veterans (PMR 0.9) or among Marine Vietnam
veterans (PMR 1.1).

Dalager and Kang (1997) reported a study comparing 2,872 Vietnam veter-
ans with 2,737 non-Vietnam veterans (all of whom served in Chemical Corps
specialties). All study subjects served at least 18 months’ active duty between
1965 and 1973, and vital status ascertainment was complete for both groups.
They reported no significant increase in respiratory system disease mortality
among Vietnam veterans, with an RR (95% CI) of 2.6 (0.6–12.2).

A report on Australian Vietnam veterans (Crane et al., 1997a) compared
cause-specific mortality rates of 59,036 male Vietnam veterans with those of
other Australian males. They found a significant decrease in respiratory system
disease (SMR [95% CI] for deaths in 1964–1979 (0.1 [0.0–0.3]) and no signifi-
cance from expected rates for 1980–1994: 0.9 (0.7–1.1).
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A second cohort study of Australian veterans compared the mortality for
1982–1994 for 18,949 national servicemen who had served in Vietnam (veterans)
with 24,646 national servicemen who had not served in Vietnam (nonveterans)
(Crane et al., 1997b). They observed an RR (95% CI) for veterans compared to
nonveterans of 0.9 (0.3–2.7) for all respiratory diseases and 0.3 (0.0–3.2) for
chronic obstructive airways disease.

The ongoing study of Ranch Hand veterans (AFHS, 1996) reported cause-
specific mortality among 1,261 Ranch Hand personnel compared to 19,080 Air
Force veterans from the same era who did not handle herbicides. No increase was
observed in respiratory system disease deaths (SMR 0.5).

Synthesis

Although there were sporadic reports of increased respiratory disease poten-
tially related to exposure to herbicides or TCDD, the results were inconsistent
across studies. In addition, interpretation of individual studies was generally
limited by a lack of information on cigarette smoking. In the one study that
showed the strongest association between potential exposure and respiratory dis-
ease (O’Toole et al., 1996), veterans were much more likely to have smoked than
nonveterans. Additional research, with adequate information on cigarette smok-
ing and other risk factors for respiratory disease, is required to adequately assess
the potential association between respiratory disease and herbicide or TCDD
exposure.

Conclusions

Strength of Evidence in Epidemiologic Studies

There is inadequate or insufficient evidence to determine whether an asso-
ciation exists between exposure to herbicides and mortality from respiratory
diseases; symptoms or history of respiratory illnesses, such as chronic bronchitis,
bronchitis, asthma, pleurisy, pneumonia, tuberculosis, and respiratory conditions;
abnormalities on lung or thorax physical examination; pulmonary function test
results; and chest radiographs. The evidence regarding association is drawn from
occupational and veteran studies in which subjects were exposed to a variety of
herbicides and herbicide components.

Biologic Plausibility

A thorough discussion of biologic plausibility with respect to exposure to
TCDD or herbicides and respiratory disorders is contained in Chapter 3; a sum-
mary is presented in the conclusion to this chapter.
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IMMUNE SYSTEM DISORDERS

Background

Immunotoxicology is the study of the effects of xenobiotics (chemical com-
pounds that are foreign to the human body) on the immune system. The compounds
may produce an impaired immune response (immunosuppression) or an enhanced
immune response (immune-mediated disease). Although alterations in the immune
system can be related to increases in the incidence of infection and neoplasm
(immune suppression) and immune-mediated diseases (allergy and autoimmunity),
there has been no observed increase in infectious or immune-mediated disease in
the populations examined after exposure to herbicides. However, alterations have
been observed in measures of immune function or populations of immune cells.
The question of possible increases in neoplastic diseases is dealt with in Chapter 7.

Immune Suppression

The immune system helps defend the host against foreign invaders. It con-
fers resistance to infection by bacteria, viruses, and parasites; it is involved in the
rejection of allografts (tissue transplants); and it may eliminate spontaneously
occurring tumors (Paul, 1993). Proper function of the immune system is exquis-
itely sensitive to disruptions in physiologic homeostasis. The immune response is
highly redundant, and several different mechanisms may be employed to elimi-
nate an antigen. Therefore, a toxicant can affect one facet of the immune system
without altering the ability of the host to survive challenge by an infectious agent.

Suppression of the immune system leads to increased susceptibility to infec-
tion and neoplasia. However, the degree of immune suppression necessary to
cause disease is unknown and is the subject of intense scientific interest. Immune
deficiency may result from genetic abnormalities (e.g., a deficiency in the en-
zyme adenosine deaminase, leading to severe combined immune deficiency),
congenital malformations, surgical accidents, pregnancy, stress, disease (e.g.,
human immunodeficiency virus [HIV-1] can lead to AIDS), and exposure to
immunosuppressive agents (Paul, 1993). Immune suppression can also occur in
patients with autoimmune disease (discussed below); for example, in systemic
lupus erythematosus the suppression of complement levels and leukocyte func-
tion has been noted. Impaired host defenses can result in severe and recurrent
infections with opportunistic microorganisms. As noted, the immune system may
prevent or limit tumor growth, and a high incidence of tumors may follow im-
mune suppression (Paul, 1993).

Allergy and Autoimmunity

A number of diseases involve hyperresponsiveness of the immune system to
either foreign allergens (e.g., allergy) or self-antigens (autoimmunity). Allergic
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responses have been noted to numerous environmental agents, including plant
pollens and epithelial products of domestic animals. Allergy is the result of
formation of allergen-specific immunoglobulin E (IgE) antibodies, which bind to
the surface of mast cells and lead to mast-cell degranulation on subsequent expo-
sure to antigen. The mediators of allergic reactions, such as histamine, are then
released. The alterations discussed below reflect only in vitro immune param-
eters, not disease incidence. In fact, no increase in allergic disease related to
herbicide exposure has been reported in any of the studies reviewed.

In general, the immune response is directed against foreign antigens. How-
ever, in some instances antibodies can be demonstrated that react with endog-
enous antigens (i.e., autoantibodies). Autoimmune disease is the pathological
consequence of an immune response to autologous antigen. Some autoimmune
diseases result when autoantibodies activate the complement cascade or interact
with “killer” mononuclear cells to induce antibody-dependent cell-mediated cy-
totoxicity. Others are caused by cytotoxic T cells acting directly on their targets
or by injurious cytokines released by activated T cells.

It is important to distinguish the mere presence of an autoimmune response
from autoimmune disease. Autoimmunity, as indicated by the presence of au-
toantibodies, is relatively common, whereas autoimmune disease is relatively
rare. Detecting autoantibodies, particularly in high titers and with high affinity, is
the first step in diagnosing autoimmune disease in humans. A definite diagnosis
of autoimmune disease, however, depends on careful correlation of history and
clinical findings with detailed immunologic investigations.

Summary of VAO and Update 1996

The effects of herbicide exposure on the level of several immune parameters
were presented in studies reviewed in VAO and Update 1996. The data are di-
vided into two categories: immune suppression and immune enhancement. No
studies investigating the association of autoimmune disease or allergy with expo-
sure to herbicides were identified.

Several studies were carried out on individuals occupationally exposed to
TCDD, examining immunological markers, including immunoglobulin levels,
complement components, and lymphocyte subpopulations. The changes described
were marginal and varied from study to study, some showing increases and some
decreases in these parameters. No changes in the incidence of infectious disease
were noted. These data correlate with some of the data observed in animal stud-
ies, but much more information is required to determine the mechanism and
clinical significance of these alterations in humans. Currently, the level of alter-
ation in immune parameters necessary to affect the incidence of disease is un-
known. Furthermore, since so many immune parameters were assessed in these
studies, there is a high probability that at least some positive results would be
noted based on chance alone, which would undermine interpretation of the few
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positive results. The earlier committees reached the conclusion that no clinically
significant changes in the human immune response could be attributed at that
time to TCDD or other halogenated aromatic hydrocarbons.

Update of the Scientific Literature

Two studies have appeared relating to the incidence of infectious diseases in
American Vietnam veterans. Visintainer et al. (1995) studied a cohort of 377,028
veterans who are on the Michigan Department of Management and Budget’s
Vietnam-Era Bonus List. This database differentiates between two groups of
Vietnam era veterans: those who served in Vietnam (151,377) and those who
served elsewhere (225,651). Vietnam veterans compared with non-Vietnam vet-
erans had a slightly elevated proportionate mortality ratio from infectious and
parasitic diseases (PMR = 1.6, CI 1.2–2.1, N = 56). The study, however, did not
distinguish Vietnam veterans exposed to Agent Orange from those with no known
exposure. A retrospective cohort mortality study was reported by Watanabe and
Kang (1995). They studied all marines on active duty during 1967 through 1969.
A total of 281,196 records were obtained, from which a sample of 26,158 was
drawn. A search of their records divided this group into 11,167 who served in
Vietnam and 9,412 who never served in Vietnam. The remaining 5,579 were not
traced. Based on cause-specific mortality, comparing Vietnam Marines with non-
Vietnam Marines, an estimated risk for infectious diseases of 2.8 (CI 0.8–10.3)
was obtained. This difference was not determined to be significant. Two studies
of Australian Vietnam veterans failed to show any increase in mortality due to
infectious or parasitic diseases (Crane et al., 1997a,b).

Several studies were undertaken to relate exposure to halogenated aromatic
hydrocarbons to shifts in lymphocyte subpopulations. Lovik et al. (1996) stud-
ied 24 fishermen with possible occupational and environmental exposure to a
number of halogenated aromatic hydrocarbons, such as PCDDs and polychlori-
nated furans (PCFs) through fish and crab consumption. In a preliminary re-
port, they found a tendency toward negative correlation between B lympho-
cytes and blood levels of PCDD or PCF. On the other hand, there was a positive
correlation between the mitogenic responses of T lymphocytes and the blood
levels of halogenated aromatic hydrocarbons. No relationship between NK
(natural killer) cell number or function and blood level of these compounds was
found. Of the serum immunoglobulins, there was a negative correlation with
serum immunoglobulin M (IgM) levels and a tendency toward positive correla-
tion for IgE. A negative relationship with autoantibodies, such as antinuclear
antibodies, was observed. These preliminary results do not allow any firm
conclusions to be drawn.

A study of 10 farmers who mixed and applied chlorophenoxy herbicides was
carried out by Faustini et al. (1996). After one to twelve days of exposure, the
proportions of circulating CD4+ T cells, CD8+ T cells, activated T cells, and NK
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cells were significantly reduced compared with values before exposure. There
was also a reduction in lymphocyte responses to mitogenic stimulation by phyto-
hemagglutinin and concanavalin A. No correlation was found between the amount
of herbicide applied and the decrease in percentage of lymphocyte subsets. These
studies suggested that short-term immunological changes may occur following
exposure to phenoxy herbicides in an agricultural setting. The changes, however,
were short-lived, because most of the values returned to normal or near-normal
ranges 50–70 days after exposure.

A study in Germany of the effects of inhalative exposure to TCDD and
related compounds in wood preservatives on cell-mediated immunity in teachers
at day care centers was reported by Wolf and Karmaus (1995). The study popula-
tion consisted of 221 exposed persons and an unexposed control group of 189
persons. Exposed and unexposed populations did not differ with regard to the
number of peripheral CD4+ T cells, CD8+ T cells, and the CD4:CD8 ratio. In a
multitest format for delayed hypersensitivity, exposed subjects had a slightly
higher overall score than unexposed controls. When exposure to TCDD was
estimated, subjects with a TCDD burden of >0.6 pg/mg had a statistically signifi-
cant higher risk of hypoergy than subjects who did not experience any exposure
at their day care center workplace. There were, however, some methodological
limitations that require caution in attributing the observed decrease in skin test
responsiveness to inhalative TCDD exposure. The TCDD burden could not be
assessed with precision, and the relatively low prevalence of hypoergy or anergy
limited the estimation of an effect. Recruitment of the study population was also
a problem because of the possibility of selection bias toward people with ill
health or presumed harmful exposures.

The immunological effects of pre- and postnatal exposure to PCBs or TCDD
in 207 Dutch infants from birth to 18 months of age were explored by Weisglas-
Kuperus et al. (1995). Prenatal exposure was estimated from the total toxic equiva-
lent level of each compound in human milk multiplied by the weeks of breast-
feeding. No evidence was found of increased upper or lower respiratory tract
symptoms or altered antibody production to mumps, measles, or rubella in rela-
tion to PCB or TCDD exposure. Although there were small differences in the T-
cell, B-cell, and NK-cell populations between high- and low-exposed infants, all
values were within the normal range. The investigators did find, however, that
prenatal PCB or TCDD exposure was associated with changes in T-cell subpopu-
lations in the blood. These changes were seen mainly at 18 months of age. At this
age, higher prenatal exposure was associated with an increase in the number of
CD4+ T cells, resulting in a relative change in the CD4:CD8 ratio. Higher prena-
tal as well as postnatal PCB or TCDD exposure was associated with lower mono-
cyte and granulocyte counts only at 3 months of age. These results suggest that
perinatal exposure to chlorinated aromatic hydrocarbons may influence the hu-
man fetal and neonatal immune system, but the changes are not reflected in
increased susceptibility to infection.
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Tonn et al. (1996) examined the long-term effects of TCDD in 11 industrial
workers who 20 years earlier had been exposed to high levels of TCDD for
several years. Their current TCDD body burdens were still at least 10 times
higher than the general population. No significant differences could be detected
between individuals tested and controls with respect to lymphocyte subpopula-
tions or mitogen-induced lymphocyte proliferation. The investigators noted a
decrease in interleuken-2 (IL-2)- induced proliferation, suggesting a decrease in
preactivated T cells in the blood. TCDD-exposed subjects showed a reduced
response to allogeneic stimulation. This effect was attributed in part to an in-
crease in a lymphocyte population that displayed a suppressive activity on alloge-
neic responses. There is no known relationship between this decreased allore-
sponse and any disease state.

One study was reported of autoimmunity following TCDD exposure. Chinh
et al. (1996) examined 25 Vietnamese veterans and 36 control males. They found
no increase in autoantibodies to sperm or in antinuclear antibodies.

Conclusions

Strength of Evidence in Epidemiologic Studies

There is inadequate or insufficient evidence to determine whether an asso-
ciation exists between exposure to the herbicides considered in this report and
immune suppression or autoimmunity.

Biological Plausibility

Evidence for the effects of TCDD and other halogenated aromatic hydrocar-
bons on the immune system of animals is presented in Chapter 3; a summary is
presented in the conclusion of this chapter. Similar observations have not been
reported in humans.

Increased Risk of Disease Among Vietnam Veterans

No evidence is available to associate defects in the immune response with
Agent Orange exposure. A more thorough discussion of the issue of increased
risk of disease among Vietnam veterans is included in Chapter 1.

DIABETES

Background

Primary diabetes (i.e., not secondary to another known disease or condition,
such as pancreatitis or pancreatic surgery) is a heterogeneous metabolic disorder
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characterized by hyperglycemia and quantitative and/or qualitative deficiency of
insulin action (Orchard et al., 1992). Two main types have been recognized based
on the 1979 National Diabetes Data Group (NDDG) criteria and those of the
World Health Organization (WHO, 1980, 1985): insulin-dependent diabetes mel-
litus (IDDM) and non-insulin-dependent diabetes mellitus (NIDDM). In June
1997, the American Diabetes Association (ADA, 1997) suggested a revised clas-
sification, with IDDM being termed Type I and NIDDM, Type II. This new
terminology is used in the remainder of this review, although the older diagnostic
criteria are utilized as appropriate.

Type I diabetes is generally accepted to result from β-cell dysfunction, caused
by a genetically based autoimmune destruction. It comprises approximately 10
percent of all cases of diabetes and characteristically has an abrupt onset in youth
or young adulthood, although it may appear at any age. The usual autoimmune
form results in complete β-cell destruction and complete insulinopenia, hence the
“insulin dependency” of earlier classifications. The genetic basis of the auto-
immune form is linked to the human lymphocyte antigen (HLA) system (class II
antigens). A number of environmental triggers of the autoimmune process and/or
of symptomatic disease in genetically susceptible subjects have been proposed
including viral infections.

Type II diabetes accounts for the majority (approximately 90 percent) of
cases of primary diabetes. It is rare before age 30, but increases steadily with age
thereafter. The age, sex, and ethnic prevalences are given in Table 11-1. The
etiology of Type II is unclear, but three cardinal components have been proposed:
(1) peripheral insulin resistance (thought by many to be primary) in target tissues
(e.g., muscle, adipose and liver); (2) β-cell insulin secretory defect; and
(3) hepatic glucose overproduction. Although the relative contributions of these
features are controversial, it is generally accepted that the main factors for in-
creased risk of Type II diabetes include age (with older individuals at higher
risk), obesity, central fat deposition, a history of gestational diabetes (if female),
physical inactivity, ethnicity (prevalence is greater in African Americans and
Hispanic Americans, for example), and perhaps most important, a positive family

TABLE 11-1 Three-year Mean Prevalence of Diagnosed Diabetes (per 1,000
population) by Gender, Age, and Race: 1990–1992

White (men Black (men
Age Total Male Female and women) and women)

25–44 13.9 12.2 15.5 13.9 19.5
45–54 35.6 31.2 39.8 32.9 63.0
55–64 77.5 79.5 75.6 72.2 128.1
>65 101.1 101.4 100.8 93.5 178.6

SOURCE: Kenny et al., 1995, Appendix 4.5, Chapter 4 (1990–1992 National Health Interview
Surveys).
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history of Type II (for example, more than 90 percent of monozygotic twins are
concordant for diabetes compared to less than 50 percent for dizygotic twins).
Defects at many intracellular sites could account for the impaired insulin action
and secretion seen in Type II diabetes (Kruszynska and Olefsky, 1996). The
insulin receptor itself, insulin receptor tyrosine kinase activity, insulin receptor
substrate proteins, insulin-regulated glucose transporters, enhanced protein kinase
C (PKC) activity, tumor necrosis factor-α, rad (ras associated with diabetes), and
PC1 have all been proposed as potential mediators of insulin resistance; impaired
insulin secretion has been linked to hyperglycemia itself, to abnormalities of
glucokinase and hexokinase activity, and to abnormal fatty acid metabolism.

Finally, an increasing number of “other” types of diabetes have been de-
scribed that are linked to specific genetic mutations, for example, maturity-onset
diabetes of youth, which results from a variety of mutations of the β-cell gluco-
kinase gene.

The diagnosis of diabetes is problematic and a major concern for clinicians and
investigators. Whereas Type I is often clearly diagnosed at onset (a blood sugar
>200 mg/dl plus symptoms), up to half of the Type II population goes undiagnosed.
This occurs because the degree of metabolic disturbance needed to meet both the
old and the recently revised criteria does not necessarily produce symptoms, but
nonetheless is likely to lead to the late complications of diabetes (cardiovascular
disease, nephropathy, retinopathy, and neuropathy). It is partly because of this large
population of undiagnosed cases and the impracticability of the standard diagnostic
test (oral glucose tolerance test) in busy clinical practice that a more simplified
diagnostic approach has been recommended by the ADA based on the fasting
plasma glucose. Table 11-2 shows the earlier NDDG (WHO, 1979) and the current
ADA (ADA, 1997) criteria. It should be noted that the vast majority of undiagnosed
cases of diabetes under the 1979 criteria were diagnosable only by the 2-hour
postglucose criterion (>200 mg/dl) and had fasting plasma glucose levels below the
diagnostic level (140 mg/dl). This was one of the main reasons that current ADA
recommendations have lowered the fasting criterion to 126 mg/dl (i.e., to capture
those cases with the simpler [and more reproducible] fasting glucose test, as 126
mg/dl fasting approximates the 2-hour post challenge diagnostic level).

TABLE 11-2 Diagnostic Criteria for Diabetes (mg/dl plasma glucose)

1979 NDDG/1980 WHO 1997 ADA

Fasting >140 >126
2 hra >200 >200b

Random glucosec >200 >200

aPost 75-gm glucose load; midtest value also has to be >200 mg/dl for NDDG.
bNot recommended for routine use.
cIn the presence of diabetes symptoms.
SOURCE: WHO, 1980; ADA, 1997.
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Epidemiologic Concerns in the Study of Diabetes

As can be surmised from the above brief description, the epidemiologic
study of diabetes is filled with problems. Pathogenetic diversity and diagnostic
uncertainty are two of the more significant problems.

Pathogenetic Diversity

Given the multiple likely pathogenetic mechanisms leading to diabetes,
which include diverse genetic susceptibilities (ranging from autoimmunity to
obesity) and a variety of potential environmental and health behavior factors
(e.g., viruses, nutrition, activity), it is probable that many agents or behaviors
contribute to diabetes risk, especially in genetically susceptible individuals.
These multiple mechanisms may also lead to heterogeneous responses to various
exposures.

Diagnostic Uncertainty

Because up to half the affected diabetic population is currently undiagnosed,
the potential for ascertainment bias is high (i.e., more intensively followed groups
or those with more frequent health care contact are more likely to be diagnosed),
and the need for formal standardized testing (to detect undiagnosed cases) is
great. Furthermore, the division of cases developing during young to middle age
(i.e., 20–44 years) into Type I or Type II (which indicates the more likely patho-
genetic mechanism) is very difficult. Indeed, it is now thought that as many as 10
percent of clinical “Type II” subjects may well have an incomplete form of “Type
I” diabetes (Tuomi et al., 1993).

Epidemiologic Studies

Pazderova-Vejlupkova et al. (1981) reported on the 10-year follow-up of 55
workers who had become acutely ill while producing TCP and 2,4,5-T: 95 per-
cent (52) developed chloracne and 8 percent (4) had diabetes at the onset of
intoxication. Ten years later, one-fifth (N = 11) were reported to have a diabetic
glucose tolerance test (diagnostic criteria are not stated, and the role of confound-
ers is not addressed). In a survey of subjects up to 10 years after another industrial
incident, May (1982) reported only two clinically recognized cases of diabetes in
a total study group of 126 subjects including controls, with a mean age in the low
forties. Reported diabetes did not increase in another study (after age adjustment)
of 117 2,4,5-T production workers with chloracne compared to 109 without, 10–
20+ years after mixed accidental and chronic TCDD exposure (Moses et al.,
1984). Two mortality studies provide further negative data. Cook et al. (1987)
examined mortality among 2,187 chemical workers and found a decreased SMR
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(0.7) for diabetes; Bertazzi et al. (1989) reported the 10-year mortality of those
living in the area of Seveso, Italy, at the time of the incident in 1976. The relative
risk of diabetes mortality was 1.3 (95% CI 0.7–2.3) for men and 1.5 (0.9–2.5) for
women. It should be noted that vital statistics data are known to be unreliable in
terms of complete ascertainment of diabetes-related mortality.

More recently, Ott et al. (1994), reporting on 138 BASF workers exposed to
TCDD in a 1953 industrial incident, found borderline (p = 0.06) increased fasting
glucose levels approximately 37 years later. Further analysis suggested that this
association was limited to subjects without chloracne who happened to be more
obese. The authors raise the possibility that the TCDD–glucose association may
be secondary to the link between obesity and diabetes. In a morbidity follow-up
of 158 TCDD-exposed BASF workers, significantly fewer (6.3 percent versus
14.3 percent) exposed subjects had medical insurance diagnoses of diabetes
(Zober et al., 1994). Interestingly, thyroid disease was increased (p < 0.05) in the
exposed population. There is a considerable overlap between the subjects in this
study and those in Ott et al. (1994). Reporting on a mortality study of 883 pulp
and paper workers, Henneberger et al. (1989) did not find a statistically signifi-
cant increase in diabetes (SMR 1.4, 95% CI 0.7–2.7). A German Cancer Research
Center report (Von Benner et al., 1994) also found no TCDD effect on blood
sugar levels in 153 TCDD-exposed workers from six chemical plants. Two recent
mortality follow-up studies also found no increased diabetes (Ramlow et al.,
1996) or endocrine mortality (Kogevinas et al., 1997) in chemical workers
exposed to dioxins.

Early reports from the Air Force Health Study (the “Ranch Hand” study) of
Vietnam veterans exposed to herbicide spraying and an unexposed comparison
cohort suggested little relationship. At the first baseline exam in 1982, 10–20
years after exposure, no difference in the prevalence of an abnormal blood
sugar (>120 mg/dl 2 hours after a standard carbohydrate load) was seen be-
tween the two groups (15 percent versus 17 percent) (AFHS, 1984). Reporting
data using lipid-adjusted serum TCDD levels as a measure of exposure from the
same cohort study, the Ranch Hand Study (AFHS, 1991) found a significant
association between diabetic status on a 3-point scale—normal, impaired (2-
hour post prandial glucose 140–200 mg/dl), and diabetic (verified past history
or > 200 mg/dl 2-hour post prandial glucose)—and TCDD level in both the
Ranch Hands (p = 0.001) and the comparison group (p = 0.028). However, this
correlation may be influenced by the strong correlation between obesity (per-
centage of body fat) and TCDD level in the same analysis (r = 0.3, p < 0.001 in
Ranch Hands; r = .15, p < 0.01 in comparison). It should also be noted that the
prevalence of an abnormal 2-hour blood glucose, either impaired or diabetic
together (25 percent versus 22 percent Ranch Hand versus comparisons, re-
spectively), or diabetic alone (10 percent versus 8 percent), is not markedly
increased despite a nearly fourfold difference in mean dioxin levels between
the Ranch Hand and comparison groups. The major impact of obesity in deter-
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mining both diabetes risk and serum dioxin level has to be fully controlled for
before firm conclusions can be drawn.

In view of the potential importance of the most recent report from this
ongoing Ranch Hand study, it is reviewed here in more detail. Henriksen et al.
(1997) compared 989 dioxin-exposed Operation Ranch Hand veterans (1962–
1971) to 1,276 nonexposed veterans serving at the same time. Exposure was
classified on the basis of original exposure calculated from serum (lipid-adjusted)
dioxin levels determined in 1987 or 1992. At follow-up (1992), the mean age of
the comparison group was 53.5 years (±7.6) and that of the exposed group was
54.6 ± 7.2, 54.9 ± 7.6, and 50.9 ± 7.4 years, according to increasing exposure
category. The prevalence of diabetes mellitus by 1995 was 13.2 percent in the
comparison group and increased from 9.5 percent to 17.2 percent to 20.1 percent
across the three Ranch Hand exposure categories. There was a statistically sig-
nificant increase of the prevalence of the highest-exposure category relative to
the comparison group (RR 1.5, 95% CI 1.2–2.0). Of the diabetic veterans, 41
percent were not following any treatment regimen, 27 percent were treated with
diet alone, 21 percent with oral medications, and 10 percent by insulin.

Two concerns about this potentially important and well-conducted study are
case definition and the focus on subgroup analysis with only limited control of
confounders. Two somewhat conflicting definitions are given of a case of diabe-
tes: one implies that all cases were clinically verified in medical records; the
other is a combination of history and glucose testing after a standard meal or 100-
g oral glucose tolerance test (OGTT).

Generally, half of the cases of diabetes go undiagnosed, and, in most cases,
those that are diagnosed are found only after formal OGTT testing; the total
prevalence of diabetes is the sum of previously diagnosed and currently discov-
ered cases. (Technically an abnormal OGTT has to be repeated before a clinical
diagnosis is made, but in epidemiologic studies this is not often done.) Although
OGTTs were performed in the current study (at least in the 1992 examination;
earlier reports refer to postprandial values), a 100-g glucose load was used, which
inflates the positive rate a little compared to the recommended 75-g load. Since
the OGTT was given only to those without a diagnosis of diabetes, the prevalence
of undiagnosed diabetes is approximated in Henriksen et al. (1997, Table 8) by
the 2-hour “postprandial” glucose values that are labeled abnormal (>200 mg/dl).
Compared to the rates for 50–59-year-old, non-Hispanic whites from a recent
national study (National Health and Nutrition Evaluation Survey III [NHANES
III] 1988–1994), only the high-exposure group has a marked increase in preva-
lence of known diabetes, whereas all exposure groups have lower rates of discov-
ered diabetes than reported in NHANES. Total prevalences (known and discov-
ered) are therefore similar or lower for the background (9.5 percent) or low
exposure group (17.2 percent) than in NHANES III (16.7 percent), with only the
high-exposure group having an increased prevalence (20 percent). These results
are consistent with the hypothesis that, generally, Ranch Hands have somewhat
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lower rates of diabetes (which might be expected for a healthy military popula-
tion) and that relatively more of the diabetic veterans have been diagnosed (re-
flecting their more intensive medical follow-up).

A high proportion (41 percent) of all cases are not being treated (even with
diet), particularly if the cases were verified in medical records and thus carried a
clinical diagnosis. Although comparable data are difficult to find, the 1989 Na-
tional Health Interview Survey (NHIS) suggests that 43.6 percent of NIDDM
subjects age 55–64 years use insulin and 51.7 percent use oral agents. Even given
some overlap of these groups (i.e., those who use both insulin and oral agents), it
would seem that the proportion of Ranch Hands with diabetes, but not on treat-
ment (diet, insulin, or oral agents), is two to four times higher than expected.

The analyses are problematic since they partially ignore the matched design
employed in the study. In the report, each exposure group is compared to the
entire comparison group (which was chosen by an original matched design to be
comparable to Ranch Hands as a whole). The three exposure groups should
ideally be compared to appropriate subgroups of comparison subjects matched to
the specific exposed group. Although the availability of serum dioxin levels
enables a better measure of exposure and a focus on the risks of the low- and
high-exposed groups is understandable, Ranch Hands as a group do not have an
increased risk of diabetes:

Comparison group 13.2% (169/1,276)
Ranch Hands (all groups) 14.8% (146/989)

RR (95% CI) 1.1 (0.9–1.4)

The other major analytic concern involves the limited analyses concerning
confounding. The authors note (Henriksen et al., 1997, Table 3) that the high-
risk Ranch Hand group has both increased (body mass index [BMI]) and de-
creased (age) diabetes risk factors. Tables 4 and 5 in the paper list relative risks
of diabetes based on the actual (or “raw”) numbers of cases in each dioxin
exposure category (Michalek and Ketchum, 1997). One analysis presented con-
trols for obesity (Henriksen et al., 1997, Table 7) and appears to eliminate the
significance of the negative coefficient of “time to onset of diabetes.” A further
matched analysis is described, including matching within 3 percent body fat,
but relative risks (without confidence intervals) are given only for glucose and
insulin values and not for diabetes risk or diabetes severity. In addition, the
authors also reanalyzed the data using revised initial doses to take into account
1982 baseline body fat. The results are similar although the relative risk for the
high exposure category is now lower than the low-exposure group. No confi-
dence intervals are given so it is difficult to more fully assess these data. A fully
adjusted multivariate model is strongly recommended (e.g., Cox Proportional
Hazard with time to diabetes as the outcome), fully controlling for baseline age
and obesity (BMI) and, if possible, for family history of diabetes, central fat
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distribution, diabetogenic drug exposure, and a measure of obesity at the time
of Vietnam service.

O’Toole et al. (1996), reporting on 641 Australian Vietnam veterans com-
pared to the Australian population, found a response-adjusted RR of 1.6 (99% CI
0.4–2.7). There are a number of methodologic problems inherent in this study,
including a lack of health outcome validation and the use of a control group that
is not adequately representative of the cohort.

In a report of a NIOSH medical study of 281 dioxin-exposed workers from
two chemical plants in New Jersey and Missouri, Sweeney et al. (1996, 1997)
note a slight, statistically significant increase in the risk of diabetes (OR 1.1, p <
0.003) and high (≥140 mg/dl) fasting serum glucose level (p < 0.001) with in-
creasing serum concentrations of 2,3,7,8-TCDD. The authors suggest, without
further documentation, that known diabetes risk factors (age, weight, family
history of diabetes) appear more influential than TCDD exposure in explaining
this result. An earlier report on this same cohort, published as a conference
abstract (Sweeney et al., 1992), finds increased diabetes prevalence (9.2 percent)
in the exposed workers compared to 258 nonexposed workers (5.8 percent).

Although not reported, this difference is not significant. However, in a mul-
tiple logistic regression analysis, significant associations between serum TCDD
level and diabetic status or (in those without diabetes) fasting blood sugar, were
apparently noted that were independent of major confounders (age, body mass
index, race, and family history of diabetes). Since an OGTT was not performed,
many cases (in both groups) may not have been detected. It is recommended that
this study be documented more completely and published in the peer-reviewed
literature, so that these potentially important findings can be evaluated fully.

Synthesis

The evidence suggesting that a connection between herbicide exposure and
diabetes risk is equivocal. Consistency across studies is lacking in terms of early
reports; however, the two recent studies using serum TCDD levels appear to have
some consistency (Henriksen et al., 1997; Sweeney et al., 1996, 1997). In many
studies, no association is detected and even in NIOSH and Ranch Hand studies it
is not significant in univariate analyses for exposed subjects overall. Thus, only a
small fraction of cases to date could be linked to herbicide exposure. However,
the increased risk reported for the highest exposure groups suggests dose–respon-
siveness in both the Ranch Hand and the NIOSH studies. On the other hand, the
much higher serum TCDD levels in the exposed groups in the NIOSH (Sweeney
et al., 1996, 1997) and Ranch Hand study (Henriksen et al., 1997) compared to
each study’s control group do not lead to proportionately higher rates. Indeed in
the 1991 Ranch Hand report (AFHS, 1991), the association with TCDD level was
also seen in the comparison group. These observations raise the possibility of
residual confounding by obesity. As obesity is a powerful determinant of both
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TCDD level and diabetes, it is very difficult to determine whether TCDD has an
independent pathogenetic role. More rigorous statistical analyses are, as sug-
gested, needed to address the issue of residual confounding. A different possibil-
ity, namely that obesity is a mediator of TCDD-enhanced diabetes risk, has not
been formally addressed in the analyses to date. This possibility remains open but
difficult to explore as obesity or percent body fat measures at the time of initial
Vietnam service would be needed along with equally precise TCDD exposure
measures. Animal data suggest that rather than being associated with obesity,
TCDD exposure, if anything, leads to a wasting syndrome. Other possibilities, for
example, that there is some interaction between TCDD and obesity, could be
more fully explored with statistical analyses of existing data, and researchers
with relevant data are encouraged to critically examine these possibilities.

Potential pathogenetic mechanisms add to the biologic plausibility of herbi-
cide exposure increasing diabetes risk. Empirically, the TCDD association with
triglyceride and high-density lipoprotein (HDL) concentrations suggests a gen-
eral consistency because these are the hallmarks of altered lipid metabolism in
diabetes, since fatty acid metabolism, insulin resistance, and glucose metabolism
are closely linked. The nature of the cases (i.e., few treated with insulin) does not
suggest a Type I diabetes process with autoimmune β-cell destruction or chemi-
cal toxicity as seen with the rat poison Vacor (Drash et al., 1989). Nonetheless,
measurement of glutamic acid decarboxylase (GAD) and insulin antibodies may
be worthwhile given the uncertain nature of young adult-onset diabetes (Tuomi et
al., 1993).

The well-established effect of TCDD on glucose transport in a variety of
cells including human granulosa cells (by a cAMP [cyclic adenosine 5′-mono-
phosphate] dependent protein kinase [Enan et al., 1996]), guinea pig adipose
tissue (Enan and Matsumura, 1993), and mice and rats (by an Ah receptor-
mediated mechanism [Enan and Matsumura, 1994]) provides some basis for
biological plausibility. Furthermore, the association between TCDD and de-
creased PKC activity is of particular interest (Matsumura, 1995). TCDD may
exert an influence on PKC activity which, in turn, may relate to insulin receptor
kinase activity. Kruszynska and Olefsky report that increased PKC appears to
inhibit insulin receptor kinase activity in humans (1996). Information about
TCDD modulation of PKC is growing; for example, in vascular smooth muscle
cells it appears to exhibit cell cycle dependence and isoform specificity (Weber et
al., 1996) and is biphasic (Weber et al., 1994), while Bagchi et al. (1997) have
shown that TCDD is a particularly strong stimulant of hepatic PKC in Sprague-
Dawley rats. TCDD also has been reported to decrease glucose transporter 4 in
adipose tissue and glucose transporter 1 in mice brains by the Ah receptor-
dependent process operating at different levels (mRNA and protein, respectively)
(Liu and Matsumura, 1995). Finally, since TCDD has been shown to affect
hormone (including insulin) signaling, the likelihood that TCDD may be diabeto-
genic is further increased (Liu and Safe, 1996).

Copyright © National Academy of Sciences. All rights reserved.

Veterans and Agent Orange: Update 1998
http://www.nap.edu/catalog/6415.html

http://www.nap.edu/catalog/6415.html


502 VETERANS AND AGENT ORANGE: UPDATE 1998

Thus, in summary, many animal studies provide potential biological mecha-
nisms for an association between herbicide exposure and diabetes risk, and al-
though the majority of earlier reports on humans suggest little association, the
potentially more definitive 1997 report from the Ranch Hand study (Henriksen et
al., 1997) raises the possibility that veterans in the highest herbicide exposure
category may be at increased risk. Such a conclusion may be supported by a
currently unpublished NIOSH study of workers exposed to TCDD. It is important
to note that these studies used serum TCDD levels as the measure of exposure. At
this time, questions concerning case definition and full control for obesity and
other confounders (in the Ranch Hand study) preclude determining whether
or not an association exists between herbicide exposure and diabetes in these
studies.

The committee strongly urges that the NIOSH study be documented more
completely and published in the peer-reviewed literature, so that its potentially
important findings can be evaluated fully. It strongly recommends that the Ranch
Hand study develop a fully adjusted multivariate model (e.g., Cox Proportional
Hazard with time to diabetes as the outcome), fully controlling for baseline age
and obesity (BMI) and, if possible, for family history of diabetes, central fat
distribution, diabetogenic drug exposure, and a measure of obesity at the time of
Vietnam service. The committee recommends that consideration be given to a
combined analysis of the Ranch Hand and NIOSH studies to further examine the
possibility that herbicide or dioxin exposure leads to an increased risk of diabe-
tes. Using the new ADA definition of diabetes (i.e., fasting plasma glucose >126
mg/dl), outcome data from both studies could be made comparable.

Conclusions

Strength of Evidence in Epidemiologic Studies

When viewed in the context of the total literature, the committee concludes
that, at this time, there is inadequate/insufficient evidence to determine whether
an association exists between herbicide or dioxin exposure and increased risk of
diabetes. Further analyses and full publication of existing studies may justify a
reevaluation of this conclusion.

Biologic Plausibility

It is plausible that TCDD exposure could affect glucose metabolism and
insulin action and thereby increase diabetes risk, although much of the evidence
comes from animal studies. Whether these often short-term effects in animals
and, occasionally in human cells can explain the possible small increase in diabe-
tes prevalence 20–30+ years after exposure requires further human study, as does
the apparent lack of a dose–response relationship across cohorts with very differ-
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ent exposures. A discussion of the research related to biologic plausibility with
respect to exposure to TCDD or herbicides and diabetes is contained in Chapter
3; a summary is presented in the conclusion to this chapter.

Increased Risk of Disease Among Vietnam Veterans

Currently, it is uncertain whether any increased risk of diabetes has been
experienced by Vietnam veterans exposed to herbicides. Although the most re-
cent Ranch Hand study report suggests that those with the highest exposure may
experience an increased risk (up to 50 percent), it is not clear whether this is
independent of other risk factors for diabetes, especially obesity. A more thor-
ough discussion of the issue of increased risk of disease among Vietnam veterans
is contained in Chapter 1.

LIPID AND LIPOPROTEIN DISORDERS

Background

Plasma lipid concentrations (notably cholesterol) have been shown to predict
cardiovascular disease and are considered fundamental to the underlying athero-
sclerotic process (Kuller and Orchard, 1988). The two major lipids, cholesterol
and triglycerides, are carried in the blood attached to proteins to form lipopro-
teins, which are classed according to their density: very low density lipoprotein
(VLDL—the major “triglyceride” particle) produced in the liver and progres-
sively catabolized (hydrolyzed) mainly by an insulin-mediated enzyme (lipopro-
tein lipase) to form intermediate-density lipoprotein (IDL) or VLDL remnants,
most of which are rapidly cleared by the liver B/E receptors, with the rest going
to form low-density lipoprotein (LDL), the major “bad” cholesterol particle. This
is cleared by LDL receptors in the liver and other tissues. The “good cholesterol”
particle, high-density lipoprotein (HDL), is produced in the small intestine and
the liver, and also results from of the catabolism of VLDL. Although LDL is
thought to be involved in delivery of cholesterol to the tissues, HDL in contrast is
involved in “reverse” transport and facilitates the return of cholesterol to the liver
for biliary excretion (LaRosa, 1990).

Disorders of lipoprotein metabolism usually result from overproduction or
decreased clearance of lipoproteins, or both. Common examples are hypercholes-
terolemia, which may be familial (due to an LDL receptor genetic defect) or
polygenic (due to multiple minor genetic susceptibilities); familial hypertri-
glyceridemia (sometimes linked to diabetes susceptibility); and mixed hyper-
lipidemias in which both cholesterol and triglycerides are elevated. This group
includes familial combined hyperlipidemia, thought by many to result from he-
patic overproduction of VLDL and apoprotein B, and type III dyslipidemia (de-
fective clearance of IDL–VLDL remnants, leading to a buildup of these athero-
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genic particles). Although the bulk of blood lipid concentrations are genetically
determined, diet, activity, and other factors (concurrent illness, drugs, age, gen-
der, hormones, etc.) do have major effects. In particular, the saturated fat content
of the diet may raise LDL cholesterol concentrations via decreased LDL receptor
activity, whereas obesity and a high-carbohydrate diet may increase VLDL tri-
glycerides, possibly linked to insulin resistance and reduced lipoprotein lipase
activity. Intercurrent illness may increase the triglyceride (and lower the choles-
terol) concentration. Diabetes is also associated with increased triglycerides and
decreased HDL cholesterol, whereas other diseases (e.g., thyroid, renal) often
result in hypercholesterolemia. It is thus evident that multiple host and environ-
mental factors influence lipid and lipoprotein concentrations and that these influ-
ences must be accounted for before the effect of a new factor can be assessed
(LaRosa, 1990). In the current context, obesity as a primary determinant of both
triglyceride and TCDD concentrations has to be fully controlled for in any
analysis. Furthermore, the ability of acute or chronic illness to raise triglycerides
(and glucose) concentrations and lower HDL (and LDL) cholesterol must be
recognized.

Epidemiologic Studies

Pazderova-Vejlupkova et al. (1981) reported that although increased lipid
levels were seen in 50 percent of the sample of TCP and 2,4,5-T production
workers at the time of an industrial accident in 1968, lipids were normal 10 years
later. However, increased VLDL and decreased HDL lipoprotein fractions were
noted compared to a control group. Potential confounders were not described.
May (1982) reported on the results of a study of 126 British TCP production
workers, laboratory, and administrative staff, which included 41 subjects who
had been exposed to 2,3,7,8-TCDD in an industrial accident and subsequently
developed chloracne. A nonsignificant increase in triglycerides and decrease in
cholesterol were noted in the exposed groups. In a similar analytic approach,
Martin (1984) studied the same group but used a different control group matched
for age, social class, height–weight ratio, and smoking and alcohol intake habits.
In this analysis, triglyceride and cholesterol concentrations were significantly
increased in the exposed group compared to the controls, and HDL cholesterol
concentrations were nonsignificantly lower. Moses et al. (1984), reporting on a
mixed group of accidentally and chronically exposed TCP and 2,4,5-T produc-
tion workers, found no difference 10–40 years after exposure in cholesterol con-
centrations between those with and without chloracne and only borderline higher
triglycerides (p = 0.057, adjusted for age but not obesity) in those with chloracne.

In a detailed analysis of lipid values from a mixed accidentally and chroni-
cally exposed cohort of 2,4,5-T and TCP production workers from a plant in
Nitro, West Virginia, no differences were noted 10–30 years after exposure in
mean total HDL and LDL cholesterol and triglyceride levels for those exposed
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(N = 204) compared to those not exposed (N = 163), although out-of-range HDL
and LDL cholesterol levels were associated with chloracne status in the exposed
group (Suskind and Hertzberg, 1984). Other negative studies include one of
1,500 children aged 6–10 years at the time of the 1976 Seveso accident, of whom
597 were exposed. No differences in cholesterol or triglycerides were noted
compared to 874 nonexposed children, up to six years later (Mocarelli et al.,
1986). A further follow-up (Assennato et al., 1989) of 193 subjects exposed at
Seveso, again mainly children, who developed chloracne also failed to show
triglyceride or cholesterol elevations up to nine years later in those with chlor-
acne compared to a matched control group. However, in the exposed group, the
1983 values were significantly lower than at the time of accident which supports
the hypothesis of an early elevation of both cholesterol and triglycerides. Con-
founding factors (e.g., obesity), were not considered beyond age and sex.

A recent report (Calvert et al., 1996) of 281 TCP production workers and 260
referents examined 15 years after exposure, revealed only modest associations
between exposure category and lipid or lipoprotein concentrations. This detailed
study adjusted for multiple confounders. No association with serum TCDD levels
was observed for total cholesterol concentration (p = 0.44) or for the prevalence
of abnormally high cholesterol concentrations (p = 0.71). In examining the asso-
ciation of serum TCDD levels and HDL cholesterol, weak trends were seen for
concentration (p = 0.15) and the prevalence of low HDL concentration (p = 0.09);
a borderline significant trend (p = 0.05) was seen for triglyceride concentration,
but no difference (p = 0.21) was noted for prevalence of abnormally high levels
(p = 0.21).

Four reports from the Air Force Health Study, which has followed a cohort
of Vietnam veterans exposed to herbicide spraying, have included lipid mea-
sures. The first (AFHS, 1984; Wolfe et al., 1990), which reported data 10–20
years after exposure, showed minimally lower cholesterol and triglyceride con-
centrations in the exposed Ranch Hands compared to the comparison group, with
no evidence of a trend for increased values with increased herbicide exposure.

Two reports include data from the 1987 examination (up to 25 years after
exposure). The Air Force Health Study (AFHS, 1990) reported identical mean
total and HDL cholesterol and triglyceride concentrations in Ranch Hands and
comparison subjects. The second report of the same examination data (AFHS,
1991) using serum (lipid weight-adjusted) dioxin analyses as a measure of expo-
sure, revealed low-order but significant correlations between HDL cholesterol
and dioxin level (r = –0.14 for Ranch Hands and r = –0.10 for comparisons).
Similar correlations for total cholesterol were nonsignificant, whereas for trig-
lycerides in a different analytical format, significant positive associations with
serum TCDD were seen (p < 0.001). It is possible, however, that these correla-
tions at least partially reflect the correlations in the two groups between dioxin
and percentage of body fat (r = 0.3 for the Ranch Hands and .15 for the compari-
son group). The more recent 1992 examination data (AFHS, 1995) did not show
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any of the dioxin-determined categories of Ranch Hands to differ from the
comparison group for prevalence of high triglyceride levels or low HDL concen-
trations, or for a high ratio of total cholesterol to HDL cholesterol in a longitudi-
nal analysis.

Four German reports have also reported on lipid values after industrial expo-
sure to dioxin. Ott et al. (1994) studied 138 BASF subjects exposed to TCDD
following a plant accident in 1953 and found nonsignificantly lower total and
HDL cholesterol and triglycerides in the exposed subjects compared to controls.
A medical insurance follow-up (Zober et al., 1994) of 158 BASF workers—
including some of the same workers studied by Ott et al. (1994)—showed a
nonsignificant increase in the recorded medical diagnosis of lipid disorders in
exposed subjects compared to the referent population. Ott and Zober (1996) in
another study of 34 male production workers potentially exposed to polybromi-
nated dibenzo-p-dioxins found no significant elevations of total and LDL choles-
terol or triglycerides and a borderline (p = 0.05) higher HDL cholesterol com-
pared to nonexposed controls. The German Cancer Research Center, reporting on
employees from six West German chemical plants found no apparent effect of
TCDD on lipid metabolism (Von Benner et al., 1994).

A study of self-reported health problems of 641 Australian Vietnam veterans
(O’Toole et al., 1996) found an increased frequency of elevated cholesterol com-
pared to that expected from national Australian data (RR = 3.0, 95% CI 1.3–4.7).

Synthesis

The majority of studies reported do not suggest any major disturbance of
cholesterol or triglyceride concentration in herbicide-exposed chemical workers
or veterans. Five studies report increased triglycerides (two are of borderline
significance), and six studies report lowered HDL cholesterol (four are of border-
line significance). Given the liability of triglyceride concentration, the marginal
nature of the few positive studies, and the equal or greater number of negative
studies for each lipid or lipoprotein (except HDL cholesterol, which was not
examined in more than half of the studies), the effect of herbicide exposure on
lipid and lipoproteins is likely to be small. Furthermore, few studies have fully
controlled for obesity and the many other potential confounders including diet.

The difficulties of interpreting relationships between serum dioxin levels
(even lipid weight-adjusted levels) and lipid orlipoprotein concentrations, which
may be a determinant as well as a consequence of dioxin level, have been fully
discussed (Flanders et al., 1992). Lipoproteins are blood and possibly intracellu-
lar carriers of TCDD (Soues et al., 1989). This problem is further complicated by
the effect of obesity, which independently plays a role in determining lipid or
lipoprotein concentration, and the extent of available fat stores, thereby further
confounding any attempt to determine the relationship between dioxin level and
lipoprotein.
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The relatively weak and conflicting human data stand in contrast to the
extensive animal data, which offer considerable biologic plausibility for the con-
cept that herbicide and TCDD exposure may cause lipid and lipoprotein distur-
bances. The multiple effects of dioxin-type chemicals have been reviewed by
Matsumura (1995) and include reduction in adipose tissue lipoprotein lipase in
guinea pigs, hypertriglyceridemia in rabbits, and down-regulation of LDL recep-
tors on the plasma membrane in guinea pig hepatocytes. These effects appear to
be mediated by the Ah receptor. However the relevance of these observations to
humans may be limited. These effects, even in animals, show considerable differ-
ences according to species, age, strain, and gender. For example, male and female
guinea pigs differ in the effect of TCDD on lipoprotein lipase activity, lipid
peroxidation, and glucose uptake by adipose tissue (Enan et al., 1996). Further-
more, TCDD exposure in guinea pigs causes a wasting syndrome with major loss
of fat tissue. Such a syndrome does not seem to be present in the humans studied
who have marginal lipid disturbances.

Conclusions

Strength of Evidence in Epidemiologic Studies

There is inadequate/insufficient evidence to conclude that an association
exists between herbicide exposure and lipid or lipoprotein levels. Further re-
search is needed to better elucidate the small effects on HDL cholesterol and
triglyceride concentrations observed in some studies.

Biologic Plausibility

Although animal studies suggest potential mechanisms whereby TCDD may
cause lipid disturbances, human data (e.g., lipoprotein kinetic studies) are needed
to determine whether, and how, TCDD-exposed subjects have altered lipoprotein
metabolism. A discussion of biologic plausibility with respect to exposure to
TCDD or herbicides and lipid and lipoprotein disorders is contained in Chapter 3;
a summary is presented in the conclusion to this chapter.

Increased Risk of Disease Among Vietnam Veterans

Ranch Hand study data (AFHS, 1991) suggest that lipid and lipoprotein
concentrations of Ranch Hands and comparison subjects do not differ overall,
although significant correlation between HDL cholesterol (negative) or triglycer-
ides (positive) and TCDD level are seen. Whether these correlations are fully
independent of obesity is unresolved. It is concluded that Vietnam veterans have
not experienced major lipid or lipoprotein disease as a result of herbicide expo-
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sure. A more thorough discussion of the issue of increased risk of disease among
Vietnam veterans is contained in Chapter 1.

GASTROINTESTINAL AND DIGESTIVE DISEASE,
INCLUDING LIVER TOXICITY

Background

The discussion in this section of gastrointestinal and digestive disease, in-
cluding liver toxicity, encompasses a variety of conditions included under ICD·9
codes 520–579. Conditions in this category include diseases of the esophagus,
stomach, intestines, rectum, liver, and pancreas. As in VAO and Update 1996, the
focus of this section is primarily ulcer disease and liver toxicity, since these were
the conditions most frequently discussed in the literature reviewed. The symp-
toms and signs of gastrointestinal disease and liver toxicity are highly varied and
often vague, depending on the specific condition involved.

The essential function of the gastrointestinal tract is to absorb nutrients and
eliminate waste products. This complex task involves numerous chemical and
molecular interactions at the mucosal surface, as well as complex local and
distant neural and endocrine factors. One of the most common conditions affect-
ing the gastrointestinal tract is motility disorder, which may be present in as many
as 15 percent of adults. The range of diseases affecting the gastrointestinal system
can most conveniently be categorized by the anatomic segment involved. These
conditions include esophageal disorders that predominantly affect swallowing,
gastric disorders related to acid secretion, and conditions affecting the small and
large intestine and reflected by alterations in nutrition, mucosal integrity, and
motility. Systemic disorders may also affect the gastrointestinal system; these
include inflammatory, vascular, infectious, and neoplastic conditions.

Peptic Ulcer Disease

Peptic ulcer disease refers to ulcerative disorders of the gastrointestinal tract
that are caused by the action of acid and pepsin on the stomach duodenal mucosa.
Peptic ulcer disease is characterized as gastric ulcer or duodenal ulcer, depending
on the anatomic site of origin. Peptic ulcer disease occurs when the corrosive
action of gastric acid and pepsin exceeds the normal mucosal defense mecha-
nisms protecting against ulceration. Approximately 10 percent of the population
has clinical evidence of duodenal ulcer during their lifetime, with a similar per-
centage affected by gastric ulcer. The peak incidence for duodenal ulcer occurs in
the fifth decade of life, whereas the peak for gastric ulcer occurs approximately
ten years later. The natural history of duodenal ulcer is one of spontaneous
remission (healing) and recurrences. It is estimated that 60 percent of healed
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duodenal ulcers may recur in the first year and that 80–90 percent will recur
within two years.

Increasing evidence indicates that the bacterium Helicobacter pylori (H.
pylori) may be closely linked to both duodenal and gastric ulcer disease. This
bacterium colonizes the gastric mucosa in 95–100 percent of patients with duode-
nal ulcer and 75–80 percent of patients with gastric ulcer. Healthy subjects in the
United States under 30 years of age have gastric colonization rates of approxi-
mately 10 percent. Over age 60, colonization rates exceed 60 percent. Coloniza-
tion alone, however, is not sufficient for the development of ulcer disease; only
15–20 percent of subjects with H. pylori colonization will develop ulcer disease
in their lifetimes.

There are other risk factors for peptic ulcer disease. Genetic predisposition
appears to be important; first-degree relatives of duodenal ulcer patients have
approximately three times the risk of developing duodenal ulcer as the general
population. Certain blood groups are associated with increased risk for duodenal
ulcer, and HLA-B5 antigen appears to be increased among white males with
duodenal ulcer. Cigarette smoking has also been linked to duodenal ulcer preva-
lence and mortality. Finally, psychological factors, particularly chronic anxiety
and psychological stress, may act to exacerbate duodenal ulcer disease.

Liver Disease

Blood tests reflecting liver function are the mainstay of diagnosis for liver
disease. Increases in serum bilirubin levels and in the serum activity of certain
hepatic enzymes—including aspartate aminotransferase (AST or SGOT), alanine
aminotransferase (ALT or SGPT), alkaline phosphatase, and gamma-glutamyl-
transferase (GGT)—are commonly noted in many liver disorders. The relative
sensitivity and specificity of these enzymes for liver disease vary, and several
different tests may be required for diagnosis. The only regularly reported abnormal-
ity in liver function associated with TCDD exposure in humans is an elevation in
GGT. Estimates of the serum activity of this enzyme provide a sensitive indicator
of a variety of conditions, including alcohol and drug hepatotoxicity, infiltrative
lesions of the liver, parenchymal liver disease, and biliary tract obstruction. Eleva-
tions are noted with many chemical and drug exposures without evidence of liver
injury. The confounding effects of alcohol ingestion (frequently associated with
increased GGT) make interpretation of changes in GGT in exposed individuals
difficult (Calvert et al., 1992). Moreover, elevation in GGT may be considered a
normal biologic adaptation to chemical, drug, or hormone exposure.

Cirrhosis of the liver is the most commonly reported liver disease outcome in
epidemiologic studies of herbicide and/or TCDD exposure. Pathologically, cirrho-
sis reflects irreversible chronic injury of the liver, with extensive scarring and
resultant loss of liver function. Clinical symptoms and signs include jaundice,
edema, abnormalities in blood clotting, and metabolic disturbances. Ultimately,
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cirrhosis may lead to portal hypertension with associated gastroesophageal varices,
enlarged spleen, abdominal swelling due to ascites, and ultimately hepatic encepha-
lopathy, which may progress to coma. It is generally not possible to distinguish the
various causes of cirrhosis by the clinical signs and symptoms or pathological
characteristics. The most common cause of cirrhosis in North America and many
parts of Western Europe and South America is excessive alcohol consumption.
Other causes include chronic viral infections (hepatitis B or hepatitis C), a poorly
understood condition called primary biliary cirrhosis, chronic right-sided heart
failure, and a variety of less common metabolic and drug-related causes.

Summary of VAO and Update 1996

In VAO, the risk of ulcers in populations exposed to TCDD or herbicides had
not been sufficiently studied to determine an association. However, the detection
of a specific association was felt to be unlikely, given the frequency of ulcer
disease and the many factors that are known to be related to the onset of symp-
tomatic ulcer disease. Furthermore, given the length of time that has elapsed
since veterans’ last exposure to TCDD in Vietnam, it was considered unlikely
that new cases of ulcer disease directly related to herbicide exposure would
occur. Subsequent occupational studies by Zober et al. (1994) and Ott et al.
(1994) revealed no increases in the frequency of ulcers in the exposed group
versus the controls (even in the highest TCDD subgroup), and no increases with
increasing severity of chloracne.

Changes in liver function in humans exposed to TCDD have been limited to
an increase in GGT and alkaline phosphatase; results are inconsistent regarding
ALT and d-glucaric acid excretion. These metabolic “adaptations” to chemical
exposure have been seen in industrial workers as well as Ranch Hand veterans.
Results from studies relating liver enzyme measurements or the diagnosis of
chronic liver disease to serum TCDD levels or clinical indices of dioxin exposure
(e.g., chloracne) have been inconsistent. Any study suggesting an association
between TCDD exposure and changes in hepatic enzymes or occurrence of liver
disease must consider known associations with alcohol, hepatitis, or other toxic
chemical exposures. Given the long observation period since TCDD exposure in
most studies and the consideration of other known risk factors, it seems very
unlikely that there is any association between TCDD or herbicide exposure (at
levels seen to date in humans) and liver dysfunction.

Update of the Scientific Literature

Occupational Studies

Becher et al. (1996) examined mortality among workers in four German
facilities that produced phenoxy herbicides and chlorophenols. The population
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included workers who had a least one month of employment and resulted in a
cohort consisting of 2,479 male workers. SMRs and 95% CI were calculated
using West German mortality rates by five-year age and calendar intervals. SMRs
for digestive disease among the four plants ranged from 0.7 to 0.8; none were
statistically significant.

Ott and Zober (1996) updated the experience of workers exposed to TCDD
during the cleanup of a TCP reactor that exploded in 1953 at a BASF plant in
Ludwigshafen, Germany. They studied disease incidence and mortality up to
1992 for a group of 243 men and developed TCDD dose estimates based on work
activity information, blood TCDD determinations on a subset of the population,
and estimates of TCDD elimination rates. Expected numbers of incident cases
and cause-specific deaths were obtained from German sources by five-year age
and calendar intervals. The overall SMR (CI) for digestive diseases was 0.7 (0.2–
1.7); in the highest TCDD dose group, the SMR was 1.6 (0.4–4.2).

Ramlow et al. (1996) examined mortality in a cohort of workers exposed to
pentachlorophenol, as part of a larger study of Dow chemical manufacturing
workers exposed to the higher chlorinated dioxins. The study cohort was as-
sembled from company records, starting with a cohort of 2,192 workers ever
employed in a department with potential PCDD exposure between 1937 and
1980. From this cohort, 770 workers were identified who were considered to
have potential PCP exposure based on work history records. Cumulative expo-
sure indices for PCP and dioxin were calculated using scores described by Ott et
al. (1987). In the study analysis, the U.S. white male death rates (five-year age
and calendar time specific) and the non-PCP and non-PCDD male Dow Michigan
employees for 1940 to 1989 were both used as reference values to calculate
expected deaths. The overall SMR (CI) for digestive system disease was 1.3 (0.7–
2.2). For gastric and duodenal ulcer (ICD·9 531–533) the SMR was 3.6 (1.2–8.3)
when considering no latency, and 5.6 (1.8–13.0) when allowing for 15 years of
latency. The SMRs for liver cirrhosis were 1.1 (0.4–2.3), and 1.5 (0.6–34) with
allowance for a 15-year latency. Overall digestive disease was higher in subjects
with higher estimated PCP exposure (RR 2.3, CI 1.3–4.2) in more highly exposed
workers versus 0.9 (CI 0.3–2.7) in workers with lower exposures (p = 0.01).
However, the RR for ulcer disease decreased significantly with exposure (p <
0.01), whereas liver cirrhosis significantly increased with estimated exposure
level (p = 0.04). Four of the six cirrhosis deaths were clearly identified as related
to alcoholism by death certificate review.

In the updated and expanded IARC cohort study, Kogevinas et al. (1997)
examined mortality in a cohort of 26,615 male and female workers engaged in the
production or application of phenoxy herbicides. Exposure information varied
between cohorts, but in general, exposures were reconstructed from job records.
Based on job categories and information on production processes and the compo-
sition of the materials used, exposed workers were classified into three catego-
ries: exposed to TCDD or higher chlorinated dioxins, unexposed to the same, and
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unknown exposure to the same. Analysis was performed by calculating SMRs
and 95% CI, using the WHO mortality data bank to calculate national mortality
rates by sex, age (five-year intervals), and calendar period (five years). Overall, a
decrease in gastrointestinal and digestive disease was observed in exposed work-
ers compared to unexposed workers for males (SMR 0.8, CI 0.7–1.0), with no
significant differences observed for women (SMR 1.3, CI 0.6–2.5).

Veterans Studies

In a study of postservice suicide among Vietnam veterans, Bullman and
Kang (1996) reported subsequent cause-specific mortality for 34,534 veterans
who had been hospitalized for wounds suffered in Vietnam, compared to U.S.
men. They observed a significant decrease in deaths due to digestive disease
(SMR 0.7, CI 0.6–0.9).

O’Toole et al. (1996) described the results of a simple random sample of
Australian Army Vietnam veterans on self-reported health status. Data were
obtained on 641 veterans from the Australian Bureau of Statistics Health Inter-
view Survey 1989–90, and illness rates were compared to the age- and sex-
matched Australian population. Ulcer disease (RR 2.7, 99% CI 1.7–3.8) and
other digestive diseases (RR 4.0, 99%, CI 2.2–5.9) were reported significantly
more frequently by veterans. Ulcer disease was significantly associated with an
index of combat exposure. The authors conjectured that this relationship may be
related to long-term psychological factors associated with battle (e.g., post-
traumatic stress disorder). They also observed that veterans were significantly
more likely to report high alcohol consumption than the age- and sex-matched
Australian general population (RR 2.0, 99% CI 1.5–2.5).

Watanabe and Kang (1996) reported on the mortality of 33,833 U.S. Army
and Marine Corps Vietnam veterans who died during 1965–1988, compared to
mortality among 36,797 deceased non-Vietnam veterans, using PMRs. They ob-
served no increase in digestive disease mortality among Army Vietnam veterans
(PMR 1.0) and a slight decrease among Marine Vietnam veterans (PMR 0.9, p <
0.05).

Dalager and Kang (1997) reported a study comparing 2,872 Vietnam veter-
ans with 2,737 non-Vietnam veterans (all of whom served in Chemical Corps
specialties). All study subjects served at least 18 months’ active duty between
1965 and 1973, and vital status ascertainment was complete for both groups.
They reported a RR (CI) of 3.9 (1.1–13.5) for digestive system disease overall
and 4.4 (1.0–20.2) for liver cirrhosis. No data were available on alcohol use, but
the Centers for Disease Control and Prevention (CDC) Vietnam Experience Study
had reported that 13 percent of Vietnam veterans and 11 percent of non-Vietnam
veterans described heavy alcohol use (CDC, 1988).

A report on Australian Vietnam veterans (Crane et al., 1997a) compared
cause-specific mortality rates of 59,036 male Vietnam veterans with those of
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other Australian males. They found no significant increase in digestive system
disease (SMR [CI]) for deaths 1964–1979: 0.7 [0.5–1.1] and for 1980–1994: 1.0
[0.8–1.2]. There was specifically no increase in cirrhosis of the liver.

A second cohort study of Australian veterans (Crane et al., 1997b) compared
mortality for 1982–1994 for 18,949 national servicemen who had served in Viet-
nam (veterans) with 24,646 national servicemen who had not served in Vietnam
(nonveterans). An RR (95% CI) for veterans compared to nonveterans of 1.0
(0.7–1.3) for all circulatory diseases and 1.0 (0.7–1.4) for ischemic heart disease
(IHD) was observed.

The ongoing study of Ranch Hand veterans (AFHS, 1996), reported cause-
specific mortality among 1,261 Ranch Hand personnel compared to 19,080 Air
Force veterans from the same era who did not handle herbicides. An increase was
observed in deaths due to digestive disease (SMR 1.8, 0.9–3.2), mostly from
chronic liver disease and cirrhosis (seven of nine deaths).

Synthesis

Although there have been sporadic reports of increased gastrointestinal disease
potentially related to exposure to herbicides or TCDD, the results are inconsistent
across studies. In addition, interpretation of individual studies was generally limited
by a lack of information on alcohol consumption and other risk factors. In the
studies that showed the strongest association between potential exposure and gas-
trointestinal disease (cirrhosis of the liver), there was strong evidence that excess
alcohol consumption was the etiology for the cirrhosis. Additional research, with
adequate information on alcohol consumption and other risk factors for gastrointes-
tinal disease, is required to adequately assess the potential association between
gastrointestinal disease and herbicide or TCDD exposure.

Conclusions

Strength of Evidence in Epidemiologic Studies

There is inadequate or insufficient evidence to determine whether an asso-
ciation exists between exposure to the herbicides considered in this study and
gastrointestinal and digestive disease including liver toxicity. The evidence re-
garding association is drawn from occupational and veterans studies in which
subjects were exposed to a variety of herbicides and herbicide components.

Biologic Plausibility

The liver is the site of TCDD storage and metabolism in laboratory animals.
Some of the herbicides have also induced liver toxicity in laboratory animals. A
more thorough discussion of biologic plausibility with respect to exposure to
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TCDD or herbicides and gastrointestinal disease, digestive disorders, and liver
toxicity is contained in Chapter 3; a summary is presented in the conclusion to
this chapter.

CIRCULATORY DISORDERS

The circulatory diseases reviewed in this section cover a variety of condi-
tions encompassed by ICD·9 codes 390–459, including hypertension, heart fail-
ure, arteriosclerotic heart disease, peripheral vascular disease, and cerebrovascu-
lar disease. In morbidity studies, a variety of methods were used to assess the
circulatory system, including analysis of symptoms or history, physical examina-
tion of the heart and peripheral arteries. Doppler measurement of peripheral
pulses, electrocardiograms, and chest radiographs. Doppler measurements and
physical examinations of the pulses in the arms and legs are used to detect
decreased strength of the pulses, which can be caused by thickening and harden-
ing of the arteries. Electrocardiograms can be used to detect heart conditions and
abnormalities such as arrhythmias (abnormal heart rhythms), heart enlargement,
and previous heart attacks. Chest radiographs can be used to assess whether the
heart is enlarged, which can result from heart failure and other heart conditions.
Mortality studies attribute cause of death to one or more of the circulatory disor-
ders, with varying degrees of diagnostic confirmation.

Summary of VAO and Update 1996

In general, the usefulness of mortality studies has been limited, because in
most studies, no a priori hypotheses were provided regarding herbicide exposure
and particular circulatory outcomes. Their usefulness is also limited by a failure
to adjust for independent risk factors for circulatory disease. Among the morbid-
ity studies, strong rationales for examining circulatory outcomes were not given.
However, the Air Force Health Study (AFHS, 1991) reported associations be-
tween serum TCDD and both diabetes and blood lipids, suggesting a reason to
examine coronary artery disease in subjects exposed to dioxins because of the
possible association between risk factors for coronary artery disease and serum
TCDD level.

A follow-up of the Ranch Hand cohort (AFHS, 1992) found significant
associations between dioxin levels and several lipid-related variables and some
cardiovascular effects. The authors suggested that these effects may be related to
diabetes mellitus, since no consistent evidence of an adverse effect of dioxin was
seen in nondiabetic individuals. An additional complicating factor in these analy-
ses was that many of the effects correlated with dioxin level were related to body
fat content. Causal relationships could not be established, because of the relation-
ship between body fat itself and dioxin level. A more complete discussion of this
study is included in Chapter 3.
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Update of the Scientific Literature

Occupational Studies

Becher et al. (1996) examined mortality among workers in four German
facilities that produced phenoxy herbicides and chlorophenols. The population
included workers who had a least one month of employment, resulting in a cohort
consisting of 2,479 male workers. SMRs (95% CI) were calculated using West
German mortality rates by five-year age and calendar year intervals. SMRs for
circulatory system disease among the four plants ranged from 0.3 to 1.1; none
were significantly elevated.

Flesch-Janys et al. (1995) described cancer and circulatory system mortality
among 1,189 male workers in a chemical plant in Hamburg, Germany. Workers
had been exposed in varying degrees to herbicides contaminated with PCDD/F.
The authors developed a quantitative estimate of PCDD/F exposure for the entire
cohort derived from blood and adipose tissue levels measured in a subgroup of
190 workers. An unexposed cohort of gas workers served as an external reference
group. Overall circulatory system disease mortality was elevated among exposed
workers in a dose-dependent fashion (p for trend = 0.01), with an RR of 2.0 (95%
CI 1.2–3.3) among men in the highest decile of estimated TCDD exposure. The
increased risk appeared restricted to IHD (ICD·9 codes 410–414) where the RR
was 2.5 (1.3–4.7) in the highest estimated exposure group. Information was not
available for confounding factors related to IHD; the authors reasoned that the
use of an unexposed referent population combined with the strong dose–response
relationship argued against attributing the results to confounding factors. They
also noted that the smoking rates and socioeconomic status of both cohorts ap-
peared to be similar.

Svensson et al. (1995) studied mortality and disease incidence in two cohorts
of Swedish fishermen. One group (2,896 men) resided on the east coast of Swe-
den and consumed fish from the Baltic Sea. These fatty fish (particularly salmon
and herring) are reported to contain elevated levels of PCB, PCDD, and PCDF.
The other group of fishermen (8,477) resided on the west coast of Sweden and
were presumed to have a higher intake of lean (and less contaminated) fish,
including cod and flat fish. A slight but significant decrease in cardiovascular
disease was observed among east coast fishermen, attributed to the protective
effect of some components of fish oil.

Ott and Zober (1996) updated the experience of workers exposed to TCDD
during cleanup of a TCP reactor, Germany. They studied disease incidence and
mortality up to 1992 for a group of 243 men and developed TCDD dose estimates
based on work activity information, blood TCDD determinations on a subset of
the population, and estimates of TCDD elimination rates. Expected numbers of
incident cases and cause-specific deaths were obtained from German sources by
five-year age and calendar intervals. The overall SMR (95% CI) for circulatory
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system diseases was 0.8 (0.6–1.2); in the highest TCDD dose group, the SMR
was 1.0 (0.5–1.7). There was also no significant elevation in deaths from is-
chemic heart disease when evaluated separately.

Ramlow et al. (1996) examined mortality in a cohort of workers exposed to
PCP, as part of a larger study of Dow chemical manufacturing workers exposed
to the higher chlorinated dioxins. The study cohort was assembled from company
records, starting with a cohort of 2,192 workers ever employed in a department
with potential PCDD exposure between 1937 and 1980. From this, 770 workers
were identified who were considered to have potential PCP exposure based on
work history. Cumulative exposure indices for PCP and dioxin were calculated
using the method described by Ott et al. (1987). The U.S. white male death rates
(five-year age and calendar time specific) and the non-PCP and non-PCDD male
Dow Michigan employees for 1940 to 1989 were used as reference values to
calculate expected deaths. The overall SMR (95% CI) for circulatory system
disease was 1.0 (0.8–1.1), with no significant increase in specific disease subsets
and no influence of latency or estimated PCP exposure.

In the update and expansion of the IARC cohort study, Kogevinas et al.
(1997) examined mortality in a cohort of 26,615 male and female workers en-
gaged in the production or application of phenoxy herbicides. Exposure informa-
tion varied between cohorts, but in general exposures were reconstructed from
job records. Based upon job categories and information on production processes
and the composition of the materials used, the exposed workers were classified
into three categories: exposed to TCDD or higher chlorinated dioxins, unexposed
to the same, and unknown exposure to the same. Analysis was performed by
calculating SMRs and 95% CI, using the WHO mortality data bank to calculate
national mortality rates by sex, age (five-year intervals), and calendar period (five
years). Overall, a decrease in circulatory system disease was observed in exposed
workers compared to unexposed workers for males (SMR 0.9, CI 0.9–1.0), with
no significant differences observed for women (SMR 1.0, CI 0.7–1.3).

Mortality among a cohort of rice growers in northern Italy was investigated by
Gambini et al. (1997). Using a set of registered farm owners consisting of 1,493
males who worked on farms from 1957 to 1992, they examined the cause of death
for 958 subjects and compared this with expected numbers calculated from national
rates. No direct exposure information was available, so employment on the farm
served as a surrogate for exposure to the range of phenoxy herbicides used during
the study period. They observed a decrease in deaths from myocardial infarction
(SMR 0.7, 95% CI 0.6–0.9) and other ischemic heart disease (SMR 0.4, CI 0.3–
0.5), but not stroke (SMR 1.0, CI 0.8–1.1) among rice growers.

Studies of Vietnam Veterans

In a study of postservice suicide among Vietnam veterans, Bullman and
Kang (1996) reported subsequent cause-specific mortality for 34,534 veterans
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who had been hospitalized for wounds suffered in Vietnam, compared to U.S.
men. They observed a significant decrease in circulatory system disease deaths
(SMR 0.7, 95% CI 0.6–0.8).

O’Toole et al. (1996) described the results of a simple random sample of
Australian Army Vietnam veterans on self-reported health status. Data were
obtained on 641 veterans from the Australian Bureau of Statistics Health Inter-
view Survey 1989–1990, and illness rates were compared to the age- and sex-
matched Australian population. Hypertension (RR 2.2, 99% CI 1.7–2.6) and
other circulatory system disease (RR 2.4, CI 1.6–3.2) were reported significantly
more frequently by veterans. None were significantly associated with an index of
combat exposure. Veterans were significantly more likely to be current or former
smokers than the general population (RR for never smoked 0.7, CI 0.5–0.8).
O’Toole et al. (1996) also observed that veterans were significantly more likely
to report high alcohol consumption than the age- and sex-matched Australian
general population (RR 2.0, CI 1.5–2.5).

Watanabe and Kang (1996) reported on the mortality experience of 33,833
U.S. Army and Marine Corps Vietnam veterans who died during 1965–1988,
compared to mortality among 36,797 deceased non-Vietnam veterans, using
PMRs. They observed no increase in circulatory system disease mortality among
Army Vietnam veterans (PMR 1.0) and a slight decrease among Marine Vietnam
veterans (PMR 0.9, p < .05).

Dalager and Kang (1997) compared 2,872 Vietnam veterans with 2,737 non-
Vietnam veterans (all of whom served in Chemical Corps specialties). All study
subjects served at least 18 months active duty between 1965 and 1973, and vital
status ascertainment was complete for both groups. They reported an RR (95%
CI) of 1.1 (0.6–1.8) for circulatory system disease overall. No data was available
on alcohol use, but a previous CDC study had reported that 13 percent of Viet-
nam veterans and 11 percent of non-Vietnam veterans described heavy alcohol
use (CDC, 1988).

A report on Australian Vietnam veterans (Crane et al., 1997a) compared
cause-specific mortality rates of 59,036 male Vietnam veterans with those of
other Australian males. They found no significant increase in circulatory system
disease (SMR [95% CI]) for deaths in 1964–1979 (0.7 [0.6–0.9]) and 1980–1994
(1.0 [1.0–1.1]). There was also no increase in any subset of circulatory system
disease.

A second cohort study of Australian veterans compared mortality for 1982–
1994 for 18,949 national servicemen who had served in Vietnam (veterans) with
24,646 national servicemen who had not served in Vietnam (nonveterans) (Crane
et al., 1997b). They observed a RR (95% CI) for veterans compared to non-
veterans of 1.0 (0.7–1.3) for diseases of the circulatory system.

The ongoing study of Ranch Hand veterans (AFHS, 1996), reported cause-
specific mortality among 1,261 Ranch Hand personnel compared to 19,080 Air
Force veterans from the same era who did not handle herbicides. They observed
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a significant increase among ground troops (SMR 1.5, CI 1.0–2.2), with nearly
half of the increase due to atherosclerotic heart disease (SMR 1.4, CI 0.8–2.1).
Data on smoking and alcohol use were not available.

Synthesis

Although there were sporadic reports of increased circulatory disease poten-
tially related to exposure to herbicides or TCDD, the results were inconsistent
across studies. In addition, interpretation of individual studies was generally
limited by a lack of information on cigarette smoking, obesity, serum lipid levels,
presence of diabetes, and other risk factors. In studies that showed the strongest
association between potential exposure and gastrointestinal disease, there was
evidence that cigarette smoking was greater among veterans than nonveterans.
Additional research, with adequate information on the numerous risk factors for
circulatory disease, is required to adequately assess the potential association
between circulatory disease and herbicide or TCDD exposure. Further research
on the potential relationships between TCDD exposure and diabetes or lipid
abnormalities may also shed further light on any potential relationships to circu-
latory diseases.

Conclusions

Strength of Evidence in Epidemiologic Studies

There is inadequate or insufficient evidence to determine whether an asso-
ciation exists between exposure to the herbicides considered in this report and the
following circulatory outcomes: circulatory disease mortality, various subgroups
of cardiovascular disease, and symptoms or history of circulatory illnesses (e.g.,
heart disease, hypertension, coronary artery disease, angina, or myocardial
infarction). The evidence regarding association is drawn from occupational and
veteran studies in which subjects were exposed to a variety of herbicides and
herbicide components.

Biological Plausibility

A discussion of biologic plausibility with respect to exposure to TCDD or
herbicides and circulatory disease is contained in Chapter 3; a summary is pre-
sented in the conclusion to this chapter.

SUMMARY

Based on the occupational, environmental, and veterans studies reviewed,
the committee reached one of four conclusions about the strength of the evi-
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dence regarding association between exposure to herbicides and/or TCDD and
each of the other health effects under study. As explained in Chapter 4, these
distinctions reflect the committee’s judgment that if an association between
exposure and an outcome were “real,” it would be found in a large, well-
designed epidemiologic study in which exposure to herbicides or dioxin was
sufficiently high, well characterized, and appropriately measured on an indi-
vidual basis. Consistent with the charge to the Committee by the Secretary of
Veterans Affairs in Public Law 102-4 and with accepted standards for scien-
tific reviews, the distinctions between these standard conclusions are based on
statistical association, not on causality. The committee used the same criteria
to categorize diseases by the strength of the evidence as were used in VAO and
Update 1996.

Health Outcomes with Sufficient Evidence of an Association

In VAO and Update 1996, the committee found sufficient evidence of an
association between exposure to herbicides and/or TCDD and chloracne. The
scientific literature continues to support the classification of chloracne in the
category of sufficient evidence. Based on the literature, there are no additional
health effects discussed in this chapter that satisfy the criteria necessary for this
category.

For diseases in this category, a positive association between herbicides and
the outcome must be observed in studies in which chance, bias, and confounding
can be ruled out with reasonable confidence. The committee also regarded evi-
dence from several small studies that are free from bias and confounding, and that
show an association that is consistent in magnitude and direction, as sufficient
evidence for an association.

Health Outcomes with Limited/Suggestive Evidence of Association

In Update 1996, the committee found limited/suggestive evidence of an
association between herbicide/dioxin exposure and porphyria cutanea tarda. The
scientific literature continues to support the classification of this disorder in the
category of limited/suggestive evidence. Based on the literature, there are no
additional health effects discussed in this chapter that satisfy the criteria neces-
sary for this category.

For outcomes in this category, the evidence must be suggestive of an asso-
ciation between herbicides and the outcome, but may be limited because chance,
bias, or confounding could not be ruled out with confidence. Typically, at least
one high-quality study indicates a positive association, but the results of other
studies may be inconsistent.
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Health Outcomes with Inadequate/Insufficient Evidence to Determine
Whether an Association Exists

The scientific data for many of the health effects reviewed by the committee
were inadequate or insufficient to determine whether an association exists. For
the health effects discussed in this chapter, the available studies are of insuffi-
cient quality, consistency, or statistical power to permit a conclusion regarding
the presence or absence of an association. For example, studies fail to control for
confounding or have inadequate exposure assessment. This category includes
respiratory disorders, immune system disorders (immune suppression and au-
toimmunity), diabetes, lipid and lipoprotein disorders, gastrointestinal diseases,
digestive diseases, liver toxicity, and circulatory disorders.

Health Outcomes with Limited/Suggestive Evidence of No Association

In VAO and Update 1996, the committee did not find any evidence to con-
clude that there is limited/suggestive evidence of no association between the
health effects discussed in this chapter and exposure to TCDD or herbicides. The
most recent scientific evidence continues to support this conclusion.

In order to classify outcomes in this category, several adequate studies cov-
ering the full range of levels of exposure that human beings are known to encoun-
ter must be mutually consistent in not showing a positive association between
exposure to herbicides and the outcome at any level of exposure. These studies
must also have relatively narrow confidence intervals. A conclusion of “no asso-
ciation” is inevitably limited to the conditions, level of exposure, and length of
observation covered by the available studies. In addition, the possibility of a very
small elevation in risk at the levels of exposure studied can never be excluded.

Biologic Plausibility

Chapter 3 details the committee’s evaluation of evidence from animal and
cellular-level studies regarding the biological plausibility of a connection be-
tween exposure to dioxin or herbicides and various noncancer health effects. This
section summarizes that evidence. Some of the preceding discussions of other
health outcomes include references to specific relevant papers.

TCDD has been shown to elicit a diverse spectrum of sex-, strain-, age-, and
species-specific effects, including immunotoxicity, hepatotoxicity, chloracne, loss
of body weight, and numerous biological responses, including the induction of
phase I and phase II drug-metabolizing enzymes, the modulation of hormone
systems and factors associated with the regulation of cellular differentiation and
proliferation.

Effects of TCDD on the liver include modulation of the rate at which liver
cells multiply, increasing the rate of cell death for other cell types, increasing fat
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levels in liver cells, decreasing bile flow, and increasing the levels of protein and
of substances that are precursors to heme synthesis. TCDD also increases the
levels of certain enzymes in the liver, but this effect in itself is not considered
toxic. Mice and rats are susceptible to TCDD-induced liver toxicity, but guinea
pigs and hamsters are not. It is possible that liver toxicity is associated with
susceptibility to liver cancer, but the extent to which TCDD effects mediate
noncancer end points is not clear.

The mechanism by which TCDD induces hepatotoxicity is still under inves-
tigation. Some studies provide evidence that hepatotoxicity of TCDD involves
AhR-dependent mechanisms. Specifically, there is evidence that the Ah-receptor
plays a role in the co-mitogenic action of TCDD with epidermal growth factor
and in the induction of liver enzymes involved in the metabolism of xenobiotics.
Acute exposures to TCDD have been correlated with effects on intermediary
metabolism and hepatomegaly.

TCDD has been shown to inhibit hepatocyte DNA synthesis, decrease he-
patic plasma membrane epidermal growth factor receptor; inhibit hepatic pyru-
vate carboxylase activity, and induce porphyrin accumulation in fish and chick
embryo hepatocyte cultures. Studies have been conducted to examine the short-
and long-term effects of TCDD on rat EROD activity and liver enzymes. Oral
dosing induced EROD and glutamyltranspeptidase (GT) activity and inhibited
hepatic phosphoenolpyruvate carboxykinase (PEPCK) activities. EROD and
PEPCK activity reverted to normal levels after ninety days while GT activity
remained elevated. Hepatomegaly has been shown to occur following high
subchronic doses. The myocardium has also been shown to be a target of TCDD
toxicity; impairment of a cAMP-modulated contraction has been implicated.

Recent evidence suggests that the inhibition of glucose transport in adipose
tissue, pancreas, and brain may be one of the major contributing factors to the
wasting syndrome. In vitro studies have identified glomerular mesangial cells as
sensitive cellular targets. These findings are consistent with epidemiologic re-
ports that aromatic hydrocarbons result in glomerulonephritis.

TCDD has also been shown to have a number of effects on the immune
systems of laboratory animals. Studies in mice, rats, guinea pigs, and monkeys
indicated that TCDD suppresses the function of certain components of the im-
mune system in a dose-related manner; that is, as the dose of TCDD increases, its
ability to suppress immune function increases. TCDD suppressed cell-mediated
immunity, primarily by affecting the T-cell arm of the immune response. It is not
known whether TCDD directly affects T-cells. TCDD may indirectly affect T-
cells and cell-mediated immunity by altering thymus gland function or cytokine
production. The generation of antibodies by B cells, an indication of humoral
immunity, may also be affected by TCDD.

Increased susceptibility to infectious disease has been reported following
TCDD administration. In addition, TCDD increased the number of tumors that
formed in mice following injection of tumor cells. It should be emphasized,
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however, that very little change to the overall immune competence of the intact
animal has been reported.

Despite considerable laboratory research, the mechanisms underlying the
immunotoxic effects of TCDD are still unclear. TCDD immunotoxicity appears
to be primarily mediated through Ah-receptor-dependent processes, but some
components of immunosuppression have been shown to act independently of the
Ah receptor. Some studies indicate that an animal’s hormonal status may contrib-
ute to its sensitivity to immunotoxicity. The fact that TCDD induces such a wide
variety of effects in animals suggests that it is likely to have some effect in
humans as well.

Generally, TCDD has a wide range of effects on growth regulation, hormone
systems, and other factors associated with the regulation of activities in normal
cells. These effects may influence the formation of noncancer health disorders.
Studies in animals indicate that some TCDD effects are mediated through the Ah-
receptor, a protein in animal and human cells to which TCDD can bind. It is
hypothesized that TCDD, together with the AhR, can interact with sites on DNA
and alter the information obtained from DNA in a way that transforms normal
cells into abnormal cells. Although structural differences in the AhR have been
identified, this receptor operates in a similar manner in animals and humans.
Evidence has also begun to accumulate for non-Ah receptor mediated effects.

TCDD has been shown to induce differentiation in human keratinocytes,
which may be initiated by TCDD binding to the AhR. This effect is antagonized
by retinoids and may involve interactions between TCDD and retinoids in the
regulation of epithelial differentiation. TCDD has been reported to decrease an
acidic type I Keratin involved in epidermal development, leading to keratinocyte
hyperproliferation and skin irritations such as chloracne.

Limited information is available on health effects of the herbicides discussed
in the report. These herbicides, however, have been reported to elicit adverse
effects in a number of organs in laboratory animals. The liver is a target organ for
toxicity induced by 2,4-D, 2,4,5-T, and picloram, with changes reportedly similar
to those induced by TCDD. Some kidney toxicity was reported in animals ex-
posed to 2,4-D and cacodylic acid. Exposure to 2,4-D has also been associated
with effects on blood, such as reduced levels of heme and red blood cells. Ca-
codylic acid was reported to induce renal lesions in rats. Other studies provide
evidence that 2,4-D binds covalently to hepatic proteins and lipids; the molecular
basis of this interaction and its biologic consequences are unknown.

The potential immunotoxicity of the herbicides used in Vietnam has been
studied to only a very limited extent. Effects on the immune system of mice were
reported for 2,4-D administered at doses that were high enough to produce clini-
cal toxicity, but these effects did not occur at low doses. The potential for piclo-
ram to act as a contact sensitizer (i.e., to produce an allergic response on the skin)
was tested, but other aspects of immunotoxicology were not examined.
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The foregoing evidence suggests that a connection between TCDD or herbi-
cide exposure and human health effects is, in general, biologically plausible.
However, differences in sensitivity and susceptibility across individual animals,
strains, and species; lack of strong evidence of organ-specific effects across
species; and differences in route, dose, duration, and timing of exposure compli-
cate any more definitive conclusions about the presence or absence of a mecha-
nism for the induction of specific noncancer health disorders.

Considerable uncertainty remains over how to apply this information to the
evaluation of potential health effects of herbicides or dioxin exposure in Vietnam
veterans. Scientists disagree over the extent to which information derived from
animals and cellular studies predicts human health outcomes, and the extent to
which the health effects resulting from high-dose exposure are comparable to
those resulting from low-dose exposure. Research on biological mechanisms is
burgeoning, and subsequent Veterans and Agent Orange updates may have more
and better information on which to base conclusions.

Increased Risk of Disease Among Vietnam Veterans

Under the Agent Orange Act of 1991, the committee is asked to determine
(to the extent that available scientific data permit meaningful determinations) the
increased risk of the diseases it studies among those exposed to herbicides during
their service in Vietnam. Chapter 1 presents the committee’s general findings
regarding this charge. Where more specific information about particular health
outcomes is available, this information is related in the preceding discussions of
those diseases.
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LITERATURE SEARCHES

The primary charge to this committee was to analyze the scientific and
medical literature published on the health effects of herbicides used in Vietnam.
Appendix A of the 1994 report contains a complete description of the methods
used to perform literature searches, including a discussion of databases and key-
words. Because this report focuses on reviewing literature published since the
completion of Veterans and Agent Orange: Update 1996, databases were searched
for articles published between 1995 and 1997. Indexing and critiquing of all other
epidemiologic studies was performed by the committee with the support of Insti-
tute of Medicine staff.

ORAL AND WRITTEN TESTIMONY PRESENTED TO THE
COMMITTEE

Public meetings were held on June 19, 1997, in Washington, D.C., and on
October 20, 1997, in Irvine, California, to solicit scientific information on the
health effects of exposure to dioxin and other chemical compounds in the herbi-
cides used in Vietnam during the Vietnam era. In order to reach a broad range of
interested individuals, notices of the meeting were sent to members of veterans’
organizations, Congress, government agencies, academic institutions, environ-
mental groups, chemical companies, the pulp and paper industry, medical re-
search associations, and other groups, as well as to those who attended the previ-
ous committees’ public meetings in September 1992 and April 1995. At the 1997

Appendix A

Information Gathering
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public meetings, which were attended by approximately 50 people, 17 individu-
als presented oral testimony. Written testimony was also received and was ac-
corded the same weight as the oral testimony.

Oral Testimony Presented at the Public Meetings

Gerald Bender, Minnesota Department of Veterans Affairs, St. Paul
Turner Camp, Veterans of Foreign Wars, Washington, DC
George Clark, Xenobiotic Detection Systems, Durham, NC
Le Cao Dai, Hanoi University Medical School, Hanoi, Vietnam
Michael Eckstein, Vietnam Veterans of America, Stanhope, NJ; also

representing the New Jersey Agent Orange Commission
Julio Gonzales, Vietnam Veterans of America, Chicago
Thomas Joyce, Vietnam Veterans of America, Friedens, PA
Jenny LeFevre, Shady Side, MD
Betty Mekdeci, Association of Birth Defect Children, Orlando, FL
Charles Outlaw, Bloomfield, CT
Arnold Schecter, State University of New York at Binghamton
Linda Schwartz, Pawcatuck, CT
Garold Schwartzenberger, Silverado, CA
John Patrick Sherlock, Levittown, PA
Michael Sovick, The Oklahoma Agent Orange Foundation, Norman; also

presented on behalf of the Desert Storm Justice Foundation, Oklahoma City
Charles Stone, Stone and Associates, Silver Spring, MD
Kelli Willard West, Vietnam Veterans of America, Washington, DC

Written Testimony Presented to the Committee

Turner Camp, Veterans of Foreign Wars Medical Consultant, Washington, DC
Topic: Strengths and weaknesses of Ranch Hands studies, particularly as

they relate to diabetes and spina bifida.

Richard Clapp, Boston University, Boston, MA
Topic: Provided the committee with a document for its review.

William Dean, Vietnam Veteran, Apple Valley, MN
Topic: Personal account of health problems, including multiple bilateral

fibromatosis tumors (MBF), which he believes to be related to his
exposure to Agent Orange. Mr. Dean also provided the results of his
research on exposures that may be related to MBF and requested
that the Department of Veterans Affairs (DVA) compensate Viet-
nam veterans for benign soft-tissue tumors, including Dupuytrens
contractures.
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Patrick Dockery, Baltimore, MD
Topic: Research regarding the health effects of exposure to trace contami-

nants of the herbicides used in Vietnam and the synergistic impact
of multiple exposures.

Albert Donnay, Baltimore, MD
Topic: Evidence of relationship between Agent Orange or dioxin exposure

and porphyrin disorders, specifically porphyria cutanea tarda (PCT).

Pedro Gamboa, Puerto Real, Puerto Rico
Topic: Provided the committee with a document for its review.

Julio Gonzales, Vietnam Veterans of America, Chicago, IL
Topic: Provided the committee with documents for its review.

Rockne Harmon, Vietnam Veteran, Alameda, CA
Topic: Personal account of the health problems of his child, which he

believes to be related to exposure to Agent Orange. Mr. Harmon is
also requesting that the committee more closely examine the issue
of health effects in the children of Vietnam veterans.

Harold Jackson, Vietnam Veteran, Houston, TX
Topic: Personal account of health problems, including peripheral neuropa-

thy and autoimmune disease, that he believes to be related to Agent
Orange exposure.

Ross Jones, Texas Instruments, Dallas, TX
Topic: Provided the committee with a document for its review.

George Losoncy, Vietnam Veteran, Temple, PA
Topic: Personal account of health problems, including alopecia, which he

feels are related to exposure to Agent Orange. Mr. Losoncy is also
requesting that the committee look closely at the relationship be-
tween exposure to Agent Orange and autoimmune disease and hair
loss.

John Martignetti, Vietnam Veteran, Bethlehem, NH
Topic: Personal account of health problems, including chloracne and mul-

tiple sclerosis, which he believes to be related to Agent Orange
exposure.

Betty Mekdeci, Association of Birth Defect Children, Orlando, FL
Topic: Results of research into incidence rates of conditions in children of

Vietnam veterans compared to children of non-veterans.
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Gerald Pierce, Vietnam Veteran, Sierra Vista, AZ
Topic: Mr. Pierce wrote to express his frustration with the federal govern-

ment’s handling of the Agent Orange issue.

Garold Schwartzenberger, Silverado, CA
Topic: Results of personal research on genetic mutations and Agent

Orange.

Claire Simon, Wife of Vietnam Veteran, Newport News, VA
Topic: Personal account of Vietnam veteran Robert Simon’s health prob-

lems and eventual death from cardiac failure, which she believes
are related to exposure to Agent Orange.

Carol Solberg, Wife of Vietnam Veteran, Grand Forks, MN
Topic: Personal account of her husband’s chondrosarcoma and their son’s

primary immune deficiency, both of which she believes are related
to her husband’s exposure to Agent Orange. She also provided in-
formation on soft-tissue sarcomas.

Hope Tinoco, Wife of Vietnam Veteran, Olathe, KS
Topic: Personal account of Vietnam veteran John Tinoco’s health prob-

lems, including autoimmune disease and peripheral neuropathy, as
well as the health problems of their son, both of which she believes
to be related to exposure to Agent Orange.

Kelli Willard West, Vietnam Veterans of America, Washington, DC
Topic: Provided the committee with documents for its review and praised

the credibility the committee’s work has provided to the DVA’s
benefits programs.

Shelia Winsett, Friend of Vietnam Veteran, Jasper, AL
Topic: Personal account of Vietnam veteran Gary Jacks’ health problems

and eventual death from cardiac failure, which she believes to be
related to exposure to Agent Orange.

E. R. Zumwalt, Admiral, U.S. Navy (Ret.), Arlington, VA
Topic: Provided the committee with several published reports for its re-

view, and called the committee’s attention to the Environmental
Protection Agency’s draft reassessment of dioxin. Admiral Zumwalt
also expressed his belief in the importance of beginning research in
Vietnam on the effects of Agent Orange.
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Appendix B

ICD·9 Codes for Cancer Outcomes

The International Classification of Diseases, Ninth Edition (ICD·9) is a sys-
tem used by physicians and researchers around the world to group related disease
entities and procedures for the reporting of statistical information. It is used for
the purposes of classifying morbidity and mortality information for statistical
purposes, indexing hospital records by disease and operations, reporting diagno-
sis by physicians, data storage and retrieval, reporting national morbidity and
mortality data, and reporting and compiling of health care data. Many of the
studies reviewed by the committee use ICD·9 classifications. The following table
lists the codes for the various forms of cancer.

Surveillance, Epidemiology, and End Results (SEER) Program Site Groupings
for ICD·9 National Center for Health Statistics (NCHS) Data

Site ICD·9 Codes

Buccal cavity and pharynx
Lip 140.0–140.9
Tongue 141.0–141.9
Salivary glands 142.0–142.9
Floor of mouth 144.0–144.9
Gum and other mouth 143.0–143.9, 145.0–145.6, 145.8–145.9
Nasopharynx 147.0–147.9
Tonsil 146.0–146.2
Oropharynx 146.3–146.9
Hypopharynx 148.0–148.9
Other buccal cavity and pharynx 149.0–149.9 continued
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Digestive system
Esophagus 150.0–150.9
Stomach 151.0–151.9
Small intestine 152.0–152.9
Colon excluding rectum 153.0–153.9, 159.0
Rectum and rectosigmoid 154.0–154.1
Anus, anal canal and anorectum 154.2–154.3, 154.8
Liver and intrahepatic bile duct

Liver 155.0, 155.2
Intrahepatic bile duct 155.1

Gallbladder 156.0
Other biliary 156.1–156.9
Pancreas 157.0–157.9
Retroperitoneum 158.0
Peritoneum, omentum and mesentery 158.8–158.9
Other digestive organs 159.8–159.9

Respiratory system
Nasal cavity, middle ear and accessory

sinuses 160.0–160.9
Larynx 161.0–161.9
Lung and bronchus 162.2–162.9
Pleura 163.0–163.9
Trachea, mediastinum and other

respiratory organs 162.0, 164.2–165.9

Bones and joints 170.0–170.9

Soft tissue (including heart) 171.0–171.9, 164.1

Skin
Melanomas—skin 172.0–172.9
Other non-epithelial skin 173.0–173.9

Breast 174.0–174.9, 175._

Female genital system
Cervix 180.0–180.9
Corpus 182.0–182.1, 182.8
Uterus, NOS 179._
Ovary 183.0
Vagina 184.0
Vulva 184.1–184.4
Other female genital organs 181._, 183.2–183.9, 184.8, 184.9

Male genital system
Prostate 185._
Testis 186.0–186.9
Penis 187.1–187.4
Other male genital organs 187.5–187.9

Continued

Site ICD·9 Codes
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Urinary system
Urinary bladder 188.0–188.9
Kidney and renal pelvis 189.0, 189.1
Ureter 189.2
Other urinary organs 189.3–189.4, 189.8–189.9

Eye and orbit 190.0–190.9

Brain and other nervous system
Brain 191.0–191.9
Other nervous system 192.0–192.3, 192.8–192.9

Endocrine system
Thyroid 193._
Other endocrine (including thymus) 164.0, 194.0–194.9

Lymphomas
Hodgkin’s disease 201.0–201.9
Non-Hodgkin’s lymphomas 200.0–200.8, 202.0–202.2, 202.8–202.9

Multiple myeloma 203.0, 203.2–203.8

Leukemias
Lymphocytic

Acute lymphocytic 204.0
Chronic lymphocytic 204.1
Other lymphocytic 204.2–204.9

Granulocytic (myeloid)
Acute myeloid 205.0
Chronic myeloid 205.1
Other myeloid 205.2–205.9

Monocytic
Acute monocytic 206.0
Chronic monocytic 206.1
Other monocytic 206.2–206.9

Other
Other acute 207.0, 208.0
Other chronic 207.1, 208.1

Aleukemic, subleukemic and NOS 202.4, 203.1, 207.2, 207.8, 208.2–208.9

Ill-defined and unspecified sites 159.1, 195.0–195.8, 196.0–196.9, 199.0–199.1,
202.3, 202.5–202.6

NOTE: NOS = not otherwise specified.
SOURCE: Table A-4 in Ries LAG, Kosary CL, Hankey BF, Miller BA, Harras A, Edwards BK
(eds). SEER Cancer Statistics Review, 1973–1994, National Cancer Institute. NIH Pub. No. 97-
2789. Bethesda, MD, 1997.

Continued

Site ICD·9 Codes
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David Tollerud, M.D., M.P.H. (Chairman), is Professor of Public Health, Medi-
cine, and Community and Preventative Medicine, and Director of the Center for
Environmental and Occupational Health at MCP Hahnemann University. He
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Neurophysiology Laboratories, and Director of the Movement Disorders Clinic
and the Epilepsy Program at the University of California Medical Center, San
Francisco. He has published extensively on topics related to clinical neurology
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and neurophysiology, has authored or edited 15 textbooks, is on the editorial
board of several medical and scientific journals, and is Editor of the journal
Muscle & Nerve.

Steven Goodman, M.D., M.H.S., Ph.D., is an Associate Professor of Oncology,
Pediatrics, Epidemiology and Biostatistics at the Johns Hopkins School of Medi-
cine. He trained in Pediatrics at Washington University, and received degrees in
Biostatistics and Epidemiology in 1989 from Johns Hopkins University, where
he is currently in the Oncology Center’s Division of Biostatistics. As statistician
for the Hopkins Oncology Center, General Clinical Research Center and Pediat-
ric Clinical Research Unit, he has participated in the design and analysis of a
wide range of clinical and epidemiologic studies. He has served as Statistical
Editor at the Annals of Internal Medicine since 1987, and been on a variety of
NIH committees. His research interests include meta-analysis, statistical infer-
ence, the ethics of clinical trials, and the use of likelihood and Bayesian method-
ology in clinical research.

Robert F. Herrick, Sc.D., is a Lecturer on Industrial Hygiene at the Harvard
School of Public Health. His educational background includes a BA degree in
Chemistry from the College of Wooster, a MS in Environmental Health Science
from the University of Michigan, and a Doctor of Science in Industrial Hygiene
from the Harvard School of Public Health. He is certified in the comprehensive
practice of industrial hygiene. His research interests are centered on the assess-
ment of exposure as a cause of occupational and environmental disease. He has
conducted research on the development of methods to measure the biologically
active characteristics of reactive aerosols, and on studies of work processes in the
construction and foundry industries to develop task-based models to identify and
control the primary sources of worker exposures. Dr. Herrick is Past Chair of the
American Conference of Governmental Hygienists (ACGIH), and Past President
of the International Occupational Hygiene Association. He is active in the
Association’s mentor program which facilitates training for occupational hygien-
ists in industrializing countries. Prior to joining the faculty at the Harvard School
of Public Health, Dr. Herrick spent 17 years at the National Institute for Occupa-
tional Safety and Health (NIOSH) where he conducted occupational health
research.

Irva Hertz-Picciotto, Ph.D., is Associate Professor in the Department of Epide-
miology, School of Public Health, at the University of North Carolina, Chapel
Hill. She received her Ph.D. in epidemiology from the University of California at
Berkeley. She is a member of several professional societies, including the Inter-
national Society for Environmental Epidemiology (ISEE), for which she hosted
the 1994 Annual Meeting, and currently serves as Councillor. She also serves on
the editorial boards of the American Journal of Epidemiology, Epidemiology, and
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Human and Ecological Risk Assessment. She has published extensively on sev-
eral topic areas, including risk assessment, occupationally related cancer, envi-
ronmental exposures, reproductive outcomes, and methods for epidemiologic
data analysis. Her primary research interests are in the area of environmental
chemical exposures and their effects on pregnancy, young children, and other
susceptible populations. She has also been involved in development of risk as-
sessments using epidemiologic data, comparisons of reproductive toxicity and
carcinogenic potency between animals and humans, and methodologic issues
such as dose–response analysis and techniques for standardization.

David G. Hoel, Ph.D., received his Ph.D. from the University of North Caro-
lina at Chapel Hill and has more than 25 years of experience as a biostatistician,
toxicologist and environmental health researcher. Dr. Hoel currently holds the
position of Distinguished University Professor and Associate Director of the
Hollings Oncology Center at the Medical University of South Carolina. Before
joining the Medical University of South Carolina, he held administrative posi-
tions at the National Institute of Environmental Health Sciences where he was
most recently the Director of the Division of Biometry and Risk Assessment.
Internationally, Dr. Hoel has been a member of the United States/Japan Coop-
erative Medical Science Program and also a member of numerous working
groups of the International Agency for Cancer Research of the World Health
Organization.

Andrew Olshan, Ph.D., is Associate Professor in the Department of Epidemiol-
ogy, School of Public Health, at the University of North Carolina, Chapel Hill.
He received his Ph.D. in epidemiology from the University of Washington. He
was a postdoctoral fellow in medical genetics at the University of British Colum-
bia from 1987 to 1989 and Assistant Professor in the Department of Clinical
Epidemiology and Family Medicine, University of Pittsburgh, from 1989 to 1991.
He is a member of several professional societies, including the Society for Epide-
miologic Research, the American Society of Human Genetics, and the Teratology
Society. His major areas of interest include cancer and perinatal health in relation
to environmental, occupational and genetic factors. He has a particular interest in
male-mediated effects on abnormal reproduction and development.

Trevor J. Orchard, MBBCh., MMSc., graduated from the Welsh National
School of Medicine in 1974 and underwent further medical and epidemiological
training at the university of Nottingham, gaining a Master of Medical Sciences
(community health) degree in 1978. After a British Heart Foundation fellowship,
he moved to the United States to work in the epidemiology department at the
University of Pittsburgh, in 1979 where he is currently a professor of epidemiol-
ogy, pediatrics, and medicine. His main interests have been in cardiovascular and
diabetes epidemiology and the clinical management of lipid disorders.
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Howard Ozer, M.D., Ph.D., is an Associate Professor of Medicine at MCP
Hahnemann University and Director of the Allegheny Cancer Center, Philadel-
phia. Prior to accepting this appointment, he served as Chair and Director of the
Winship Cancer Center at Emory University and as a member of the faculty at the
University of North Carolina.

Kenneth S. Ramos, Ph.D., is Professor in the Department of Physiology and
Pharmacology, College of Veterinary Medicine and Vice- Chairman of the Fac-
ulty of Toxicology at Texas A&M University. He also holds joint appointments
in the Departments of Medical Physiology and Environmental and Occupational
Health at the Texas A&M University Health Sciences Center. Dr. Ramos is a
member of several professional societies, including the Society of Toxicology,
Society for In Vitro Biology, American Society for Cell Biology, and American
Society for Pharmacology and Experimental Therapeutics. He serves in the edito-
rial boards of the Journal of Biochemical Toxicology, Journal of Toxicology and
Environmental Health, Annual Review of Pharmacology and Toxicology, Toxi-
cology In Vitro, American Journal of Physiology, Toxicology and Applied Phar-
macology, Chemico-Biological Interactions, and Cell Biology and Toxicology.
His primary research interests are in the area of cellular and molecular toxicology
with emphasis on the study of chemically induced deregulation of gene expres-
sion, cell differentiation, and somatic growth control.

Noel R. Rose, M.D., Ph.D., is Professor of Pathology and of Molecular Microbi-
ology and Immunology at the Johns Hopkins University and holds joint appoint-
ments in the Departments of Medicine and of Environmental Health Sciences. He
is also Director of the World Health Organization Collaborating Center for Au-
toimmune Diseases and of the Johns Hopkins Reference Laboratory. Dr. Rose
directs the University’s training program in immunotoxicology and is active as a
consultant in immunotoxicology. He has also served on panels of the National
Institutes of Health, the Food and Drug Administration, the National Center for
Toxicological Research, the National Research Council, and other governmental
agencies. He is past-president of the Clinical Immunology Society and Editor-in-
Chief of the journal Clinical Immunology and Immunopathology. Dr. Rose’s
main area of research is autoimmune disease.

Susan Woskie, Ph.D., C.I.H., is Associate Professor in the Department of Work
Environment at the University of Massachusetts, Lowell. She holds a doctoral
degree in biomedical science (industrial hygiene) from Clark University and a
master’s in environmental health from the Harvard School of Public Health. Her
research has focused on assessing exposures for epidemiological studies, includ-
ing exposure assessments in the metalworking and semiconductor industries. She
has also studied diesel exhaust exposures among railroad and construction work-
ers, lead exposures in bridge painting, and silica exposures in construction. Dr.
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Woskie currently serves on the editorial review board of the American Industrial
Hygiene Association Journal and is a scientific advisor on the NIOSH/NCI Lung
Cancer Mortality Study of Diesel Exposure in Non-Metal Mines.
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the Institute of Medicine in 1990. Dr. Stratton has worked on projects in environ-
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interests include exposure assessment and risk analysis.
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Health Promotion and Disease Prevention. He received undergraduate degrees
in Biology and Economic Development from Stanford University and an M.P.H.
from the University of Michigan. Before joining IOM, Mr. Baliga worked with
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ceived his undergraduate degree in environmental studies from Binghamton Uni-
versity. He has also been involved with the IOM committees that produced Char-
acterizing Exposure of Veterans to Agent Orange and Other Herbicides Used in
Vietnam, and Adequacy of the Comprehensive Clinical Evaluation Program:
Nerve Agents.
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Index

Note to the reader: This index contains entries for each of the three volumes of
the Veterans and Agent Orange series released to date: Veterans and Agent
Orange: Health Effects of Herbicides Used in Vietnam (I), Veterans and Agent
Orange: Update 1996 (II), and Veterans and Agent Orange: Update 1998 (III).
Page numbers for the discussions of topics in specific volumes follow the roman
numerals denoted above. Thus, for example, the entry “Agent Blue, I: 27, 89-90,
93, 97, 100; III: 136, 137” first refers to material found on pages 27, 89-90, 93,
97, and 100 in Veterans and Agent Orange: Health Effects of Herbicides Used in
Vietnam, then to material found on pages 136 and 137 of Veterans and Agent
Orange: Update 1998.

A

Acquired immune deficiency syndrome. See
AIDS/HIV

Acute lymphocytic leukemia (ALL). See
Leukemia

Acute myeloid leukemia (AML). See Leukemia
ADA. See American Diabetes Association

(ADA)
Adipose tissue

TCDD distribution, I: 130, 131, 168-169,
259, 269, 280

Aerial spraying, I: 3, 24; III: 135, 137, 139
military early research, I: 25-26; III: 28
records of, I: 84-85, 287

See also Herbicide application methods;
Herbicides

AFHS. See Air Force Health Study (AFHS)
Aflatoxin, I: 453
Africa

sub-Saharan, II: 181; III: 282
Age and aging

acute lymphocytic leukemia incidence,
data for selected age groups, III: 384

acute myeloid leukemia incidence, data
for selected age groups, III: 384

bone cancer incidence, data for selected
age groups, III: 302

brain cancer incidence, data for selected
age groups, III: 356
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breast cancer incidence in US women,
data for selected age groups, III: 324

cancer age-specific incidence, I: 436-438
chronic lymphocytic leukemia incidence,

data for selected age groups, III: 384
chronic myeloid leukemia incidence, data

for selected age groups, III: 384
diabetes prevalence, data by age, III: 492
epidemiologic studies, control of aging

effects, II: 261-262; III: 409
female reproductive system cancer

incidence, data by type, for selected
age groups, III: 329, 330

gastrointestinal tract cancer incidence,
data by type for selected age groups,
III: 267

Hodgkin’s disease incidence, data for
selected age groups, III: 372

laryngeal cancer incidence, data for
selected age groups, III: 292

latency and, II: 261-262, 273, 275; III:
409, 414-415, 425, 428, 430

leukemia incidence, data by type, for
selected age groups, III: 384

liver/intrahepatic bile duct cancers
incidence, data for selected age
groups, III: 282

lung cancer incidence, data for selected
age groups, III: 296

melanoma incidence, data for selected age
groups, III: 313

multiple myeloma incidence, data for
selected age groups, III: 377

nasal/nasopharyngeal cancer incidence,
data for selected age groups, III: 289

non-Hodgkin’s lymphoma age of onset, I:
436

non-Hodgkin’s lymphoma incidence, data
for selected age groups, III: 362

prostate cancer incidence, data for
selected age groups, III: 334

renal cancers incidence, data for selected
age groups, III: 352

soft-tissue sarcoma age of onset, I: 436
soft-tissue sarcoma incidence, data for

selected age groups, III: 306
testicular cancer incidence, data for

selected age groups, III: 343
urinary bladder cancer incidence, data for

selected age groups, III: 347
See also Demographic data, Vietnam

veterans

Agent Blue, I: 27, 89-90, 93, 97, 100; III: 136,
137

volume used in Operation Ranch Hand,
data, III: 136

Agent Green, I: 27, 90, 92, 114; III: 136, 137,
140, 146

volume used in Operation Ranch Hand,
data, III: 136

Agent Orange, II: 308; III: 130, 159, 315, 344,
359, 389, 407, 444, 460, 462, 489,
491

Air Force research activities, II: 31-32;
III: 28-29

birth defects association, II: 298, 300; III:
435

cancer latency issues, II: 260-276; III:
407-431

chemical composition, I: 27; II: 102
chloracne association, II: 317, 318; III:

479
congressional hearings, II: 27-28; III: 25
defoliant effectiveness, I: 90
Department of Veterans Affairs activities,

II: 29-31, 153, 156-157; III: 27-28
Environmental Protection Agency

research activities, II: 32; III: 29-30
exposure opportunity index (EOI), II:

290-291; III: 146-148
federal government action/research, I: 45-

60; II: 27-32; III: 27-32
health effects of, concerns, I: 2; II: 19-23,

26-27; III: 19-20, 236, 237, 240, 242,
243

International Agency for Research on
Cancer research activities, III: 30

legislation, I: 47-52; II: 28-29; III: 26-27
Orange II formulation, I: 90; III: 137
product liability litigation, I: 34-35
spontaneous abortion increased risk, II:

283
suspension of use, I: 92-93; II: 26
TCDD as contaminant of, I: 91, 114, 126-

127; II: 102; III: 140
Vietnam amount used, I: 1, 27, 74, 90,

97-98, 106; II: 1, 26; III: 136
Vietnam military application, I: 1, 3, 27,

74, 84-85, 90, 92-93, 97-107, 543-
545; II: 1, 26-27; III: 1, 25, 136-138,
140

Vietnam surplus disposal, I: 93-94
Vietnam veterans’ concerns, I: 32-34; II:

26-27
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Vietnam veterans’ increased disease risk,
II: 22-23; III: 22-23, 272

volume used in Operation Ranch Hand,
data, II: 136

See also Herbicides; Incineration, of
Agent Orange

Agent Orange, the Deadly Fog, I: 33
Agent Orange Act of 1991. See Public Law

102-4
Agent Orange Briefs, I: 56; II: 31; III: 28
Agent Orange Registry (AOR), I: 20, 53, 56,

729; II: 29, 31, 153, 228; III: 28, 344
See also Department of Veterans Affairs,

U.S.  (DVA)
Agent Orange Review, I: 56; II: 31; III: 28
Agent Orange Scientific Task Force, I: 60-61
Agent Orange Study, I: 19, 57, 58-59, 63-64,

276-278; II: 102; III: 147, 148
Agent Orange Task Force, II: 24-26; III: 24-25,

148
See also Department of Veterans Affairs,

U.S. (DVA)
Agent Orange Validation Study, III: 240
Agent Orange Victims International, I: 34
Agent Orange Working Group, I: 19, 46, 58,

277, 743
research methodology, I: 728

Agent Pink, I: 27, 90, 92, 114; III: 136, 137,
140, 146

volume used in Operation Ranch Hand,
data, III: 136

Agent Purple, I: 27, 89, 92, 114; III: 136, 140,
146

TCDD in, I: 126
volume used in Operation Ranch Hand,

data, III: 136
Agent White, I: 27, 90, 92-93, 97, 115, 189; III:

136, 137
volume used in Operation Ranch Hand,

data, III: 136
Agricultural/forestry workers

brain tumors, I: 320, 523; II: 136
Canadian Farmer Cohort, II: 135-136
cancers, I: 13, 37, 320-323, 443, 447, 454;

II: 133-137, 179
case-control studies, I: 326-341, 486-488;

II: 118-122, 138-140; III: 185-195,
228-232

cohort studies, I: 318-323; II: 118-120,
135-137, 197-198; III: 178-185, 224-
228

epidemiologic studies, I: 37, 318-323; II:
118-120, 135-137, 232-234, 238-239,
241-243; III: 178-195, 224-232, 284-
285, 335, 364-365, 379-380, 387-388

female reproductive and breast cancers, I:
510-511

hepatobiliary cancer, I: 454; II: 183-184;
III: 284-285

herbicide exposure assessment, I: 265-
266; III: 154-157

Hodgkin’s disease, I: 550-553; II: 135
Irish agricultural workers study, II: 136-

137
kidney cancer, I: 515
leukemia, I: 332-335, 566-568; II: 136;

III: 387-388
multiple myelomas, I: 11-12, 558-561; II:

138-139, 238-239, 241-243; III: 379-
380

non-Hodgkin’s lymphoma, I: 9, 256-257,
530-540; II: 138, 139, 232-234; III:
364-365

prostate cancer, I: 11, 518, 519, 575; II: 8-
9; III: 335

reproductive outcomes, I: 510-511, 598
respiratory cancer, I: 11, 466; II: 197-198
soft-tissue sarcomas, I: 37, 326-328, 479-

481, 486-488
sperm dysfunction, I: 632
suicide, I: 650
See also Forests; Professional herbicide/

pesticide applicators
Agricultural herbicides, I: 24, 35, 39, 174-175,

181; II: 137-139
See also Herbicides

Agriculture. See Agricultural/forestry workers;
Food crops; Forests

Ah receptor (AhR), I: 3, 123, 134; II: 3-4, 51-
53, 54-56, 57-62; III: 54-58, 129

animal studies and, I: 114, 123; II: 3-4,
51-53, 54-56, 57-62, 92-93; III: 33,
34, 35, 54-58, 62-63, 67-69, 129

anti-estrogenicity and, II: 62; III: 67-69
biological consequences of activation, II:

57; III: 62
blood abnormalities, I: 125
cacodylic acid acute toxicity, I: 188
cacodylic acid carcinogenicity, I: 118,

119, 187
cacodylic acid chronic exposure, I: 188-

189
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cacodylic acid developmental toxicity, I:
189

cacodylic acid genotoxicity, I: 187-188
cacodylic acid mechanism of action, II:

50; III: 49-50
cacodylic acid mechanism of toxicity, II:

50-51
cacodylic acid pharmacokinetics, I: 186-

187
cacodylic acid renal toxicity, II: 50-51
cacodylic acid reproductive toxicity, I:

189
cacodylic acid toxicity summary, II: 50
cacodylic acid toxicokinetics, II: 50; III:

48
characteristics of, I: 111-114
combinatorial interactions, II: 57-58
DNA binding capability and transcription

activation of, II: 56-57; III: 58-61
evidentiary role, I: 228
free radicals and, II: 60; III: 64-65
generalizability, I: 112, 113, 114, 118,

122-123, 160
growth/differentiation signaling, III: 62-

63
growth factor and, II: 59
hepatic abnormalities, I: 124-125, 688
human health relevance of toxicology, III:

35-36
inconsistencies in, II: 57-62
ligand-independent activation, II: 58
male-mediated disorders, I: 593-594
multiple forms of, II: 57
nervous system and, I: 161
nonhuman primates, I: 151
picloram in, I: 118, 119, 125, 190-192;

III: 51
protein kinases and, II: 60-62; III: 65-67
redox signaling, III: 64-65
signaling interactions, II: 59-62; III: 62-69
structural and functional aspects of, II:

54-56; III: 54-58
TCDD acute toxicity, II: 75-76
TCDD biologic plausibility and, I: 3, 133-

138, 452-453
TCDD carcinogenicity and, I: 3, 116, 118,

138-142, 439; II: 3, 65-68
TCDD cardiovascular toxicity, I: 171; II:

76; III: 74-75
TCDD dermal toxicity, I: 173-174; II: 76

TCDD developmental toxicity, I: 123-
124, 156-157, 159-160: II: 3, 71, 72-
73; III: 92-105

TCDD disease outcomes, II: 3; III: 39-43,
71-105

TCDD endocrine effects, III: 83-84
TCDD gastrointestinal toxicity, I: 169-

170
TCDD hepatotoxicity and, I: 124-125,

151-156, 457: II: 3-4, 73-75; III: 76-
79

TCDD immunotoxicity, I: 119-122, 146-
151; II: 3, 68-71; III: 85-92

TCDD-induced wasting syndrome, I: 162-
166; II: 76-77; III: 80-83

TCDD lethality, III: 71-73
TCDD mechanism of action, II: 3, 54-65;

III: 51-53, 54-58, 62-63, 67-69
TCDD mechanism of toxicity, II: 65-77
TCDD metabolic toxicity, I: 166-169
TCDD neurotoxicity, I: 160-166; II: 3, 75;

III: 84-85
TCDD pharmacokinetics, I: 127-133
TCDD renal toxicity, II: 77; III: 75-76
TCDD reproductive toxicity, I: 123-124,

156-159; II: 3, 71-72; III: 92-105
TCDD respiratory tract toxicity, I: 170
TCDD teratogenicity and, I: 159-160
TCDD toxicity update summary, II: 51-53
TCDD toxicokinetics, II: 3, 53-54; III: 4-

5, 33
toxicity, potential health risks and

contributing factors, III: 106, 107, 108
transcriptional-independent responses, II:

58-59
AIDS/HIV, I: 338, 527, 541, 695; II: 326
Air Force. See U.S. Air Force
Air Force Health Study (AFHS), I: 62-63, 260,

272, 622; II: 284, 293-295, 336; III:
23, 25, 29, 239, 438-439, 495, 505,
514

appropriation for, I: 51
autoimmune disease in, I: 698
basal/squamous cell skin cancer in, III:

318, 321, 322
baseline mortality studies, II: 151
birth defects in offspring, II: 286, 293-

295; III: 436, 438, 439
bone cancer in, III: 303
cancer and latency in, III: 423, 424, 425,

427
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circulatory disease in, I: 703-705, 706; II:
336; III: 514, 517

data sources, I: 385-386; II: 150-151
diabetes mellitus in, I: 684; II: 330; III:

495, 498-500, 502
epidemiologic studies, II: 31, 32, 149,

150-152, 154-156, 293-295; III: 28-
29, 206-207, 218, 237-240, 303, 309-
310, 313-314, 318, 321, 322, 339,
340, 385, 436, 438, 439, 446-447,
449, 452-453, 457-458, 481, 486, 495,
498-500, 502, 505, 506, 507, 510,
513, 514, 517

exposure assessment in, I: 279-280, 281,
386; II: 4-5, 101, 103, 109; III: 6, 146-
147, 157-158, 162

gastrointestinal ulcers in, I: 691; III: 510,
513

immune system disorders in, I: 696
infertility in, II: 280; III: 446-447, 449
lipid abnormalities in, I: 689; II: 333; III:

505, 506, 507
liver toxicity in, II: 332; III: 510, 513
low birthweight in, I: 626, 627; III: 457-

458
melanoma in, III: 313-314
methodology, I: 230-231, 385-386, 445,

757-762
multiple myelomas in, I: 562; II: 244, 245
neurological disorders in, I: 659
non-Hodgkin’s lymphoma in, I: 541
participants, I: 722-723; II: 150-152
perinatal death in offspring, III: 452-453
peripheral nervous system disorders in, I:

665
porphyria cutanea tarda in, I: 681-682; II:

321-322; III: 481
recommendations for, I: 16-17, 722-724;

II: 23, 24
reproductive outcomes in, I: 601, 612-

613, 632, 633, 727; II: 293-295; III:
436, 438, 439, 446-447, 449, 452-453,
457-458

respiratory cancers in, I: 469; II: 201
respiratory disorders in, I: 711-712; III:

486
role of, I: 53
skin cancers in, II: 209
skin disorders in, I: 678
soft-tissue sarcoma in, I: 492-493; III:

309-310

spina bifida in offspring, II: 9, 295-296;
III: 7, 8, 9-10, 438

spontaneous abortions in, II: 283-284
status of, I: 53; II: 31-32
TCDD half-life estimates, I: 260-261; II:

104-105; III: 37, 50, 157-158
TCDD serum levels, I: 273, 281, 285,

656; II: 101, 103, 105, 109, 351, 356,
357; III: 146, 147

See also Operation Ranch Hand; U.S. Air
Force; Vietnam veterans

Alanine aminotransferase (ALT), II: 331, 332;
III: 45, 509, 510

Alaskan natives
Inuit, III: 50-51
See also Race/ethnicity

Alberta, Canada, II: 135-136, 232, 242, 246;
III: 234-235, 319-320

Alberta Cancer Registry, III: 235
Alberta Health Care Insurance Plan, III:

235
Alcohol consumption, I: 507
ALL. See Leukemia
Allergies, II: 327, 329; III: 487-488

See also Immune system disorders
Alsea, Oregon, I: 42-43, 372-373, 598
ALT. See Alanine aminotransferase (ALT)
American Association for the Advancement of

Science, I: 29, 92
Herbicide Assessment Commission, I: 30-

31
American Cancer Society, I: 334; II: 177, 181,

189, 191, 204, 205, 209, 211, 217,
223, 228, 231, 239, 245; III: 267, 282,
289, 292, 295, 296, 302, 304, 312,
322, 324, 329, 334, 343, 347, 351,
356, 362, 371, 377, 383

Cancer Prevention Study, II: 239; III: 229
American College of Epidemiology, II: 25
American Diabetes Association (ADA), III:

492, 493, 502
American Industrial Hygiene Association, II:

25
American Journal of Epidemiology, II: 281
American Legion, I: 60, 278-279, 399, 601-

602, 626, 633; II: 113, 157
Vietnam veterans’ epidemiologic studies,

III: 212-213, 243
American Public Health Association, II: 25
American Thoracic Society Epidemiology

Standardization Questionnaire, II: 136
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d-Aminolevulinic acid synthetase, I: 153-154
Amitrole, I: 323
AML. See Leukemia
Angina, I: 708

See also Circulatory disorders
Animal studies; III: 394-396, 524

2,4-D carcinogenicity, I: 118-119, 176-
178; II: 48; III: 47, 396

2,4-D chronic exposure, I: 179-180
2,4-D developmental toxicity, I: 124, 180-

181; III: 46
2,4-D disease outcomes and mechanisms

of toxicity, II: 48-49; III: 38-39, 44-47
2,4-D genotoxicity, I: 178-179
2,4-D immunotoxicity, I: 122-123, 181;

III: 46, 423
2,4-D lethality, III: 44-45
2,4-D mechanism of action, II: 47-48; III:

44
2,4-D mechanism of toxicity, II: 48-49
2,4-D neurotoxicity, II: 48; III: 45-46, 473
2,4-D pharmacokinetics, I: 175
2,4-D reproductive toxicity, I: 124, 180,

181; III: 46
2,4-D toxicity profile update summary, II:

46
2,4-D toxicokinetics, II: 46-47; III: 43-44
2,4,5-T acute toxicity, I: 184
2,4,5-T carcinogenicity, I: 118, 119, 182-

184; III: 396
2,4,5-T chronic exposure, I: 184
2,4,5-T developmental/reproductive

toxicity, I: 124, 185; II: 49-50
2,4,5-T genotoxicity, I: 184
2,4,5-T immunotoxicity, I: 123
2,4,5-T mechanism of action, III: 47-48
2,4,5-T mechanism of toxicity, II: 49-50
2,4,5-T pharmacokinetics, I: 182
2,4,5-T toxicity profile update summary,

II: 49
2,4,5-T toxicokinetics, II: 49; III: 47

Anthropometry. See Body weight
AOR. See Agent Orange Registry (AOR)
Apoptosis

TCDD and, II: 3, 67
Arctic

Inuit natives, III: 50-51
Argentina, III: 224
Arkansas, I: 373-374, 663; III: 234
Armed Forces Institute of Pathology, I: 494

Army Chemical Corps. See U.S. Army
Chemical Corps

Army Reserve Personnel Center, II: 152
Army. See U.S. Army
ARNT, II: 4, 45, 55, 56, 57, 58, 66; III: 38, 54-

58, 63
Arsenic

respiratory cancer and latency, II: 268;
III: 420

Aryl hydrocarbon hydroxylase, I: 135, 153,
155-156, 170

Aryl hydrocarbon receptor (AhR). See Ah
receptor (AhR)

Asbestos
respiratory cancer and latency, II: 268;

III: 420
Asia, III: 471
Asian Americans, II: 188

See also Race/ethnicity
Aspartate aminotransferase (AST), II: 331, 333;

III: 45, 509
Assembly of Life Sciences (ALS), I: 62, 63
Association of Birth Defect Children, II: 292
AST. See Aspartate aminotransferase (AST)
Asthma, I: 708, 711, 713

See also Respiratory disorders
Ataxia, I: 658

See also Motor/coordination dysfunction;
Neurobehavioral toxicity

Atlanta Congenital Defects Program, I: 387
Atlanta, Georgia, II: 241, 296; III: 229

CDC Birth Defects Study, II: 9; III: 438
Atlantic Ocean, III: 108
Australia, I: 61, 91, 340, 406, 418, 444, 470,

488-489, 537, 546, 614-615, 633, 702,
710; II: 113, 132, 149, 160, 202, 293;
III: 216-217, 218, 237, 244-245

Air Force veterans, III: 244
Army veterans, III: 244, 245
Australian National Service Vietnam

veterans, III: 273, 286
Bureau of Statistics Health Interview

Survey, 1989-1990, III: 245, 485, 511,
517

Department of Defense, III: 244, 245
Department of Veterans Affairs, III: 244,

245
Electoral Commission rolls, III: 245
Health Insurance Medicare, III: 245
herbicide use by forces, III: 137-138
lung cancer mortality in Vietnam

veterans, III: 424
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National Death Index, III: 245
Navy veterans, III: 244
Victorian Cancer Registry, III: 232
Vietnam veterans epidemiologic studies,

III: 9, 273, 285-286, 290, 294, 295,
298, 299, 303, 310, 311, 314, 315,
327, 329, 339, 340, 343, 346, 349,
353, 355, 359, 365, 380, 389, 469,
486, 489, 500, 506, 512-513, 517

See also Tasmania
Autoimmune disease, I: 697-699

See also Immune system disorders;
Systemic autoimmune disease;
Systemic lupus erythematosus

Autoimmunity, I: 693, 697-699; II: 7, 21, 327,
329; III: 487-488

See also Immune system disorders

B

Baltic Sea, II: 329; III: 108, 236, 272, 285, 358,
484, 515

Basal/squamous cell skin cancer
biologic plausibility, III: 322
epidemiologic studies, III: 317-322, 323
herbicide environmental exposure and,

III: 323
herbicide occupational exposure and, III:

321, 323
herbicides association with, III: 317-322,

323
incidence, III: 319-320
mortality studies, III: 319, 321
scientific literature update, III: 319-320
Vietnam veterans and, III: 323
See also Melanoma; Skin cancer

BASF, I: 312-313, 444, 530, 550, 558; II: 130-
131, 238, 318-319, 325, 330-331, 332-
333, 334, 336; III: 153, 154, 174, 221-
222, 269-270, 273, 297, 349, 484,
495, 506, 511

Aktiengesellschaft, III: 221
Dioxin Investigation Programme, II: 131
Occupational Safety and Employee

Protection Department, II: 131
Basic helix-loop-helix (BHLH), II: 54, 55, 56
Bayer, III: 154
B cell function, I: 147, 148
Beck’s Depression Inventory, I: 650, 651
Benefits. See Compensation, veterans
BHLH. See Basic helix-loop-helix (BHLH)

Bias, methodological. See Methodological bias
Binghamton, New York, III: 234
Biochemical warfare, I: 29, 45
Biologic plausibility, II: 88, 92; III: 2, 124, 128

Ah receptor-TCDD interaction, I: 3, 133-
137, 439, 452-453; III: 129

altered sperm parameters, I: 634; III: 451
animal studies, I: 228; II: 176; III: 460-

462, 474-475
basal/squamous cell skin cancer, III: 322
birth defects, II: 298; III: 444
bladder cancer, III: 351
bone cancer, I: 474; III: 304
brain tumors, I: 525; III: 362
breast cancer, II: 217; III: 327, 329
carcinogenicity, I: 116-118, 119, 146,

176-178, 182-184, 187, 190-191, 439,
451; II: 176; III: 394-397

childhood cancer, I: 630; II: 300
chloracne, I: 678; II: 320-321; III: 480
circulatory disorders, I: 708; III: 518
diabetes mellitus, I: 692; II: 335; III: 502-

503
evidentiary role of, I: 111, 114, 223-224,

240-241, 434; II: 88, 92, 176; III: 23
female reproductive system cancers, I:

512; III: 334
fetal/neonatal/infant death, I: 624; III: 453
gastrointestinal tract cancers, III: 281-282
gastrointestinal ulcers, III: 513-514
genitourinary tract cancers, I: 521-522
genotoxicity, I: 178-179, 184, 187-188,

191
hepatobiliary cancer, I: 452-457; III: 286,

288
Hodgkin’s disease, I: 557; III: 377
hyperlipidemia, I: 692
immunotoxicity, I: 122, 146-151, 181,

192, 699; III: 491
infertility, I: 634; II: 282; III: 451
laryngeal cancer, III: 295
leukemia, I: 571; III: 390
liver disorders, I: 691-692; II: 335; III:

513-514
low-birthweight outcomes, I: 628; III: 458
lung cancer, III: 302
male-mediated reproductive outcomes, I:

593-595; III: 451
melanoma, III: 317
motor/coordination dysfunction, I: 661;

III: 475
multiple myeloma, I: 12, 563; III: 383
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nasal/nasopharyngeal cancer, I: 460; III:
292

neurobehavioral disorders, II: 314; III:
474-475

neuropsychological disorders, I: 658
non-Hodgkin’s lymphoma, I: 549; III: 366
peripheral nervous system disorders, I:

666
porphyria cutanea tarda, I: 679, 682; II:

323; III: 482
prostate cancer, III: 343
renal cancers, III: 356
renal toxicity, I: 179-180
reproductive outcomes, I: 123-124, 180-

181, 185, 189, 192, 605, 618, 628; II:
300-301; III: 458, 460-462

respiratory cancers, I: 472
respiratory disorders, I: 713; III: 486
skin cancer, I: 503
soft-tissue sarcoma, I: 500; III: 311
testicular cancer, III: 347
See also TCDD biologic plausibility

Biological samples, I: 20-21, 729-730
Biomarkers

chloracne as, I: 4, 10, 172-173, 262, 401,
672-674; II: 318

exposure assessment and, I: 259-262, 280-
284; II: 101-104; III: 146-147

research recommendations, I: 17, 725; II:
25

sperm parameters as, I: 631
Bionetics Research Laboratory, I: 30
Birth defects

biologic plausibility, III: 444
definition of, I: 605-606; II: 286; III: 435
epidemiologic studies, II: 140, 286-296;

III: 436, 437-438, 443
epidemiology, I: 606; II: 286; III: 435-436
evaluation of epidemiologic data, I: 615-

618
herbicide association first reports, I: 1
herbicide association in, I: 13-14, 618; II:

7, 11, 20, 286-296; III: 436-444
herbicide environmental exposure studies,

I: 608-609; II: 140, 287-288, 297; III:
437

herbicide occupational exposure studies,
I: 607-608; II: 286-287, 297; III: 437

Ranch Hand participants’ children and, II:
293-296; III: 436, 438, 439

risk factors of, I: 606-607; II: 298; III:
444

scientific literature update, III: 437, 439-
443

Seveso, Italy, study, II: 287; III: 436
summary, II: 295-296
TCDD biologic plausibility in, I: 618; II:

298; III: 460-461
Vietnam veterans’ children and, I: 609-

615, 618; II: 288-296, 297, 298; III:
435, 436, 437-438

See also Cleft lip/palate; Neural tube
disorders; Reproductive disorders;
Spina bifida; Teratogenicity

Birth Defects Study, II: 9, 290-291, 296; III:
147, 436, 438, 439

See also Centers for Disease Control and
Prevention (CDC)

Births. See Birth defects; Low birthweight;
Perinatal death; Preterm delivery
(PTD)

Bladder cancer
biologic plausibility, III: 351
epidemiologic studies, I: 515-517; II: 225-

227; III: 347-351
epidemiology; II: 223; III: 347
herbicide association in, I: 12, 521, 576;

II: 7, 12, 21, 225-227, 250; III: 3, 10,
21, 132, 347-351

herbicide environmental exposure and,
III: 349, 350-351

herbicide occupational exposure and, III:
348, 350

histopathology, I: 513
incidence, I: 513
incidence, data by age/gender/race, for

selected age groups, III: 347
risk factors, I: 513-514
scientific literature update, II: 226-227;

III: 348-349
Vietnam veterans’ risk, I: 513, 517, 522;

II: 223, 226; III: 349, 351
See also Genitourinary cancers

Body mass index (BMI), II: 281; III: 499, 502
Body weight

loss of and TCDD, II: 3
Boehringer-Ingelheim, I: 313; III: 153-154
Bone cancer

biologic plausibility, III: 304
children and, I: 628
chondrosarcomas of the skull, III: 2, 10,

266, 304
epidemiologic studies, III: 303-305
epidemiology, I: 472-473; II: 204; III: 302
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herbicide association in, I: 13, 473-474,
577; II: 6, 11, 20, 204-205, 249-250;
III: 7, 10, 303-305

herbicide environmental exposure and,
III: 303, 305

herbicide occupational exposure and, III:
303, 305

incidence of, data by gender/race, for
selected age groups, III: 302

scientific literature update, II: 204-205;
III: 303

Vietnam veterans’ risk, I: 473, 474; II:
204

Vietnam veterans studies, III: 303, 305
Boston Hospital for Women, II: 291-292
Brain tumors, I: 339

2,4-D exposure and, I: 119, 176-177
agricultural workers and, I: 320; II: 136
biologic plausibility, III: 362
clinical features, I: 522
epidemiologic studies, II: 136, 229-230;

III: 356-361
epidemiology, I: 522-523; II: 228-229;

III: 356
herbicide association in, I: 12, 525, 576;

II: 7, 12, 21, 229-230, 250; III: 8, 12,
21, 356-362

herbicide environmental exposure and,
III: 358, 361

herbicide occupational exposure and, III:
357-358, 360

incidence, data by gender/race, for
selected age groups, III: 356

scientific literature update, II: 229-230;
III: 357-359

Vietnam veterans’ risk, I: 525; II: 228-
229, 230

Vietnam veterans studies, III: 358-359,
361

Breast cancer
agricultural workers and, I: 510
biologic plausibility, II: 217; III: 327, 329
epidemiologic studies, II: 214-216, 217;

III: 324-328
epidemiology, I: 505, 506-507; II: 213-

214; III: 322, 324
herbicide association in, I: 13; II: 6, 11,

12, 20, 89, 213-217, 249-250; III: 7,
10, 324-329

herbicide environmental exposure studies,
I: 511, 512; III: 328

herbicide occupational exposure studies,
II: 214-216; III: 324-326, 328

histopathology, I: 505-506
incidence in US women, data by race, for

selected age groups, III: 324
risk, estimated, II: 218
risk factors, I: 507
scientific literature update, III: 326-327
Vietnam veterans’ risk, I: 505, 511, 213,

216-217; III: 329
Vietnam veterans studies, III: 326, 328
See also Reproductive system cancers,

women
British Columbia, Canada, III: 10, 227-228,

338, 439-440, 447-448, 449, 452, 453,
457

Cancer Incidence File, III: 227
Death File, III: 227
Division of Vital Statistics, III: 452, 457
Health Surveillance Registry, III: 227,

439
Bronchitis, I: 708, 711, 713

See also Respiratory disorders
Bronchus cancer. See Lung cancer
Brown, Jesse, II: 24; III: 24, 25
Bureau of Labor Statistics, I: 79, 80
Bureau of the Census, III: 231
n-Butyl esters, I: 27

C

Cacodylic acid, I: 88-89; II: 4; III: 5, 19, 32,
135, 136, 137, 218

acute toxicity, I: 188
animal studies, I: 185-189; II: 50-51; III:

34, 38, 48, 49-50, 396
carcinogenicity, I: 118, 119, 187; II: 40;

III: 396
chemical properties/structure, I: 111, 114,

186; II: 38; III: 32
chronic exposure, I: 188-189
developmental toxicity, I: 124, 189
dimethylarsenic radical formation and, II:

4
disease outcomes, III: 34, 50
domestic use, I: 185-186
genotoxicity, I: 119, 187-188
kidney toxicity, I: 125; II: 42
mechanism of action, II: 50; III: 38, 49-50
mechanisms of toxicity, II: 50-51
metabolism, I: 115, 116
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pharmacokinetics, I: 186-187
renal toxicity, II: 50-51
reproductive toxicity, I: 124, 189; II: 42
toxicity update summary, II: 50
toxicokinetics, II: 50; III: 32-33, 48
Vietnam formulations, I: 186
volume used in Operation Ranch Hand,

data, III: 136
Calcium

homeostasis of and 2,4,5-T, II: 4
California, I: 341; III: 232

See also Irvine, California
Ca Mau peninsula, Vietnam, I: 100, 104
Camp Drum, New York, I: 25-26, 89
Canada, I: 11, 319-320, 323, 374-375, 443,

467-468, 537-539, 620, 650; II: 8,
132, 135-136, 140, 219-220, 243, 248;
III: 226, 232, 303, 309, 335, 344, 348,
353

Census of Agriculture, 1971, II: 135
Census of Population, 1971, II: 135
Central Farm Register, 1971, II: 135
Central Farm Register, 1981, II: 135
Mortality Data Base, II: 135; III: 227
Mortality Study of Canadian Male Farm

Operators, II: 135-136; III: 224
Saskatchewan Cancer Foundation, II: 139
Saskatchewan Hospital Services Plan, II:

139
Statistics Canada, III: 227
See also Alberta, Canada; British

Columbia, Canada; Manitoba, Canada;
New Brunswick, Canada; Ontario,
Canada; Saskatchewan, Canada

Cancer
age-specific incidence, I: 436-438
agricultural workers and, I: 320-323, 443;

II: 136, 137-138
biologic plausibility, I: 116-118, 119, 434;

II: 176; III: 394-397
children and, I: 14, 594-595, 628-631
clinical features, I: 433-436
epidemiologic studies, I: 45, 317, 320-

323, 325-326, 367, 383-384, 391-393,
443-445; II: 133-138, 147-148

epidemiology, I: 433, 435-438, 442, 525;
II: 175; III: 265-266

herbicide association, insufficient
evidence for determining, I: 13-14,
577-578; II: 249-250; III: 393

herbicide association, limited/suggestive
evidence of, I: 10-12, 574-576; II:
247-249; III: 393

herbicide association, no evidence of, I:
12-13, 576-577; II: 250; III: 393-394

herbicide association, sufficient evidence
of, I: 8-10, 572-574; II: 175, 176, 247;
III: 390, 392

herbicide environmental exposure
epidemiologic studies, I: 444, 469; II:
147-148

herbicide exposure measures, II: 175, 176;
III: 265-266

herbicide occupational exposure studies,
I: 443-444; II: 133, 134

herbicide/pesticide applicators and, I:
320-321, 323, 325-326, 443, 447, 466-
468, 488, 491; II: 137-138

herbicides, categories of association in, I:
572

mortality studies, I: 442-445; II: 133, 134,
136, 137, 263; III: 410-411, 421, 422,
423, 424, 426, 427, 429

multistage model, I: 142-143, 434, 439
P450 induction to, I: 144-145, 170
phenoxy herbicide association in, I: 483;

III: 422, 423, 429
research priorities, I: 19, 727
research recommendations, I: 19, 727
risk assessment, I: 442-443, 578; II: 251,

276; III: 430-431
site groupings for ICD-9 cancer codes,

III: 537-539
TCDD animal studies, I: 138-142; II: 176;

III: 394, 396
TCDD genotoxicity, I: 143-144
TCDD in initiation/promotion, I: 116,

142-143, 434, 439
TCDD in P450 induction to, I: 144-145
Vietnam civilians, II: 148
Vietnam veterans, expected incidence, I:

439-440, 442, 452, 460-461, 473, 475,
501, 505, 513, 522, 526, 564; II: 176-
177; III: 266-267

Vietnam veterans’ risk, I: 391-393, 401,
402-403, 405, 436-438, 444-445, 578;
II: 251, 276; III: 397, 430-431

See also Latency effects in cancer studies;
specific cancers; specific cancer sites

Carcinogen(s)
2,4-D as, I: 118-119, 176-178; II: 40, 48;

III: 47, 396
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2,4,5-T as, I: 118, 119, 182-184; II: 40;
III: 396

cacodylic acid as, I: 118, 119, 187; II: 40;
III: 396

herbicides as, I: 3, 40; II: 273, 275; III:
426, 428, 430

mechanism of action, I: 434
picloram as, I: 118, 119, 190-191; II: 40;

III: 396
TCDD as, I: 3, 116-118, 434, 439; II: 3,

39-40, 65-68; III: 394, 396
See also Cancer

Cardiovascular system disorders
cardiomegaly, I: 703
circulatory disorders, I: 699-709
lipid abnormalities in, I: 688
TCDD in, I: 171; II: 76; III: 74-75
See also Circulatory disorders;

Myocardial infarction
Case-control studies

agricultural/forestry workers, I: 326-341;
II: 138-140; III: 185-195, 228-232

evidentiary role of, I: 234-235, 727; II:
94-95, 178, 179, 180, 188; III: 130

herbicide environmental exposure, II:
144-146, 148-149, 184, 186, 190, 193,
241; III: 201-204

herbicide exposure assessment for, I: 256-
257, 727

herbicide occupational exposure, II: 122-
127, 138-140, 183, 184, 186, 188,
190, 193, 200, 222, 240; III: 173, 175,
185-196

paper/pulp workers, II: 126-127, 200
Vietnam veterans, II: 155-157, 159-160,

187, 223; III: 208-217
Causality

statistical association vs., I: 7, 227, 239,
246; II: 5, 19, 97, 247; III: 6, 20, 132-
133, 390

CDC. See Centers for Disease Control (CDC);
Centers for Disease Control and
Prevention (CDC)

CDDs. See Chlorinated dibenzo-p-dioxins
(CDDs)

Cell-mediated immunity (CMI)
TCDD and, II: 69-70

Cell proliferation
TCDD and, II: 3, 67

Cellular retinoic acid binding protein, type II
(CRABP-II), II: 73

Census Bureau. See Bureau of the Census
Centers for Disease Control (CDC), I: 19, 40-

41, 51; III: 363, 517
Agent Orange action/research, I: 57-62,

63-64; II: 28; III: 25
Agent Orange Study, I: 276-278; II: 102
birth defects research, I: 387-389, 609-

612; II: 289
exposure opportunity index, I: 274-276,

611-612; II: 290-291; III: 147-148
research methodology, I: 728
validation study, I: 59, 260-261, 281-284,

285, 387, 742-743; II: 103, 104; III:
240

See also Cerebrospinal Malformation
(CSM) Study; General Birth Defects
Study (GBDS); Selected Cancers
Study; Vietnam Experience Study
(VES)

Centers for Disease Control and Prevention
(CDC), II: 9

epidemiologic studies, II: 113, 155-156;
III: 26, 207-209, 218, 240

TCDD half-life investigation, II: 104-105
See also Birth Defects Study; Vietnam

Experience Study (VES)
Central nervous system (CNS). See Cognitive/

neuropsychiatric disorders; Motor/
coordination dysfunction; Neurologic
disorders

Cerebrospinal Malformation (CSM) Study, I:
610; II: 289-290

Cerebrovascular disease, I: 702
stroke, I: 658, 659, 660

Cervical cancer, I: 13, 505, 509, 510, 512; II: 6;
III: 329, 330, 332

Chemical production. See Herbicides; Industrial
accidents; Production workers

Chemicals and chemical industry
Agent Orange product liability litigation,

I: 34-35
CDD contamination in production, I: 91,

126
hexachlorophene production, I: 40; II: 128
production workers exposure studies, I:

303-318; II: 114-118, 128-135, 171-
175, 182-183, 191, 193-197, 206-207,
232, 237-238, 273-274, 275; III: 170-
178, 218, 219-224, 284, 363-364, 378-
379, 386-387, 420, 423, 426, 429

See also Herbicides; Industrial accidents
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Chemoreception
characteristics of, I: 133-134
dioxin-responsive enhancers in, I: 135-136
estrogen-mediated, I: 145
TCDD dose-response linearity, I: 137-138
TCDD hepatotoxicity and, I: 154-155
TCDD-induced wasting syndrome and, I:

164
See also Ah receptor (AhR)

Child mortality studies, II: 147
See also Deaths; Mortality studies

Children
spina bifida in Vietnam veterans’

offspring, II: 9-10, 296, 298, 309; III:
7, 8, 9-10, 21, 24-25, 437-438

Children, cancer in, I: 14, 594-595, 628-631; II:
7, 11, 20

epidemiologic studies, II: 299
epidemiology, II: 298
herbicide association in, II: 299-300
scientific literature update, II: 299-300
Seveso, Italy, study, II: 299
Vietnam veterans’ offspring, II: 299
See also Wilm’s tumor

China, I: 458; II: 188, 320; III: 159, 289
See also Shanghai, China

Chloracne, I: 39
animal studies, I: 173-174; III: 480
biological plausibility, II: 320-321; III:

480
chemical production workers and, I: 308,

310, 316
clinical features, I: 672-673
diet and, I: 174
epidemiologic studies, I: 674-678; II: 318-

320; III: 479-480
epidemiology, II: 317-318; III: 478-479
herbicide association in, I: 10, 678; II: 5,

6, 20, 318-321; III: 6, 7, 20, 24, 479-
480

scientific literature update, II: 318-320;
III: 480

Seveso, Italy, accident and, I: 366-367
skin cancer and, I: 502
TCDD biomarker for, I: 4, 10, 28, 172-

173, 262, 401, 672-674; II: 3, 318
Vietnam veterans and, II: 317, 318, 321;

III: 479, 480
Vietnam veterans compensation for, I: 50,

51, 55, 56; II: 24, 28-29, 30, 31
See also Skin sensitivity

Chlordane, I: 91
Chlorinated dibenzo-p-dioxins (CDDs), II: 63-

64, 65
2-[4-Chloro-2-methylphenoxy]propanoic acid

(MCPP), II: 133, 195-196
4-Chloro-2-methylphenoxyacetic acid (MCPA),

II: 113, 133, 188, 193, 195-196, 207;
III: 218, 225

Chlorodibenzodioxins, I: 28
Chlorophenols, I: 9; III: 150, 151, 154, 218,

222, 223, 422, 423, 429
Chondrosarcomas of the skull. See Bone cancer
Chronic lymphocytic leukemia (CLL). See

Leukemia
Chronic myeloid leukemia (CML). See

Leukemia
Chronic obstructive pulmonary disease

(COPD), II: 129
See also Respiratory disorders

Circulatory disorders
biologic plausibility, III: 518
definition, II: 335, 337; III: 514
epidemiologic studies, I: 700-707; II: 335-

337; III: 514-518
epidemiology, III: 514
herbicide association in, I: 14, 708; II: 7,

11, 21, 335-337; III: 3, 8, 514-518
morbidity studies, II: 336
mortality studies, II: 335
research methodology, I: 699-700; II: 335
scientific literature update, II: 336-337;

III: 515-518
Vietnam veterans and, II: 336; III: 514
See also Angina; Cardiovascular system

disorders; Depressive disorders;
Hypertension; Myocardial infarction

Cleanup efforts. See Hazardous materials
disposal and cleanup

Cleft lip/palate, I: 373-374, 375, 611, 612
See also Birth defects

Clinton, William J., III: 24
CLL. See Leukemia
CMI. See Cell-mediated immunity (CMI)
CML. See Leukemia
CNS. See Cognitive/neuropsychiatric disorders;

Motor/coordination dysfunction
Coast Guard. See U.S. Coast Guard
Cognitive/neuropsychiatric disorders

epidemiologic studies, II: 148, 307-308;
III: 468-469
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herbicide association in, I: 657-658; II: 7,
11, 20, 307-309; III: 468-469

herbicide environmental exposure studies,
I: 651-653; II: 148

herbicide occupational exposure studies,
I: 649-651

scientific literature update, II: 307-308;
III: 469

Vietnam veterans’ risk, I: 653-656; II:
308

See also Encephalopathy; Neurasthenia;
Neurobehavioral toxicity; Neurologic
disorders; Posttraumatic stress
disorder (PTSD)

Cohort studies
agricultural/forestry workers, I: 318-323;

II: 118-122, 135-138; III: 178-182,
224-226

definition, I: 229
herbicide environmental exposure, II:

141-147, 190, 218; III: 197-201
herbicide exposure assessment for, I: 254-

256; II: 105-107, 178, 179, 180
herbicide occupational exposure, II: 107-

108, 114-122, 130-133, 182-183, 186,
190, 192, 193, 218, 222, 240; III: 170-
185, 196

methodology, I: 229-232
Ranch Hand cohort, II: 109, 150-152,

154-156, 201
Vietnamese civilians cohort, II: 108-109
Vietnam veterans, II: 149-160, 187, 218;

III: 206-217
Colon cancer

agricultural workers and, I: 328-329
epidemiologic studies, III: 276-278
herbicide association in, I: 12-13, 576-

577; II: 7, 12; III: 8, 21
See also Gastrointestinal (GI) tract

cancers
Colorado, III: 47
Colorectal cancer, I: 446

Vietnam veterans’ risk, I: 447, 450, 451,
452

See also Gastrointestinal (GI) tract
cancers

Committee to Review the Health Effects in
Vietnam Veterans of Exposure to
Herbicides, II: 17, 18, 19, 22, 23, 264-
266; III: 17, 18, 19, 23, 412

epidemiologic studies of Vietnam
Veterans, recommendations, II: 24-25

Compensation, veterans, I: 227
congressional legislation, I: 47, 50-51; II:

28-29; III: 26-27
Department of Veterans Affairs, I: 55-56;

II: 24, 30-31; III: 28
product liability litigation, I: 34-35

Confidence intervals, I: 244
Congress. See Legislation; U.S. Congress
Congressional hearings

Agent Orange and, II: 27-28; III: 25
Connecticut

tumor registry, III: 235, 388
Con Thieu province, Vietnam, I: 96; III: 139
COPD. See Chronic obstructive pulmonary

disease (COPD)
Corticosterone

TCDD and, I: 168, 171-172
Cox Proportional Hazard, III: 499, 502
CRABP-II. See Cellular retinoic acid binding

protein, type II (CRABP-II)
CSM. See Cerebrospinal Malformation (CSM)

Study
Cytochrome P450. See P450
Cytogenetics

non-Hodgkin’s lymphoma studies, III:
365-366

Czechoslovakia, I: 317, 649, 675, 688
See also Prague, Czechoslovakia

D

2,4-D. See 2,4-Dichlorophenoxyacetic acid
(2,4-D)

Data sources
Agent Orange Registry, I: 20, 53, 56, 729;

II: 153
agricultural/forestry worker studies, I:

265-266, 318-341
animal studies, I: 111-114, 228
biological stored samples as, I: 20-21,

729-730
case reports, I: 235-236
Centers for Disease Control and

Prevention studies, I: 387-391; II: 113,
155-156; III: 207-209, 218, 240

chemical production workers, I: 303-318
computerized databases, I: 735-736; II:

24-25, 31
Department of Veterans Affairs

epidemiologic studies, I: 393-399; II:
152, 153; III: 209-212, 218, 240-243
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epidemiologic controlled studies, I: 228-
237; II: 150-153

epidemiologic studies as, I: 737-738
herbicide environmental exposure studies,

I: 267-269, 372-375, 383-384
herbicide exposure reconstruction model,

I: 725-726
herbicide non-military exposures, I: 4-5,

222-223, 241-242
herbicide/pesticide applicators, I: 266-

267, 323-326
HERBS tapes, I: 20, 62, 85, 96-98, 273-

279, 287, 291, 602, 725; III: 146, 148
International Register of Workers

Exposed to Phenoxy Herbicides and
Their Contaminants, I: 313-314

mandated efforts, I: 20-21
organization of, I: 737
paper/pulp mill workers, I: 341, 364
presentations/reports to committee, I: 739-

756; II: 343-348; III: 533-536
randomized controlled trials, I: 227-228
reproductive outcomes, I: 593-595
research future recommendations, I: 287-

289, 291, 722-725, 729-730
review of, I: 244-245
self-reports, I: 270-271
state government, I: 60
state-sponsored Vietnam veteran studies,

I: 400-405, 495-496; III: 213-215,
243-244

TCDD production workers, I: 264-265
troop location, I: 273-279, 287
Vietnam casualties, I: 82-83
Vietnamese civilian health outcomes, I:

371-372
Vietnam military herbicide use, I: 84-85
Vietnam veteran demographics, I: 79, 80-

84
Vietnam veteran exposure assessment use,

I: 270-287
Vietnam veteran reproductive outcomes,

I: 601
women veterans, I: 83-84; II: 152-153
See also Death certificates; Epidemiologic

studies; Military records;
Questionnaires

DBCP. See Dibromochloropropane (DBCP)
DDT, I: 87, 91
Death certificates, I: 236-237; II: 128, 136,

137-138, 151; III: 470
See also Data sources

Deaths
2,4-D lethality, III: 44-45
Australian Vietnam veterans’ lung cancer

deaths, III: 424
female reproductive system cancer deaths,

by cancer site, III: 329
Finland male herbicide applicators’

respiratory cancer mortality, II: 271
Germany herbicide/chemical production

workers’ cancer mortality, III: 423,
429

non-Hodgkin’s lymphoma mortality, III:
429

prostate cancer mortality, III: 426, 427
respiratory cancer mortality, III: 421, 422,

423
Seveso, Italy, male cancer mortality, II:

271, 275; III: 422, 427
TCDD lethality, III: 71-73
See also Child mortality studies;

Mortality studies; Perinatal death
Defense Manpower Data Center (DMDC), II:

24-25
See also Department of Defense, U.S.

(DoD)
Defoliants

Agent Orange as, I: 90
military applications, I: 25, 26; III: 135,

137
Vietnam herbicide mission maps, I: 99-

100
Vietnam tactical role of, I: 85
See also Herbicides

Dekonta Company, II: 329
Demographic data, Vietnam veterans, I: 79, 80-

84
DEN. See Diethylnitrosamine (DEN)
Denmark, I: 317, 443, 444, 454, 463, 477, 480,

509, 510, 537, 553, 565, 567; II: 131-
134, 139-140, 183, 194-195, 207, 209-
210, 212, 215, 232, 238; III: 223, 224,
307, 313, 318, 325, 330-331

Cancer Registry, III: 232
Central Population Register, II: 133, 139,

224; III: 352
Danish National Institute for Social

Research, II: 140
National Cancer Register, II: 133, 139,

215, 224; III: 325, 352
Deoxyribonucleic acid (DNA), II: 45, 48, 50,

51, 54, 55, 56, 57-58, 60, 61, 64, 74,
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75; III: 34, 35, 39, 42, 43, 48, 49, 53,
54, 56, 57, 58-61, 65, 67, 69, 75, 77,
83, 90, 91, 98, 99, 103, 104, 109

Department of Agriculture, U.S. (USDA), I: 35,
39, 443; II: 178, 219, 224, 229, 238-
239, 248; III: 230, 335, 352

Department of the Air Force, U.S.
Vietnam herbicide use by military,

response, II: 31-32; III: 28-29
Department of Defense, U.S. (DoD), I: 17, 27,

29, 31, 78; II: 24; III: 138, 139, 140
Environmental Services Group, III: 148
herbicide spray mission records, I: 84-85
herbicide use precautions, I: 95
military records, I: 78, 724-725
See also Defense Manpower Data Center

(DMDC)
Department of Veterans Affairs, U.S. (DVA), I:

2, 8, 17, 18, 20, 50-51, 284; II: 2, 5, 8,
11, 13, 17, 18, 19, 26, 27, 89, 153,
176, 181, 187, 218, 249, 260, 278,
305, 312; III: 1, 2, 3, 6, 11, 12, 17, 18,
20, 24, 25, 26, 125, 132, 266, 303,
304, 390, 407, 434, 468, 478, 519

Agent Orange controversy and, I: 33, 53-
54; II: 29-31; III: 28-29

Agent Orange Coordinator, II: 31
Death Beneficiary Identification and

Record Location System (BIRLS), II:
151, 152, 153; III: 238, 241, 242

health care in, I: 54; II: 28; III: 27
military records, I: 78-79, 724-725; II:

151, 152, 153
mortality studies, II: 101, 152-153, 156-

157; III: 146
outreach activities, I: 56; II: 31; III: 28
Patient Treatment File (PTF), III: 242
recommendations for, I: 724-725, 726-

730; II: 24-25
research efforts, I: 54-55; II: 29-30; III:

27-28
veterans’ advocacy groups and, I: 61
Vietnam veteran compensation and

benefits, II: 24, 30-31; III: 28
Vietnam veterans’ epidemiologic studies,

I: 50, 393-399, 445, 469-470, 493-
495, 543-547, 562; II: 101, 113, 156-
157, 201-202; III: 218, 209-212, 240-
243

women veterans epidemiologic studies, II:
152-153

See also Agent Orange Registry (AOR);
Agent Orange Task Force;
Environmental Agents Service (EAS);
Environmental Epidemiology Service
(EES)

Depressive disorders, I: 650, 651
See also Cognitive/neuropsychiatric

disorders; Neurobehavioral toxicity
Dermal toxicity

TCDD and, II: 76; III: 73-74
Desiccant herbicides, I: 88-89; III: 136

See also Herbicides
Detroit, Michigan, II: 241; III: 229
Developmental disorders

2,4-D in, I: 180-181; II: 42; III: 46
2,4,5-T in, I: 185; II: 42, 49-50
cacodylic acid in, I: 189; II: 42
neurological, I: 660
picloram in, Ì: 192; II: 42
TCDD in, I: 123-124, 149, 156-157, 159-

160, 185; II: 3, 41-42, 71, 72-73; III:
92-105

See also Low birthweight
Diabetes mellitus, I: 683-685, 691, 692, 698; II:

7
biologic plausibility, III: 502-503
diagnostic criteria, III: 493, 494
epidemiologic concerns, III: 494
epidemiologic studies, II: 330-331; III:

494-502
epidemiology, II: 330; III: 491-492, 493
herbicide environmental exposure and,

III: 497
herbicide exposure and, II: 332-333; III:

2, 11-12, 125, 494-503
herbicide occupational exposure and, III:

496
pathogenetic diversity of, III: 494
peripheral neuropathy and, relationship,

III: 471-472
prevalence, data by age/race/gender, III:

492
scientific literature update, II: 330-331;

III: 496, 497
Vietnam veterans and, II: 330; III: 2, 11-

12, 495, 497, 498, 500, 502
Diamond Shamrock Corporation, I: 34, 35
Diazinon, I: 91
Dibenzofurans, I: 126
Dibromochloropropane (DBCP), II: 279

Copyright © National Academy of Sciences. All rights reserved.

Veterans and Agent Orange: Update 1998
http://www.nap.edu/catalog/6415.html

http://www.nap.edu/catalog/6415.html


562 VETERANS AND AGENT ORANGE: UPDATE 1998

2,4-Dichlorophenoxyacetic acid (2,4-D); II: 4,
18; III: 5, 19, 135, 136, 137

acute toxicity, I: 179
Agent Orange and, I: 27
Agent White and, I: 90
altered sperm parameters, I: 632
animal studies, I: 174-181; II: 46-49; III:

34, 36-37, 38-39, 43-47, 396, 462, 475
carcinogenicity, I: 118-119, 176-178, 439;

II: 40, 48; III: 47, 396
chemical properties, I: 114, 175; II: 38;

III: 32
chemical structure, I: 111, 114
chronic exposure, I: 179-180
development of, I: 24, 26, 35
developmental toxicity, I: 124, 180-181;

II: 42; III: 46
disease outcomes, III: 34, 38-39, 44-47
domestic use, I: 174-175, 177-178
formulations, I: 175
genotoxicity, I: 119, 178-179
half-life of, II: 4
immunotoxicity, I: 122, 181; II: 41; III:

46, 524
infertility and, II: 280-282
ingestion of, I: 653
kidney toxicity, I: 125; II: 42
lethality, III: 44-45
liver toxicity, I: 125; II: 42; III: 524
mechanism of action, II: 47-48; III: 44
mechanisms of toxicity, II: 48-49
metabolism, I: 115, 116
military field tests, I: 26
neurobehavioral disorders and, II: 305;

III: 475
neuropsychiatric outcomes and, I: 649,

650, 653
neurotoxicity, II: 48; III: 45-46
non-Hodgkin’s lymphoma and, I: 256-

257, 574
occupational exposure, I: 36, 37, 310-311,

321; III: 218, 224, 225, 226
peripheral neuropathy and, II: 312; III:

473
pharmacokinetics, Ì: 175
porphyria cutanea tarda and, II: 322
reproductive toxicity, I: 124, 180-181,

597-598; II: 41, 280-282; III: 46, 460,
461-462

role of, I: 88
teratogenic potential, I: 30, 92
therapeutic application, I: 659

toxicokinetics, II: 46-47; III: 32-33, 36-
37, 43-44

volume used in Operation Ranch Hand,
data, III: 136

See also Herbicides
Diet

breast cancer and, I: 507
cancer risk and, I: 442
chloracne and, I: 174
gastrointestinal cancers and, I: 446
TCDD interactions, II: 64

Diethylnitrosamine (DEN)
TCDD and, II: 67

Digestive disorders. See Metabolic and
digestive disorders

Dimethylarsenic radical
cacodylic acid and formation of, II: 4

Dinoxol, I: 91; III: 137
Dioxin. See 2,3,7,8-Tetrachlorodibenzo-p-

dioxin (TCDD); Dioxin-responsive
enhancers; Dioxin toxic equivalent
factors (Teq factors)

Dioxin congeners, II: 105-107; III: 158-159
Dioxin Registry, I: 36-37
Dioxin-responsive enhancers, I: 135-136
Dioxin toxic equivalent factors (Teq factors),

II: 106, 107; III: 99, 106, 107, 108,
158, 159

Diquat, I: 91; III: 137
Diseases and disorders. See Health outcomes of

herbicide exposure; Military health
care; specific cancers; specific cancer
sites; specific diseases and disorders

DMDC. See Defense Manpower Data Center
(DMDC)

DNA. See Deoxyribonucleic acid (DNA)
DoD. See Department of Defense, U.S. (DoD)
Domestic herbicide use

2,4-D, I: 174-175
2,4,5-T, I: 181-182
agricultural use, I: 24, 35, 39, 174-175, 181
pet cancers and, I: 119, 177-178
picloram, I: 189
TCDD contamination in, I: 91
See also Agricultural/forestry workers

Dopaminergic system, I: 163-164, 165
Dormagen, Germany, III: 154
Dose-response relationship

2,4-D pharmacokinetics, I: 175
animal fetal mortality, I: 159
animal studies, I: 111-114, 118
evidentiary role of, I: 239-230, 252
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research recommendations, I: 19, 727
TCDD-chloracne, I: 673; II: 318
TCDD dermal application, I: 128-129
TCDD-exposed workers and, I: 445
TCDD-immune system processes, I: 696
TCDD immunotoxicity, I: 122
TCDD threshold, I:137-138
TCDD tissue distribution, I: 130

Dow Chemical Company, I: 34, 35, 307-312,
461-462, 529, 558, 598, 607, 620,
674; II: 115-116, 130, 178, 191, 193,
207, 232, 238, 286; III: 152-153, 172-
174, 220-221, 270-271, 357-358, 387,
484, 511, 516

DVA. See Department of Veterans Affairs,
U.S. (DVA)

Dystonia, I: 658
See also Motor/coordination dysfunction

E

EAS. See Environmental Agents Service (EAS)
East Germany. See German Democratic

Republic
EES. See Environmental Epidemiology Service

(EES)
EGF. See Epidermal growth factor (EGF)
EGFR. See Epidermal growth factor receptor

(EGFR)
Electrical transformers, I: 364-365, 444, 626,

675
Electrophoretic mobility shift gene (EMSA)

TCDD and, II: 66
Emphysema, I: 708, 713

See also Respiratory disorders
EMSA. See Electrophoretic mobility shift gene

(EMSA)
Encephalopathy, I: 649

See also Cognitive/neuropsychiatric
disorders

Endocrine system, I: 150-151
TCDD toxicity, III: 83-84

England. See United Kingdom
Environmental Agents Service (EAS), II: 31;

III: 28
See also Department of Veterans Affairs

(DVA)
Environmental Epidemiology Service (EES), II:

29
See also Department of Veterans Affairs

(DVA)

Environmental herbicide exposure
accidental exposures, I: 364-365, 368-

370; II: 141-143, 144, 148
acute and subacute transient peripheral

neuropathy and, II: 312-313
agricultural areas exposure, I: 372-375
Alsea, Oregon, I: 39, 42-43, 372-373,

598; II: 149
assessment strategies, I: 262-263, 267-

270; III: 144-145, 156-157
basal/squamous cell skin cancer and, III:

323
birth defects and, I: 608-609; II: 140, 287-

288; III: 437
birthweight, low, and, III: 459
bladder cancer and, I: 516-517; III: 349,

350-351
bone cancer and, III: 303, 305
brain tumors and, I: 523; III: 358, 361
breast cancer and, III: 328
breast cancer estimated risk, II: 218
cancer risk factor, I: 442
cancer studies, I: 442, 444, 454-455, 469;

II: 147-148, 179-180, 184
chloracne and, I: 676-677
circulatory disorders and, I: 701-702
diabetes and, III: 497
epidemiologic studies, I: 3, 301, 365-384,

469; II: 3, 6-7, 140-149; III: 197-205,
218, 232-236, 271-272, 275, 277, 279-
281, 283, 285, 287-288, 290, 291,
297-298, 301, 303, 305, 309, 316,
323, 328, 333, 336, 338, 342, 344,
345, 349, 350-351, 353, 354, 358,
361, 365, 369, 373, 375, 380, 382,
388-389, 392, 437, 454, 455, 456,
459, 467, 497, 520

evidentiary role of research on, I: 4-5,
222-223, 241-242

female reproductive system cancers and,
I: 511; III: 333

gastrointestinal tract tumors and, II: 179-
180; III: 271-272, 275, 277, 279-281

hepatobiliary cancers and, I: 454-455; II:
184, 185, 186; III: 283, 285, 287-288

Hodgkin’s disease and, II: 236; III: 373,
375

immune modulation and, I: 693-694
infant death and, III: 456
leukemia and, I: 568-570; III: 388-389,

392
lipid/lipoprotein disorders and, III: 520
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lung cancer and, III: 297-298, 301
melanoma and, III: 316
motor/coordination dysfunction and, I:

658-659
multiple myeloma and, I: 562; II: 243; III:

380, 382
nasal/nasopharyngeal cancer, II: 189; III:

290, 291
neonatal death and, I: 621; III: 455
neural tube defects, II: 297; III: 437
neurobehavioral disorders association

studies, II: 306; III: 467
neuropsychiatric outcomes and, I: 651-

653; II: 148
non-Hodgkin’s lymphoma and, I: 540-

541; II: 234; III: 365, 369
ovarian cancer and, III: 333
peripheral nervous system disorders and,

I: 663-665
porphyria cutanea tarda and, I: 680-681
preterm birth and, III: 459
prostate cancer and, II: 221, 222; III: 336,

338, 342
renal cancers and, III: 353, 354
respiratory cancers and, I: 469; II: 190,

193, 200-201
soft-tissue sarcomas and, I: 491-492; II:

207-208; III: 319
spontaneous abortion and, I: 598-599
stillbirth and, I: 620; III: 454
testicular cancer and, III: 344, 345
uterine cancer and, III: 333
Vietnam exposure studies, III: 156-157
Washington residents, II: 149
See also Herbicide exposure assessment;

Herbicides; Seveso, Italy; Times
Beach, Missouri

Environmental Protection Agency (EPA), I: 39,
59-60, 93

Alsea, Oregon, I: 42-43
Science Advisory Board (SAB), II: 32;

III: 29
TCDD cancer potency estimate, I: 138
Times Beach, Missouri, I: 41; III: 234
Vietnam military use of herbicides,

response, II: 32; III: 29-30, 136
Enzyme induction

liver, I: 155-156
lung, I: 170
porphyria, I: 153-154
TCDD and, II: 3, 66-67

EPA. See Environmental Protection Agency
(EPA)

Epidemiologic studies
acute and subacute transient peripheral

neuropathy, II: 312-314
aging effects control, II: 261-262; III: 409
agricultural/forestry workers, I: 318-323,

326-341; II: 118-120, 135-137, 183,
197-198, 232-234, 238-239, 241-243;
III: 178-195, 224-232, 335, 364-365,
379-380, 387-388

Air Force personnel involved in herbicide
spraying, II: 31-32; III: 28-29

altered sperm parameters, I: 632; III: 445-
449, 450

autoimmunity, I: 697-698; II: 7; III: 488-
491

basal/squamous cell skin cancer, III: 317-
322, 323

birth defects, I: 607-618; II: 7, 140, 286-
296; III: 436, 437-438, 443

bladder cancer, I: 515-517; II: 7, 225-227;
III: 7, 10, 347-351

bone cancer, I: 472-473; II: 6, 204-205;
III: 7, 10, 303-305

brain tumors, I: 523; II: 7, 136, 229-230;
III: 8, 12, 356-361

breast cancer, II: 6, 176, 213-217, 218;
III: 7, 10, 324-328

cancer, I: 45, 59, 317, 320-323, 367, 383-
384, 391-393, 401, 402-403, 435-445,
574; II: 133-138, 147-148, 175, 176;
III: 265-266

cancer latency issues, II: 260-276; III:
407-431

case-control studies, I: 326-341; II: 94-95,
118-127, 138-140, 144-146, 148-149,
155 157, 159-160, 183-184, 186-187,
188, 190, 193, 200, 222-223, 240-241;
III: 173, 175, 185-195, 201-204, 208-
217, 228-232

cervical cancer, III: 332
chemical industry production workers, I:

303-318; II: 114-118, 128-135, 191,
193-197, 206-207, 232, 237-238; III:
170-178, 218, 219-224, 363-364, 378-
379, 386-387

childhood cancer, I: 628-630; II: 7, 299-
200

chloracne, I: 674-678; II: 5, 6, 318-320;
III: 6, 7, 479-480
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chronic persistent peripheral neuropathy,
II: 310-311

circulatory disorders, I: 700-707; II: 7,
335-337; III: 8, 514-518

cleft lip/palate, I: 373-374, 375
cognitive/neuropsychiatric disorders, II: 7,

307-308; III: 468-469
cohort studies, I: 229-232; II: 105-109,

135-138, 141-147, 154-160, 178, 179,
180, 182-183, 186, 187, 190, 192-193,
204, 218, 222, 240; III: 170-185, 196,
197-200-1, 206-208, 217

colon cancer, I: 12, 328-329, 576-577; II:
7; III: 8, 276-278

congressionally mandated, I: 50; II: 5
controlled observational, I: 228
cost of, I: 727
cytogenetic studies, III: 365-366
diabetes mellitus, I: 684-685; II: 7, 330-

331; III: 494-502
evaluation of, I: 300-301, 591-592, 737-

738; II: 5, 93-94; III: 129-130
evidentiary role of, I: 224-225, 228-237,

300, 305; II: 175, 176; III: 265, 266
female reproductive system/breast

cancers, I: 508-511; II: 6, 211-213;
III: 7, 10, 330-334

gastrointestinal tract cancers, I: 446-447;
II: 7, 177-181; III: 8, 12, 268-281

gastrointestinal ulcers, I: 691; II: 334; III:
510-513

hepatic enzyme disorders, I: 686-688
hepatobiliary cancers, I: 453-455; II: 6,

176, 181-187; III: 7, 10, 282-288
herbicide environmental exposures, I:

365-384; II: 140-149, 189, 190, 193,
200-201, 207-208, 218, 221, 222, 234,
236, 241, 243, 287-288, 297, 306,
312-313; III: 197-205, 218, 232-236,
275, 277, 279-281, 283, 285, 287-288,
290, 291, 297-298, 301, 303, 305,
309, 316, 323, 328, 333, 336, 338,
342, 344, 345, 349, 350-351, 353,
354, 358, 361, 365, 369, 373, 375,
380, 382, 388-389, 392, 437, 454,
455, 456, 459, 467, 497, 520

herbicide exposure assessment for, I: 251-
259; II: 99-109; III: 142-146

herbicide exposure indices development,
II: 107-109

herbicide exposure levels, II: 175

herbicide exposure reconstruction model
and, I: 725, 726-728

herbicide occupational exposure studies,
II: 107-198, 112, 113-140, 188-189,
190, 191-199, 206-207, 214-216, 218,
219-220, 222, 232-234, 235-236, 237-
243, 286-287, 297, 306, 312; III: 170-
196, 218, 219-232, 274-280, 282-283,
284, 287, 290, 291, 293-294, 296-297,
300-301, 303, 305, 308-309, 312, 316,
317, 321, 323, 324-326, 328, 332-333,
335-336, 337, 338, 341, 344, 345,
348, 350, 353, 354, 378-379, 360,
363-365, 367-369, 372-373, 374-375,
378-380, 381-382, 386-388, 391-392,
437, 450, 454, 455, 456, 459, 467,
483-485, 489, 491, 496, 510-512, 515-
516, 520

herbicide/pesticide applicators, I: 323-
326; II: 31-32, 120-122, 137-138,
198-200; III: 182-185, 226-228

Hodgkin’s disease, I: 9, 329, 331, 335-
336, 341, 384, 391, 393, 549-553,
549-556, 574; II: 5, 6, 138, 235-236;
III: 6, 7, 372-376

immune modulation, I: 693-696
immune system disorders, II: 7, 327-329;

III: 488-491
infant death, III: 456
infertility, I: 632-633; II: 7, 280-282; III:

445-449, 450
kidney cancer, I: 515; II: 7, 139-140, 224-

225; III: 352-355
laryngeal cancer, II: 202-203; III: 293-295
latency (cancer) issues, II: 260-276; III:

407-431
leukemia, I: 13, 332-333, 334-335, 564-

571, 577-578; II: 7, 136, 245-247; III:
7, 10, 385-390, 391-392

limitations, I: 4, 223
lipid abnormalities, I: 688-690; II: 7, 333-

334; III: 504-506, 520-521
liver cancer, I: 13, 329, 391, 393
liver toxicity, II: 332-333; III: 510-513
low birthweight, I: 626-627; II: 7; III:

456-457, 459
lung cancer, III: 296-298, 300-301
melanoma, III: 313-317
meta-analysis, I: 225, 237-238, 242-243,

243, 244
metabolic and digestive disorders, II: 7,

330-337
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motor/coordination dysfunction, I: 658-
661; II: 7, 309-310; III: 469-470

multiple myeloma, I: 11-12, 331, 334,
335, 336, 341, 557-563, 576; II: 6,
138-139, 176, 237-244; III: 7, 8, 9,
377-383

nasal/nasopharyngeal cancer, I: 459; II: 6,
176, 187-189; III: 7, 10, 290-291

neonatal death, III: 455
neural tube defects numbers, II: 297
neurobehavioral disorders, II: 305-308,

309-311, 312-314; III: 457
neurological disorders, I: 365-366, 642-

648; II: 141
neuropsychiatric disorders, I: 649-657; II:

7, 148; III: 468-469
non-Hodgkin’s lymphoma, I: 9, 328, 329,

330, 331, 333-334, 335-338, 383, 384,
391-393, 401, 528-548, 573-574; II: 5,
6, 134-135, 136, 138, 139, 231-234;
III: 6, 7, 362-371, 428-430

NRC Commission on Life Sciences, I: 63
ovarian cancer, III: 333
pancreatic cancer, III: 280-281
paper/pulp workers, II: 126-127, 200,

243; III: 196, 232
perinatal death, I: 620-624; II: 7, 285-286;

III: 451-453, 454, 455, 456
peripheral nervous system disorders, I:

662-666; II: 6, 7, 310-311, 312-314;
III: 7, 8, 470-471, 473

porphyria cutanea tarda, I: 680-682; II: 5,
6, 129, 321-323; III: 7, 8, 481-482

proportionate mortality studies, I: 232-233
prostate cancer, I: 11, 518-519, 575-576;

II: 6, 176, 219-223; III: 7, 8, 9, 335-
342, 426-428

Ranch Hand cohort, II: 31, 32, 109, 150-
152, 154-156, 201, 209, 280, 283-284,
286, 293-295, 321-322, 330, 332, 336;
III: 28-29, 206-207, 218, 237-240,
309-310, 313-314, 318, 321, 322, 339,
340, 385, 436, 438, 439, 446-447,
449, 452-453, 457-458, 481, 486, 495,
498, 502

rare diseases in, I: 231, 499
recommendations, I: 15-20, 721-725, 731;

II: 24-25; III: 23
rectal cancer, III: 278-279
reproductive outcomes, I: 41-42, 311-312,

321, 364-365, 368, 370, 371-375, 387-
388, 389-390, 591-592; II: 280-282,

283-284, 285, 286-296; III: 436, 437-
438, 443, 445-449, 450, 451-453, 454,
455, 456-457, 459

resolution in, I: 242-243
respiratory cancers, I: 10-11, 364, 461-

472, 575; II: 6, 176, 189-203; III: 7, 8,
9, 418, 420-426

respiratory disease, I: 709-713; II: 7, 324-
326; III: 483-486

Seveso, Italy, population studies, I: 44-45,
365-368, 444, 454-455, 469, 491-492,
503, 511, 517, 523, 540, 568-570,
571, 598-599; II: 141-143, 148, 200-
201, 206, 207-208, 209, 210, 211-212,
213, 216, 221, 225, 226-227, 228,
230, 234, 236, 243, 245, 246, 287,
299-300, 312-313; III: 197-200, 218,
232-233, 283, 285, 290, 296, 297-298,
299, 303, 307, 309, 314, 318, 324-
326, 327, 330, 331, 332, 336, 338,
344, 348, 349, 352, 353, 356, 358,
363, 365, 372, 373, 380, 385, 386,
388-389, 390, 408, 414, 420, 422,
427, 436, 449, 495, 505

skin cancer, I: 502-503; II: 7, 209-211;
III: 8, 10, 312-313

soft-tissue sarcoma, I: 8, 311, 326-328,
329-330, 335-336, 337, 339-340, 384,
391, 393, 395-396, 401, 403, 476,
477-500, 572-573, 574; II: 5, 6, 132,
134-135, 205-208; III: 6, 7, 306-311

sperm abnormal parameters, II: 7; III:
445-449, 450

spina bifida, II: 6; III: 7, 8, 9-10, 437-438
spontaneous abortion, I: 42, 336-337,

372-373, 405-406, 596-605; II: 7,
283-284

state-sponsored, I: 399-405, 495-496, 546;
II: 153, 158-159, 161, 202, 292; III:
213-215, 243-244

stillbirth, III: 454
stomach cancer, III: 274-275
strength of evidence in assessment of, I:

238-241
TCDD biomarkers, I: 259-262; II: 101-

105, 318
testicular cancer, I: 405, 519; II: 7, 153,

227-228; III: 7, 10, 343-346
Times Beach, Missouri, I: 368-370; II:

144; III: 200-201, 218, 234, 283
uterine cancer, III: 333
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Vietnam environmental herbicide
exposure, II: 144-145; III: 201-202,
218, 234, 283

Vietnamese in, I: 370-372, 599-601; II:
108-109, 144-145, 148, 287-288; III:
217, 245, 283

Vietnam veterans in, I: 50, 57-59, 62-63,
384-418; II: 149-161, 189, 190, 201-
202, 204, 205, 208, 209, 212, 213,
216, 217, 218, 221, 223, 224, 235,
226, 227, 228, 229, 230, 231, 234,
235, 236, 244, 245, 246, 278, 283,
285, 286, 288-296, 299, 300-301, 305,
306, 308, 309, 310, 311, 313, 314,
317, 318, 321-322, 323, 330, 332,
333, 336; III: 206-217, 236-245, 275,
277-278, 279, 281, 283, 285-286, 288,
290, 291, 294-295, 298, 301, 303,
305, 309-310, 312, 316, 317, 323,
326, 328, 333, 336, 338, 339, 340,
342, 343-344, 345-346, 349, 351, 353,
355, 358-359, 361, 363, 365, 370-371,
372, 373, 376, 380, 382, 385, 386,
389, 392, 435, 436, 437-438, 445,
446, 450, 454, 456, 456, 457, 459,
467, 468, 469, 470, 473, 475, 479,
480, 481, 482, 485-486, 489, 491,
495, 497, 498, 500, 502, 505-506,
512-513, 516-518, 523

See also Exposure assessment
Epidemiology

acute lymphocytic leukemia, III: 383
acute myeloid leukemia, III: 383-384
birth defects, I: 606; II: 286; III: 435-436
bladder cancer, II: 223; III: 347
bone cancer, I: 472-473; II: 204; III: 302
brain tumors, I: 522-523; II: 228-229; III:

356
breast cancer, I: 505, 506-507; II: 213-

214; III: 322, 324
cancer, I: 433, 435-438, 442, 525; II: 175;

III: 265-266
children, cancer in, II: 298
chloracne, II: 317-318; III: 478-479
chronic lymphocytic leukemia, III: 384-

385
chronic myeloid leukemia, III: 385
circulatory disorders, III: 514
diabetes mellitus, II: 330; III: 491-492,

493
female reproductive system cancers, I:

505, 506-508; II: 211; III: 329-330

gastrointestinal (GI) tract cancers, I: 445-
447; II: 177; III: 267-268

gastrointestinal ulcers, II: 334; III: 508-
509

hepatobiliary cancers, I: 452-455; II: 181-
182; III: 282

Hodgkin’s disease, I: 526, 527-528; II:
231; III: 371-372

immune system disorders, II: 326-327;
III: 487-488

infertility, II: 279; III: 444-445
kidney cancer, I: 513, 514; II: 223; III:

351-352
laryngeal cancer, III: 292
leukemia, I: 564; II: 245; III: 383-385
lipid abnormalities, II: 333; III: 503-504
liver disorders, II: 331-332; III: 509-510
low birthweight, I: 625-626; III: 454, 455,

456
lung cancer, III: 295-296
malignant lymphomas, II: 231
multiple myeloma, I: 526, 528; II: 236-

237; III: 377
nasal/nasopharyngeal cancer, I: 458-459;

II: 187-188; III: 288-289
neurobehavioral toxicity, II: 304-305,

307; III: 466
non-Hodgkin’s lymphoma, I: 526, 527; II:

231; III: 362
porphyria cutanea tarda (PCT), II: 321;

III: 480-481
prostate cancer, I: 513, 514-515; II: 217,

219; III: 334
respiratory cancers, I: 460-461; II: 189-

191
respiratory disorders, III: 482-483
skin cancer, I: 501-502; II: 209; III: 312,

313
soft-tissue sarcoma, I: 475; II: 205; III:

304, 306
spontaneous abortion, II: 282-283
stillbirth/neonatal deaths/infant death, III:

451
testicular cancer, I: 515; II: 223-224; III:

343
See also Epidemiologic studies

Epidermal growth factor (EGF), I: 145, 154; II:
59, 73-74; III: 77, 97

Epidermal growth factor receptor (EGFR), II:
67; III: 78, 80, 97
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Epigenetic events. See Apoptosis; Cell
proliferation; Enzyme induction;
Intracellular communication

Epstein-Barr virus, I: 528; II: 188
Erbon, I: 309; II: 128; III: 219
EROD. See Ethoxyresorufin O-deethylase

(EROD)
Erythrocyte sedimentation, I: 696
Estrogen

hepatic binding, I: 154
receptor mediated responses, I: 145
receptor signaling, III: 65-67
transduction pathway, TCDD interaction,

II: 4
Ethoxyresorufin O-deethylase (EROD), I: 153,

155; II: 52, 59, 60, 62, 63, 64, 65, 67,
69, 74; III: 40, 42, 51, 52, 53, 68, 69,
71, 72, 74, 75, 77, 91, 96

Europe, III: 108, 308, 471
European registry, II: 197
Evidence of herbicide association. See

Herbicide association, insufficient
evidence for determining; Herbicide
association, limited/suggestive
evidence; Herbicide association,
limited/suggestive negative evidence;
Herbicide association, sufficient
evidence

Executive Order 11850, II: 27; III: 25
Experimental studies

evaluation of, II: 92-93
Exposure assessment. See Herbicide exposure

assessment; Herbicide exposure
reconstruction model

Exposure reconstruction model. See Herbicide
exposure reconstruction model

F

Farmers. See Agricultural/forestry workers
Federal government in herbicide management/

research, I: 45-60; II: 27-32; III: 25-30
Federal Register, II: 30; III: 28
Federation of American Scientists, I: 29
Finland, I: 324, 364, 383-384, 443, 444, 467,

492, 541, 561; II: 134, 137, 140, 179,
183, 188-189, 198, 207, 220, 226, 229-
230, 233, 235, 243, 246, 269, 271; III:
226, 232, 234, 348, 372, 422, 472

Finnish Cancer Registry, II: 137

Finnish Register of Congenital
Malformations, II: 140

Social Insurance Institution, II: 137
Florida, I: 324, 467; II: 199; III: 226
Follicle-stimulating hormone (FSH), II: 279,

280, 282; III: 41, 68, 72-73, 444, 445
Food crops, I: 89

Agent Orange in destruction of, I: 62, 90
as military target, I: 27, 31, 87, 97, 98-

100, 106
Ford, Gerald, II: 27; III: 25
Foreign veterans, II: 113, 160, 202, 293; III: 9,

216-217, 218, 244-245, 273, 285-286,
290, 294, 295, 298, 299, 303, 310,
311, 314, 315, 327, 329, 339, 340,
343, 346, 349, 353, 355, 359, 365,
380, 389, 413, 423, 424, 469, 485,
486, 489, 500, 506, 512-513, 517

Forestry workers. See Agricultural/forestry
workers

Forests
2,4,5-T spraying, I: 42-43
defoliant early field tests in, I: 26
Vietnam forests, I: 31-32, 62, 90, 104; III:

137
See also Agricultural/forestry workers;

Lumber industry; Mangrove forests
Forest Service, U.S., I: 42
Fort Detrick, Maryland, I: 25
Free radicals, II: 4

TCDD and, II: 60
Frierfjord, Norway, III: 236
FSH. See Follicle-stimulating hormone (FSH)
Fungicides, I: 91

G

Gamma-glutamyltransferase (GGT), II: 331-
332; III: 509, 510

Gamma rays
respiratory cancer and latency, II: 268;

III: 418
Gastrointestinal (GI) disorders, III: 508-514

cacodylic acid in, I: 188
TCDD in, I: 169-170
See also Ulcers, gastrointestinal

Gastrointestinal (GI) tract cancers
biologic plausibility, I: 451; III: 281-282
epidemiologic studies, III: 268-273, 274-

281
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epidemiology, I: 445-447; II: 177; III:
267-268

herbicide association in, I: 12, 447-451,
576-577; II: 7, 12, 21, 177-180, 250;
III: 8, 12, 21, 268-282

herbicide environmental exposure and, II:
179-180; III: 271-272, 275, 277-278,
279, 280-281

herbicide occupational exposure and, II:
178-179; III: 268-271, 274-275, 276-
277, 278-279, 280

incidence, data by type/gender/race/
selected age group, III: 267

pancreatic cancer, epidemiologic studies,
III: 280-281

rectal cancer, epidemiologic studies, III:
278-279

scientific literature update, II: 178-180;
III: 268-273

Vietnam veterans and, I: 446, 452; II:
177, 180, 181; III: 272-273, 275, 277-
278, 279, 281

See also Colon cancer; Colorectal cancer;
Gastrointestinal (GI) disorders

GBDS. See General Birth Defects Study
(GBDS)

Gender
acute lymphocytic leukemia incidence,

data by gender, III: 384
acute myeloid leukemia incidence, data

by gender, III: 384
bladder cancer incidence, data by gender,

III: 347
bone cancer incidence, data by gender,

III: 302
brain cancer incidence, data by gender,

III: 356
cancer studies and, II: 180, 181, 183, 190,

191, 204-205, 234, 242, 243, 246
chronic lymphocytic leukemia incidence,

data by gender, III: 384
chronic myeloid leukemia incidence, data

by gender, III: 384
diabetes prevalence, data by gender, III:

492
gastrointestinal tract cancer incidence,

data by type and gender, III: 267
Hodgkin’s disease incidence, data by

gender, III: 372
laryngeal cancer incidence, data by

gender, III: 292

leukemia incidence, data by type and
gender, III: 384

liver/intrahepatic bile duct cancers
incidence, data by gender, III: 282

lung cancer incidence, data by gender, III:
296

melanoma incidence, data by gender, III:
313

multiple myeloma incidence, data by
gender, III: 377

nasal/nasopharyngeal cancer incidence,
data by gender, III: 289

non-Hodgkin’s lymphoma incidence, data
by gender, III: 362

renal cancers incidence, data by gender,
III: 352

soft-tissue sarcoma incidence, data by
gender, III: 306

See also Demographic data, Vietnam
veterans; Men; Women veterans

General Accounting Office, I: 52-53, 96; III:
139, 140

General Birth Defects Study (GBDS), I: 610,
626; II: 289, 290; III: 438, 439

See also Centers for Disease Control and
Prevention (CDC)

General Services Administration, I: 77
Genetic alteration

2,4-D in, I: 119, 178-179
2,4,5-T in, I: 119, 184
cacodylic acid in, I: 119, 187-188
cancer mechanism, I: 433-434
picloram in, I: 191
reproductive outcomes, male-mediated, I:

593-594
TCDD in, I: 118, 142, 143-144, 439

Genetic factors
Ah receptor-mediated events and, I: 134
cancer risk and, I: 10
porphyria cutanea tarda and, I: 10, 679

Genetics. See Cytogenetics; Genetic alteration
Geneva Protocol, I: 45; II: 27; III: 25
Genitourinary cancers, II: 223-224

See also Bladder cancer; Kidney cancer;
Prostate cancer; Testicular cancer

Georgia. See Atlanta, Georgia
German Democratic Republic, III: 226
Germany, I: 312-313, 326, 443, 477, 508-509,

530, 565, 675-676; II: 105, 108, 130-
131, 149, 308, 319-320, 322, 323,
328, 331, 333; III: 221, 222, 223, 224,
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232, 234, 235, 240, 269, 284, 308,
326, 332, 337, 357, 364, 365, 379,
386, 422, 423, 429, 470, 481, 483,
490, 506, 510-511, 515

German Cancer Research Center, III: 495,
506

herbicide exposure assessment, III: 153-
154, 158, 159-160

See also Dormagen, Germany; German
Democratic Republic; Hamburg,
Germany; Ludwigshafen, Germany;
Uerdingen, Germany

GGT. See Gamma-glutamyltransferase (GGT)
GI. See Gastrointestinal (GI) disorders;

Gastrointestinal (GI) tract cancers
Givaudan Company, I: 43
Glucocorticoid receptor, I: 154
Great Britain. See United Kingdom
Ground/perimeter spraying, I: 20, 24, 74, 85,

90, 91, 94-96, 100, 272, 286, 287,
288-289; III: 138-140

See also Herbicide application methods;
Herbicides

Growth factors
epidermal, I: 145, 154; II: 59
TCDD induction of, I: 136-137; II: 4, 59;

III: 62-63
transforming, I: 145; II: 59
tumor necrosis, II: 59

Guillain-Barré syndrome, II: 10, 312

H

Halogenated aromatic hydrocarbons, I: 125,
126, 151

hepatic enzyme induction and, I: 155
Hamburg, Germany, II: 195, 214-215, 329; III:

153, 223, 324-325, 515
Hancock County, Ohio, III: 229
Hanoi, Vietnam, II: 148
Hawaii, I: 60, 400, 603; II: 292; III: 243
Hazardous materials disposal and cleanup

Agent Orange surplus disposal, I: 93-94
Nitro, West Virginia, accident efforts, I:

38
Seveso, Italy, I: 43-44, 367-368
See also Incineration, of Agent Orange

HBV. See Hepatitis B virus (HBV)
HC. See Hydrocortisone (HC)
HD. See Hodgkin’s disease (HD)

HDLP. See High-density lipoprotein (HDLP)
receptors

Headaches, I: 650, 660
Health and Human Services, U.S., Department

of, I: 57-59
Health care. See Military health care
Health outcomes of herbicide exposure

2,4-D outcomes, II: 48-49; III: 34, 38-39,
44-47

2,4,5-T outcomes, II: 49; III: 48
cacodylic acid outcomes, II: 50-51; III:

34, 50
categories of evidence for assessing, I:

227-237
categories of herbicide association in, I:

5-8, 221, 223-225, 246-247; II: 4-14,
19-22, 97; III: 6-15, 19-22, 132, 390,
392-394

disease outcomes of, II: 37; III: 33-35, 38-
43, 44-47, 48, 50, 71-105

early herbicide research, I: 29-32, 35-36;
II: 19-23; III: 19-23

early TCDD research, I: 28-29
evaluating exposure reconstruction model

and, I: 289-290
evidence insufficient for determining

herbicide association in, I: 13-14, 19,
247, 457, 460, 473-474, 512, 521,
571, 577-578, 605, 618, 624, 627,
630, 634, 657, 666, 691, 699, 708,
713, 727; II: 6-7, 11-12, 20-21, 22, 97,
181-187, 249-250, 282, 284, 285-286,
298, 300, 325, 329, 334-335, 337; III:
7-8, 10-12, 21, 132, 133, 292, 304,
316, 322, 327, 332, 334, 346, 349,
351, 355, 390, 393, 444, 449, 453,
458, 459, 473-474, 486, 491, 503,
507, 513, 518, 522

evidence limited/suggestive of herbicide
association in, I: 10-12, 19, 247, 472,
519-521, 563, 574-576, 727; II: 6, 8-
10, 20, 22, 97, 247-249, 298, 300,
323; III: 7, 8-10, 20-21, 133, 295, 299,
340, 342, 383, 393, 444, 458, 474,
482, 519

evidence of no association of herbicides
in, I: 12-13, 224, 247, 447-451, 503,
521, 525, 576-577; II: 7, 12-13, 21-22,
97, 177-181, 250-251; III: 8, 12, 21-
22, 133, 359, 393-394, 522
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evidence sufficient for herbicide
association in, I: 8-10, 246-247, 500,
548, 556-557, 572-574, 678, 682; II:
5, 6, 8, 19, 20, 21, 97, 247, 320; III: 6,
7, 8, 20, 132-133, 311, 366, 373, 374,
390, 392, 480, 519

research priorities, I: 19, 726-727
research update, II: 37
statistical association of herbicide

exposure, II: 88, 90-91; III: 1-2, 6,
124, 126-127

TCDD outcomes, III: 34-35, 71-105
toxicity potential health risks, estimation

of, III: 105-108
Vietnam veterans’ increased risk of

disease, II: 14, 22-23, 88, 91, 218,
223, 251, 276, 283, 298, 300-301,
321, 323; III: 12-13, 14-15, 22-23,
124, 127-128, 329, 334, 343, 397,
430-431, 444, 462, 475-476, 491, 503,
507-508, 525

See also Epidemiologic studies; specific
cancers; specific cancer sites; specific
diseases and disorders

Healthy worker effect, I: 230
Hearing loss, I: 659-660
Helicobacter pylori, II: 334; III: 268, 362, 509
Helicopters

herbicide delivery use, I: 26, 86, 87, 93,
94; III: 135, 137, 138

Hepatic phosphoenolpyruvate carboxykinase
(PEPCK), I: 172; II: 63, 75-76, 77;
III: 71, 72, 82

Hepatitis B infection, I: 453
Hepatitis B virus (HBV), II: 182, 183
Hepatitis C infection, I: 453
Hepatitis C virus, II: 182
Hepatobiliary cancers

biologic plausibility, III: 286, 288
epidemiologic studies, III: 282-288
epidemiology, I: 452-455; II: 181-182;

III: 282
incidence, data by gender/race, for

selected age groups, III: 282
herbicide association and, I: 13, 577; II: 2,

6, 11, 12, 20, 89, 182-187, 249-250;
III: 7, 10, 282-288

herbicide environmental exposure and, II:
184; III: 283, 285, 287-288

herbicide occupational exposure and, II:
182-184; III: 282-283, 284, 287

risk estimates, II: 186-187
scientific literature update, III: 284-286
Vietnam veterans and, II: 181, 185, 187;

III: 283, 285-286, 288
See also Liver cancer

Hepatocellular carcinoma, II: 148
Hepatotoxicity

TCDD and, II: 3, 73-75; III:76-79
Herbicide application methods

military early research, I: 25-26
Operation Ranch Hand use, I: 85-87; III:

135, 136, 137, 138, 139
Vietnam use, I: 1, 3, 24, 27, 74, 85-87,

94-96; III: 135-142
See also Aerial spraying; Ground/

perimeter spraying; Herbicides;
Professional herbicide/pesticide
applicators

Herbicide association, insufficient evidence for
determining

altered sperm parameters and, I: 14, 634;
II: 7, 20; III: 449, 458

basal/squamous cell skin cancer and, III:
322, 393

basis for finding of, I: 13, 247, 577; II: 6-
7, 11-12, 20-21, 22, 97, 249-250; III:
7-8, 10-12, 21, 133, 393

birth defects and, I: 14, 605; II: 7, 20,
298, 300; III: 444, 458

bladder cancer and, III: 7, 10, 132, 349,
351, 393

bone cancer and, I: 13, 473-474, 577; II:
6, 20, 205; III: 7, 10, 304, 393

breast cancer and, II: 217; III: 7, 10, 327,
393

chronic persistent peripheral neuropathy,
II: 311, 314

circulatory disorders and, I: 14, 708; II: 7,
21, 337; III: 518, 522

cognitive and neuropsychiatric disorders
and, I: 14, 657-658; II: 7, 20, 308-309,
314; III: 473-474

diabetes mellitus and, I: 14, 691, II: 7, 21,
335; III: 503, 522

female reproductive system/breast cancers
and, I: 13, 14, 512, 577; II: 6, 20, 213;
III: 7, 10, 332, 334, 393

gastrointestinal tract ulcers and, I: 14,
691; II: 335; III: 513, 522

genitourinary tract cancers and, I: 13, 521,
577

Copyright © National Academy of Sciences. All rights reserved.

Veterans and Agent Orange: Update 1998
http://www.nap.edu/catalog/6415.html

http://www.nap.edu/catalog/6415.html


572 VETERANS AND AGENT ORANGE: UPDATE 1998

hepatic enzyme abnormalities and, I: 14,
691

hepatobiliary cancers and, I: 13, 577; II:
6, 20, 187; III: 7, 10, 286, 393

immune system disorders and, I: 14, 699;
II: 7, 21, 329; III: 491, 522

infertility and, I: 14, 634; II: 7, 282, 300;
III: 449, 458

leukemia and, I: 13, 571, 577-578; II: 7,
20, 247; III: 7, 10, 390, 393

lipid abnormalities and, I: 14, 691; II: 7,
21, 335; III: 507, 522

liver cancer and, I: 13, 457, 577
liver toxicity and, II: 335; III: 513, 522
low birthweight and, I: 14, 627; II: 7, 20;

III: 458
melanoma and, III: 316
metabolic and digestive disorders and, II:

334-335
motor/coordination dysfunction and, I: 14,

661; II: 7, 21, 310, 314; III: 474
nasal/nasopharyngeal cancer and, I: 13,

460, 577; II: 6, 20, 189; III: 7, 10,
292, 393

neurobehavioral disorders, II: 314; III:
473-474

neuropsychiatric outcomes and, I: 14,
657, 666; II: 7, 20, 308-309, 314; III:
473-474

perinatal death and, I: 14, 624; II: 7, 20,
285-286, 300; III: 453, 458

peripheral nervous system disorders and,
I: 14, 666; II: 21; III: 474

renal cancer and, I: 13, 521, 577; II: 7, 20,
225; III: 7, 10, 355, 393

research recommendations, I: 19, 727
respiratory disorders and, I: 14, 713; II: 7,

21, 325; III: 486, 522
skin cancers, II: 210-211; III: 8, 10, 21,

393
spontaneous abortions and, I: 14, 605; II :

7, 20, 284, 300
testicular cancer and, I: 13, 521, 577; II:

7, 20, 228, III: 7, 10, 346, 393
Vietnam veterans’ children, cancer in, I:

14, 630; II: 7, 20, 300
Herbicide association, limited/suggestive

evidence
acute and subacute transient peripheral

neuropathy, II: 314; III: 7, 8, 21, 474

basis for finding of, I: 10-12, 247, 574-
575; II: 6, 8-10, 20, 22, 97, 247-249;
III: 7, 8-10, 20-21, 133, 393

cancer, I: 10-12, 519-521, 574-576; II:
247-249; III: 393

laryngeal cancer, III: 295, 393
lung cancer, III: 299, 393
multiple myeloma, I: 10, 11-12, 563, 574,

576; II: 6, 20, 244; III: 7, 8, 9, 20,
383, 393

neurobehavioral disorders, II: 314
peripheral neuropathy, II: 6
porphyria cutanea tarda, II: 6, 323; III: 7,

8, 20, 482, 519
prostate cancer, I: 11, 519-521, 575-576;

II: 6, 20, 223; III: 7, 8, 9, 20, 340,
342, 393

research recommendations, I: 19, 727
respiratory cancers, I: 10-11, 472, 574,

575; II: 6, 20, 203; III: 7, 8, 9, 20
spina bifida, II: 6, 298, 300; III: 7, 8, 9-

10, 21, 444, 458
Herbicide association, limited/suggestive

negative evidence
basis for finding of, I: 12-13, 224, 247,

576-577; II: 7, 12-13, 21, 97, 250; III:
8, 12, 21-22, 133, 393-394, 522

brain tumors, I: 12, 525, 576; II: 7, 21,
230; III: 8, 12, 21, 359, 394

gastrointestinal tract cancers, I: 12-13,
447-451, 576-577; II: 7, 21, 177-181;
III: 8, 12, 21, 268, 273, 282, 394

skin cancer, I: 12, 503, 576; III: 21
urinary bladder cancer, I: 12, 521, 576; II:

7, 21, 227; III: 21
Herbicide association, sufficient evidence

basis for finding of, I: 8-10, 246-247, 572;
II: 5, 6, 8, 19, 20, 21, 97, 247; III: 6,
7, 8, 20, 132-133, 390, 392

cancer and, I: 8-10, 572-574; II: 247; III:
390, 392

chloracne and, I: 10, 678; II: 5, 6, 20,
320; III: 6, 7, 20, 480, 519

Hodgkin’s disease and, I: 8, 9-10, 556-
557, 573-574; II: 5, 6, 20, 236; III: 6,
7, 20, 373, 374, 390

non-Hodgkin’s lymphoma and, I: 8-9, 10,
548, 573-574; II: 5, 6, 20, 234; III: 6,
7, 20, 366, 390

porphyria cutanea tarda and, I: 10, 682; II:
5, 6, 20; III: 20
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soft-tissue sarcoma and, I: 8, 9-10, 500;
II: 5, 6, 20, 208; III: 6, 7, 20, 311, 390

Herbicide exposure assessment
agricultural/forestry workers studies, III:

154-155
biomarkers for, I: 17, 259-262, 280-284;

II: 101-104
cancer studies use, I: 436-439
case-control studies use, I: 256-257
Centers for Disease Control and

Prevention Agent Orange Study, I: 58;
II: 102

Centers for Disease Control and
Prevention exposure opportunity
index, I: 274-276, 611-612; III: 147-
148

Centers for Disease Control and
Prevention validation study, I: 59,
260-261, 281-284, 387; II: 103, 104

Centers for Disease Control and
Prevention Vietnam Experience
Study, II: 101; III: 240

cohort studies use, I: 254-256; II: 107-109
cumulative exposure, III: 144
current estimates, I: 284-287
data sources (existing) limitations, I: 14-

15, 290-291
definition of, methodological issues, II: 4-

5; III: 5-6
Department of Veterans Affairs mortality

studies, II: 101
difficulties in, I: 14-15, 222, 247-248,

284, 286-287
dioxin congeners, recent literature, II:

106-107; III: 158-159
environmental studies use, I: 262-263,

267-270; III: 156-157
epidemiologic studies evaluation and, II:

99-101; III: 142-146
evidentiary role of, I: 4, 15, 250-253
exposure-dose relationship, I: 252-253
ground spraying, I: 288-289; III: 138-140
historic exposure reconstruction, I: 17-18,

19-20, 254, 255-256, 725-726, 728;
III: 143

indices development, II: 107-109; III:
161-162

individual differences, I: 261, 286
job exposure matrix, I: 259-262
literature update, II: 104-109; III: 157-162
methodological issues, II: 4-5; III: 5-6

misclassification bias in, I: 17, 257-259,
724

non-military settings and, I: 4-5, 15, 222-
223, 241-242

occupational studies use, I: 262-267, 269-
270; II: 107-108; III: 150-156

paper/pulp mill workers, I: 266-267; III:
155-156

process perspective, I: 252-253
Ranch Hand study use, I: 386; II: 109; III:

145-147
research recommendations, I: 16-18, 287-

290, 291, 721-722, 724-725
risk assessment use, I: 14-15, 247-248,

250, 578; III: 14-15
sawmill workers, III; 10, 156, 227-228,

338, 439-440, 447-448, 449, 452, 453,
457

self-reports, I: 270-271
serum TCDD in, I: 19, 20-21, 261, 282-

285, 289, 290, 725, 742-743; III: 159-
161

Seveso, Italy, accident, I: 267-268, 285,
598-599; III: 156

state-sponsored studies, I: 400, 401-402,
403-404

Stellmans’ study, I: 278-279, 284
strategies for, I: 253-254; III: 144-145
TCDD exposure levels for

epidemiological studies, II: 105-106;
III: 159-161

TCDD half-life investigation, II: 104-105;
III: 157-158

Times Beach, Missouri, case, I: 268, 368-
369

Vietnamese population, I: 108-109, 269,
731; III: 156-157

Vietnam military records in, I: 271-280
Vietnam service as element of, I: 271,

284-287; II: 101-104; III: 146-150
Vietnam spray data, I: 273-279
Vietnam troop movement data in, I: 95-

96, 273-279, 287
workshop on, I: 746-747
See also Environmental herbicide

exposure; Herbicides; Occupational
herbicide exposure

Herbicide exposure reconstruction model
data sources, I: 725-726
epidemiologic research and, I: 726-728
evaluation of, I: 18, 289-290, 726; II: 25
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recommendations, I: 15-16, 17-20, 287-
290, 291, 721-722, 725-728; II: 25

Request for Proposals (RFP), II: 25-26
See also Herbicide exposure assessment;

Herbicides
Herbicide/pesticide applicators. See

Professional herbicide/pesticide
applicators

Herbicides
action of, I: 88
acute and subacute transient peripheral

neuropathy and, II: 2, 312-313; III: 7,
8, 473

agricultural role of, I: 24, 35, 39, 174-175,
181

Air Force research activities, II: 31-32;
III: 28-29

basal/squamous cell skin cancer
association, III: 317-322, 323

biological plausibility, II: 88, 92, 176,
217, 282, 298, 300; III: 2, 23, 124,
128, 281-282, 286, 288, 292, 295,
302, 304, 311, 317, 322, 327, 329,
334, 343, 347, 351, 356, 362, 366,
377, 383, 390, 444, 451, 453, 458,
460-462, 467, 480, 482, 486, 491,
502-503, 507, 513-514, 518, 522-525

birth defects association, II: 286-298; III:
436-444

bladder cancer association, II: 225-227;
III: 7, 10, 132, 347-351

bone cancer association, II: 204-205; III:
7, 10, 303-305

brain tumors association, II: 229-230; III:
8, 12, 356-362

breast cancer association, II: 213-217; III:
7, 10, 324-329

cancer latency issues, II: 2, 13-14, 175,
260-276; III: 3, 12-14, 407-431

cancer risk and development, II: 13-14,
175; III: 12-14, 265-266

carcinogenicity, I: 118-119; II: 175; III:
265-266

cervical cancer association, III: 332
chemistry of, II: 38
childhood cancer association, II: 299-300
chloracne association, II: 318-320; III: 6,

7, 479-480
chronic persistent peripheral neuropathy

and, II: 310-311
circulatory disorders association, II: 335-

337; III: 3, 514-518

cognitive/neuropsychiatric disorders and,
II: 307-309; III: 468-469

congressional hearings, II: 27-28; III: 25
congressional legislation on, II: 28-29; III:

26-27
Department of Veterans Affairs activities,

II: 29-31; III: 27-28
developmental toxicity, I: 124
diabetes mellitus association, II: 330-331,

334-335; III: 2, 11-12, 125, 494-503
disease outcomes of exposure, III: 6-15,

33-35, 38-43, 44-47, 48, 50, 71-105
early concerns about, I: 29-32, 35-36, 17-

19; II: 26; III: 25
environmental exposure studies, I: 140-

149, 184, 186, 189, 190, 193, 200-
201, 221, 222, 234, 236, 241, 243,
287-288, 306, 312-313; II: 271-272,
275, 277, 279-281; III: 197-205, 218,
232-236, 283, 285, 287-288, 290, 291,
297-298, 301, 303, 305, 309, 316,
323, 328, 333, 336, 338, 342, 344,
345, 349, 350-351, 353, 354, 358,
361, 365, 369, 373, 375, 380, 382,
388-389, 392, 437, 454, 455, 456,
459, 467, 497, 520

Environmental Protection Agency
research activities, II: 32; III: 29-30

evidence insufficient for determining
association in health outcomes, I: 13-
14, 19, 247, 457, 460, 473-474, 512,
521, 571, 577-578, 605, 618, 624,
627, 630, 634, 657, 666, 691, 699,
708, 713, 727; II: 7, 11-12, 20-21, 22,
97, 181-187, 189, 205, 210-211, 213,
217, 225, 228, 247, 282, 284, 285-
286, 298, 300, 308-309, 310, 311,
314, 325, 329, 334-335, 337; III: 7-8,
10-12, 21, 132, 133, 286, 292, 304,
316, 322, 327, 332, 334, 346, 349,
351, 355, 390, 393, 444, 449, 453,
458, 473-474, 486, 491, 503, 507,
513, 518, 522

evidence limited/suggestive of association
in health outcomes, I: 10-12, 19, 247,
472, 519-521, 563, 574-576, 727; II:
6, 8-10, 20, 22, 97, 203, 223, 244,
298, 300, 314, 323; III: 7, 8-10, 20-21,
133, 295, 299, 340, 342, 383, 393,
444, 458, 474, 482, 519

evidence of no association in health
outcomes, I: 12-13, 224, 247, 447-
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451, 503, 521, 525, 576-577; II: 7, 12-
13, 21, 22, 97, 181, 227, 230; III: 8,
12, 21-22, 133, 268, 273, 282, 359,
393-394, 522

evidence sufficient of association in health
outcomes, I: 8-10, 246-247, 500, 548,
556-557, 572-574, 678, 682; II: 5, 6, 8,
19, 20, 21, 97, 208, 234, 236, 320; III:
6, 7, 8, 20, 132-133, 311, 366, 373, 374,
390, 392, 480, 519

exposure assessment issues, II: 4-5, 99-
109; III: 5-6, 135-162

federal government response to concerns
over military use of in Vietnam, II:
27-32; III: 25-30

female reproductive cancers association,
II: 211-213; III: 7, 10, 330-334

gastrointestinal tract cancers association,
II: 177-181; III: 8, 12, 268-282

gastrointestinal ulcers association, II: 334-
335; III: 510-514

hepatobiliary cancer and, II: 2, 176, 181-
187; III: 7, 10, 282-288

Hodgkin’s disease association, II: 235-
236; III: 6, 7, 372-376

immune system disorders and, II: 327-
329; III: 3, 488-491

immunotoxicity, I: 122-123
infertility association, II: 280-282; III:

445-451
International Agency for Research on

Cancer research activities, III: 30
laryngeal cancer and, II: 202-203; III:

292-295
latency and cancer risk, II: 13-14, 175,

260-276; III: 3, 12-14, 265, 407-431
leukemia association, II: 245-246; III: 7,

10, 385-390, 391-392
lipid abnormalities association, II: 333-

335; III: 504-508, 520-521
liver toxicity association, II: 332-333,

334-335; III: 510-514
low birthweight and, III: 456-458, 459
lung cancer and, III: 296-302, 421, 422,

423, 424
mechanism of action, II: 36; III: 33, 38,

44, 47-48, 49-50, 53-71
mechanisms of toxicity, II: 37
melanoma association, III: 313-317
metabolic and digestive disorders

association, II: 330-335; III: 3

military research and development, I: 25-
26

military (U.S.) use ban, I: 32, 45
motor/coordination dysfunction and, II:

309-310; III: 469-470
multiple myeloma assocation, II: 237-244;

III: 7, 8, 9, 377-383
nasal/nasopharyngeal cancer and, II: 2,

176, 187-189; III: 7, 10, 290-292
neural tube defects associated with

herbicides, numbers, II: 297
neurobehavioral disorders and, II: 305,

306, 314; III: 3, 467, 468, 473-476
non-Hodgkin’s lymphoma association, II:

231-234; III: 6, 7, 362-371, 428-430
occupational exposure settings, I: 36-38;

III: 150-156
occupational exposure studies, II: 113-

140, 182-184, 186, 188-189, 190, 191-
200, 214-216, 219-220, 222, 232-234,
235-236, 237-243, 286-287, 306, 312;
III: 170-196, 218, 219-232, 268-271,
274-281, 282-283, 284, 287, 290, 291,
293-294, 296-297, 300-301, 303, 305,
308-309, 312, 316, 317, 321, 323,
324-326, 328, 332-333, 335-336, 337,
338, 341, 344, 345, 348, 350, 353,
354, 357-358, 360, 363-365, 367-369,
372-373, 374-375, 378-380, 381-382,
386-388, 391-392, 437, 450, 454, 455,
456, 459, 467, 483-485, 489, 491,
496, 510-512, 515-516, 520

Operation Ranch Hand volume use, data
by herbicide type, III: 136

ovarian cancer association, III: 333
perinatal death association, II: 285-286;

III: 451-454, 455, 456
porphyria cutanea tarda association, II:

321-323; III: 7, 8, 481-482
preterm birth and, III: 456-458, 459
prostate cancer association, II: 2, 176,

217-223, 273-275; III: 7, 8, 9, 335-
343, 426-428

renal cancer association, II: 224-225; III:
7, 10, 352-356

reproductive toxicity, I: 124; II: 278-301;
III: 434-435

research recommendations, II: 23-24; III:
23

respiratory cancers and, II: 189-203, 268-
273; III: 7, 8, 9, 418, 420-426
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respiratory disorders association, II: 335-
337; III: 3, 483-486

skin cancers association, II: 209-211; III:
8, 10, 312

soft-tissue sarcomas association, II: 205-
208; III: 6, 7, 306-311

spontaneous abortions association, II:
283-284

statistical association with diseases, II: 88,
90-91; III: 1-2, 6, 124, 126-127

TCDD contamination of, I: 2, 3, 27, 91-
92, 114, 126-127; II: 2, 3, 26; III: 3, 4,
5, 140-142

testicular cancer association, II: 227-228;
III: 7, 10, 343-347

time-related factors and cancer risk, II:
263-264, 270, 271, 273, 274; III: 411-
412, 421, 422, 423, 424, 426, 427,
429

toxicity profiles update, II: 45-77; III: 43-
108

toxicokinetics, II: 35, 36, 38-39; III: 32-
33, 36-37, 43-44, 47, 48, 50-53

toxicology, III: 3-5, 32-110
types of, I: 88
uterine cancer association, III: 333
Vietnam use by U.S. military, I: 1, 3, 24,

27, 74, 84-96, 98-107, 286; II: 1, 2,
26-27; III: 135-142

Vietnam veterans’ cancer risk and
latency, II: 276; III: 12-13, 430-431

Vietnam veterans’ disease increased risk,
II: 14, 22-23, 88, 91, 298, 300-301,
321, 323; III: 12-13, 14-15, 22-23,
124, 127-128, 329, 334, 343, 430-431,
444, 462, 475-476, 491, 503, 507-508,
525

Vietnam veterans’ exposure concerns, II:
26-32

Vietnam veterans’ exposure studies, II:
149-161, 185, 187, 189, 190, 201-202,
204, 205, 208, 209, 211, 212, 213,
216-217, 218, 221, 223, 224, 225,
226, 227, 228, 229, 230, 231, 234,
235, 236, 244, 245, 246, 278, 280,
283, 285, 286, 288-296, 306, 308,
309, 310, 311, 313, 314, 318-320,
321-323, 324-326, 327-329, 330-337;
III: 206-217, 236-245, 272-273, 275,
277-278, 279, 281, 282-283, 287-288,
290, 291, 294-295, 298, 301, 303,

305, 309-310, 312, 316, 317, 323,
326, 328, 333, 336, 338, 339, 340,
342, 343-344, 345-346, 349, 351, 353,
355, 358-359, 361, 363, 365, 370-371,
372, 373, 376, 380, 382, 385, 386,
389, 392, 435, 436, 437-438, 445,
446, 450, 454, 455, 456, 457, 459,
467, 468, 469, 470, 473, 475, 479,
480, 481, 482, 485-486, 489, 491,
495, 497, 498, 500, 502, 505-506,
512-513, 516-518, 521

See also Aerial spraying; Agent Orange;
Agricultural herbicides; Chemicals
and chemical industry; Defoliants;
Desiccant herbicides; 2,4-Dichloro-
phenoxyacetic acid; Domestic
herbicide use; Environmental
herbicide exposure; Ground/perimeter
spraying; Herbicide application
methods; Herbicide exposure
assessment; Herbicide exposure
reconstruction model; Occupational
herbicide exposure; Phenoxy
herbicides; Professional herbicide/
pesticide applicators; Selective
herbicides; 2,3,7,8-Tetrachloro-
dibenzo-p-dioxin (TCCD); 2,4,5-
Trichloro-phenoxyacetic acid (2,4,5-
T)

HERBS tapes, I: 20, 97-98, 602, 725; II: 108-
109

contents, I: 96-97, 273
deficiencies, I: 97, 104-105
exposure assessment use, I: 273-279, 287,

291; III: 146, 148
source of, I: 62, 85, 96

Hercules, Inc., I: 35
2,2′4,4′,5,5′-Hexachlorobiphenyl (HxCB), II:

64, 65
1,2,3,6,7,8-Hexachloro-dibenzo-p-dioxin

(HxCDD), II: 64, 65, 67
Hexachlorophene, I: 40; II: 128; III: 218, 219,

234
HI. See Humoral immunity (HI)
High-density lipoprotein (HDLP) receptors, II:

333, 334; III: 501, 503, 520-521
Highway workers, I: 326
Historic exposure reconstruction, I: 17-18, 19-

20, 254, 255-256, 725-726, 728; III:
143

HIV-I. See AIDS/HIV
Ho Chi Minh City, Vietnam, II: 108
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Hodgkin’s disease (HD)
agricultural/forestry workers and, I: 328,

329, 331, 335-336, 341, 550-553; II:
138

biologic plausibility, I: 557; III: 377
chemical industry workers and, I: 549-550
epidemiologic studies, II: 138, 235-236;

III: 372-376
epidemiology, I: 526, 527-528; II: 231;

III: 371-372
herbicide association in, I: 8, 9-10, 556-

557, 574; II: 5, 6, 20, 138, 235-236,
247; III: 6, 7, 20, 24, 372-376

herbicide environmental exposure studies,
I: 384; II: 236; III: 373, 375

herbicide occupational exposure studies,
II: 235-236; III: 372-373, 374-375

histopathology, I: 526-527
incidence, data by race/gender, for

selected age groups, III: 372
research recommendations, I: 19, 727
scientific literature update, II: 235-236;

III: 372-373
Vietnam veterans and, I: 258, 526, 554-

556; II: 231, 236; III: 372, 373, 376
Vietnam veterans’ compensation, II: 24,

30, 31
See also Malignant lymphomas

Hoffman-Taff, I: 40
Hormonal system

estrogen-mediated responses, I: 145, 154
TCDD carcinogenesis and, I: 116, 145
TCDD in, I: 156-159
TCDD-induced wasting syndrome and, I:

165
Hormones. See Follicle-stimulating hormone

(FSH); Luteinizing hormone (LH);
Testosterone

Hourglass spray system, I: 25
House Committee on Veterans Affairs, II: 27;

III: 25
H.R. 1565, II: 28
Human immunodeficiency virus (HIV-I). See

AIDS/HIV
Humoral immunity (HI)

TCDD and, II: 69-70
Hydatidiform mole, I: 30, 600-601

See also Reproductive disorders
Hydrocephalus, I: 609, 611

See also Reproductive disorders
Hydrocortisone (HC), II: 73

Hypercholesterolemia, I: 690
See also Lipid abnormalities

Hyperlipidemia, I: 152-153, 688, 692
See also Lipid abnormalities

Hypertension, I: 705, 706, 707, 708
See also Circulatory disorders

Hyperthyroidism
TCDD-induced, I: 168
See also Metabolic and digestive

disorders
Hypoglycemia

TCDD-induced, I: 166-168
See also Metabolic and digestive

disorders
Hypospadias, I: 609, 611

See also Reproductive disorders

I

IARC. See International Agency for Research
on Cancer (IARC)

ICD. See International Classification of
Diseases (ICD)

Iceland, III: 228, 319, 338, 339, 344, 353
Association of Vegetable Farmers, III:

228
Cancer Registry, III: 228, 338
Committee on Toxic Substances, III: 228
Farmers’ Association of Iceland, III: 228
Horticultural College, III: 228
Horticulturist’s Association, III: 228
Market Gardeners Association Pension

Fund, III: 228
National Registry, III: 228
Register of Deaths, III: 228

I Corps, I: 52, 96, 98, 394, 493-494, 542, 543,
546; II: 201; III: 139, 140, 241

mortality study, I: 233
II Corps, I: 542
III Corps, I: 59, 104, 276, 281-282, 542, 543;

II: 228; III: 148, 344
IL. See Interleukin-1; Interleukin-4
ILO. See International Labor Organization
Immune system disorders

2,4-D toxicity, I: 181; II: 41; III: 46, 524
cell-mediated immunity, II: 69-70
cellular immunity, I: 147
endocrine system and, I: 150-151
epidemiologic studies, II: 327-329; III:

488-491
epidemiology, II: 326-327; III: 487
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herbicide toxicity, I: 122-123; II: 7, 11,
21, 327-329; III: 3, 488-491

humoral immunity, I: 147-148; II: 69-70
immune modulation in, I: 692-696, 698-

699
macrophage function, I: 148
picloram toxicity, I: 192; II: 41
research methodology, I: 692
scientific literature update, II: 328-329;

III: 489-491
suppression in, I: 693; II: 326, 329
TCDD toxicity, I: 119-122, 146-151, 338;

II: 3, 40-41, 68-71, 328-329; III: 85-
92, 488, 489, 490, 491

See also Allergies; Autoimmune disease;
Autoimmunity; Systemic autoimmune
disease; Systemic lupus
erythematosus; Viral infection

Immunoglobulin antibodies, I: 693, 696, 697
Incineration, of Agent Orange, I: 93-94
Indiana, III: 47
Industrial accidents, I: 316-317; III: 224, 232-

233
BASF, I: 312-313, 444, 530, 550, 558;

III: 153, 221
Nitro, West Virginia, I: 38-39, 305-307,

597, 607, 686, 700; III: 152-153, 220
Industrie Chimiche Meda Societa Anonima, I:

43
Infant deaths. See Perinatal death
Infertility, I: 631-634; II: 7, 11

biologic plausibility, II: 282; III: 451
epidemiologic studies, II: 280; III: 445-

449, 450
epidemiology, II: 279; III: 444-445
herbicide association in, II: 278, 280-282;

III: 445-451
new studies summary, II: 280-281; III:

446-449, 450
Vietnam veterans and, III: 445, 446, 450
See also Reproductive disorders

Influenza, I: 713
See also Respiratory disorders

Insecticides, I: 87-88, 91
Institute of Medicine (IOM), I: 2, 20, 57, 62-

64, 742, 743-744; II: 1, 2, 17, 24, 25,
27; III: 1, 2, 5-6, 17, 23, 24, 25, 125,
150

Interagency Working Group on the Long-Term
Health Effects of Phenoxyherbicides
and Contaminants, I: 46

Interleukin-1, I: 148; II: 59

Interleukin-4, II: 70-71
Internal Revenue Service (IRS), II: 152, 153

Social Security database, II: 151; III: 238
International Agency for Research on Cancer

(IARC), I: 8, 12-13, 246, 264-265,
270, 313-314, 478, 479, 499, 565,
573, 577, 731; II: 101, 107, 131-135,
178-179, 196, 206, 212, 215, 220,
226, 232, 269; III: 20, 151, 175-177,
218, 222-223, 268, 269, 284, 290,
293, 296, 303, 306, 307, 308, 310,
311, 314, 319, 325, 326, 331, 337,
344, 348, 353, 357, 364, 378, 379,
386, 422-423, 424, 425, 429, 484,
511, 516

herbicide exposure assessment in
occupational studies, III: 151-152, 154

Vietnam military use of herbicides,
response, III: 30

International Classification of Diseases (ICD),
II: 325; III: 265

ICD-9 cancer codes, SEER program site
groupings for, III: 537-539

International Labor Organization (ILO), II: 324
International Register of Workers Exposed to

Phenoxy Herbicides and Their
Contaminants, I: 313-314; II: 131-135,
220, 232, 235, 238, 245; III: 175-177,
218, 222-223

International Society of Exposure Analysis, II:
25

Intracellular communication
TCDD and, II: 3, 67-68

Intrauterine growth retardation (IUGR), I: 625,
626; III: 455, 457

See also Reproductive disorders
IOM. See Institute of Medicine (IOM)
Iowa, I; 11, 37, 60, 318-319, 332, 333, 334-

335, 374, 400, 447, 495, 534, 550,
560, 567, 603, 660, 677; II: 8, 138-
139, 219, 239, 248, 292; III: 224, 229,
234, 243, 335

Iowa Health Registry, II: 138-139
Ireland, Republic of, II: 136, 230, 233, 242,

246; III: 224-225, 363
Agricultural Institute, II: 136
Central Statistics Office of Ireland, II: 136

IRS. See Internal Revenue Service (IRS)
Irvine, California, III: 533
Italy, I: 320-321, 338-340, 340-341, 384, 486-

487, 492, 523, 537, 552, 553, 561,
566, 632; II: 183, 229; III: 9, 224,
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230, 232, 234, 235, 271, 284-285,
294, 297, 299, 337, 358, 364, 373,
379-380, 387, 388, 516

Forli Province, III: 230
National Statistics Institute, II: 141
Novara Province, III: 225
Piedmont area, III: 224, 232
See also Lombardy, Italy; Milan, Italy;

Seveso, Italy
IUGR. See Intrauterine growth retardation

(IUGR)
IV Corps, I: 81, 98, 542

J

Japan, II: 237
Job exposure matrix, I: 256
Johnston Island, I: 93

K

Kansas, I: 9, 37, 335-336, 487, 490, 550; II:
231; III: 363

Kaposi’s sarcoma, I: 338, 487, 695
See also Soft-tissue sarcoma

Khe Sanh-Thonh Son Lam area, Vietnam,
I: 96; III: 140

Kidney cancer
biologic plausibility, III: 356
children and, I: 628
epidemiologic studies, I: 515; II: 224-225;

III: 352-355
epidemiology, I: 513, 514; II: 223; III:

351-352
herbicide association in, I: 13, 521, 577;

II: 7, 11, 20, 139-140, 224-225, 249-
250; III: 7, 10, 352-356

herbicide environmental exposure and,
III: 353, 354

herbicide occupational exposure and, III:
353, 354

histopathology, I: 513
incidence, data by race/gender, for

selected age groups, III: 352
risk factors, I: 514
scientific literature update, II: 224-225;

III: 353, 355
Vietnam veterans’ risk, I: 522; II: 223,

224, 225; III: 353, 355
See also Genitourinary cancers; Wilm’s

tumor

Kidneys
2,4-D toxicity in, I: 125, 179-180; II: 42
cacodylic acid toxicity in, II: 42

Korea, III: 240
Korean War, II; 150; III: 237

L

Laos, I: 106
Laryngeal cancer, I: 461, 470-471; II: 202-203

biologic plausibility, III: 295
epidemiologic studies, III: 293-295
epidemiology, III: 292
herbicide exposure and, III: 293-295
herbicide occupational exposure studies,

III: 293-294
incidence, data by race/gender, for

selected age groups, III: 292
scientific literature update, III: 293-294,

295
Vietnam veterans studies, III: 294-295
See also Respiratory cancers

Latency effects in cancer studies, I: 231-232,
434, 435, 436-438, 494, 495, 727; II:
2, 13-14, 175; III: 3, 12-14, 266, 407-
408

aging effects control, II: 261-262; III: 409
arsenic and, II: 268; III: 420
asbestos and, II: 268; III: 420
data limitations, III: 413, 414, 415, 416
data requirements, II: 264, 265, 266; III:

412, 414, 415, 416
epidemiologic studies, analysis of, II:

261-266; III: 408-412
epidemiologic studies, new, III: 419
gamma rays and, II: 268; III: 418
literature review results, II: 266-267; III:

416-418, 420-424, 426-427, 429
measurement errors, II: 263-264; III: 411-

412
mortality and incidence studies for

examining, II: 263; III: 410-411, 421,
422, 423, 424, 426, 427, 429

nickel and, II: 269; III: 420
non-Hodgkin’s lymphoma, III: 428-430
potential problems with, II: 264, 265, 266;

III: 413, 414, 415, 416
prostate cancer, II: 273-275; III: 426-428
radon daughters and, II: 268; III: 418
random misclassification and, II: 263-264;

III: 411-412
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relative risks, II: 264, 265, 266, 271, 275,
351; III: 412, 413, 414, 415, 418, 420,
422, 426-427, 428, 430-431

respiratory cancer, II: 268-273; III: 418,
420-426

smoking and, II: 268; III: 418
time-related factors, II: 262, 263-264; III:

411-412, 421, 422, 423, 424, 426,
427, 429

Vietnam veterans, relevancy for, II: 276,
351; III: 12-13, 430-431

See also Cancer
Lawn care products, I: 119, 177-178
LDL. See Low-density lipoprotein (LDL)

receptors
Leather tanners, I: 486, 514
Legal issues

Agent Orange manufacturers’ liability, I:
34-35

federal government liability, I: 34
South Korean Vietnam veterans, I: 62
Times Beach, Missouri, I: 41

Legislation
epidemiologic studies on Agent Orange,

II: 28; III: 26
federal, I: 45-60; III: 26-27
health care associated with Agent Orange,

II: 28
Public Law 91-441, I: 47, 62
Public Law 96-151, I: 50, 52, 57; II: 28;

III: 26, 240
Public Law 97-72, I: 50; II: 28; III: 26
Public Law 98-181, I: 51
Public Law 98-542, I: 50-51; II: 28-29;

III: 26-27
Public Law 99-272, I: 50; II: 28; III: 26
Public Law 100-687, I: 51
Public Law 101-239, I: 51
Public Law 102-4, I: 2, 7, 20, 21, 51, 572,

721, 728-730; II: 1, 5, 17, 19, 29, 97,
247; III: 1, 6, 14, 17, 20, 124, 132,
390, 397, 462, 475, 519, 525

Public Law 102-585, II: 28; III: 26
Public Law 103-452, II: 28; III: 26
Public Law 104-110, III: 26
Public Law 104-204, III: 24, 26
Public Law 104-262, III: 26
Public Law 105-114, III: 25
Veterans’ Health Programs Extension and

Improvement Act of 1979, III: 240
Vietnam veterans’ compensation, I: 47,

50-51, 55-56; II: 28-29; III: 26-27

Leiomyosarcomas, I: 475
See also Soft-tissue sarcoma

Lethality. See Deaths
Leukemia

acute lymphocytic leukemia, III: 383,
384

acute myeloid leukemia, III: 383-384
agricultural workers and, I: 13, 332-333,

334-335, 566-568; II: 136; III: 387-
388

biologic plausibility, III: 390
children and, I: 628
chronic lymphocytic leukemia, III: 384-

385
chronic myeloid leukemia, III: 384,

385
epidemiologic studies, I: 564-572; II: 136,

245-247; III: 385-390, 391-392
epidemiology, I: 564; II: 245; III: 383-385
herbicide association in, I: 13, 571, 577-

578; II: 7, 11, 20, 245-247, 249-250;
III: 7, 10, 385-390, 391-392

herbicide environmental exposure and,
III: 388-389, 392

herbicide occupational exposure and, III:
386-388, 391-392

incidence, data by type/race/gender, for
selected age groups, III: 384

production workers and, I: 564-566; III:
386-387

pulp/paper workers and, I: 568
risk factors, I: 564
scientific literature update, II: 245-246;

III: 386-389
Seveso, Italy, studies, I: 13, 568-570, 571,

577; III: 385, 386, 388-389, 390
TCDD biologic plausibility in, I: 571; III:

390
Vietnam veterans’ risk, I: 564, 570, 571-

572; II: 245, 246
Vietnam veterans studies, III: 385, 386,

389, 392
Leydig cells, II: 71, 279; III: 445
LH. See Luteinizing hormone (LH)
Lindane, I: 91
Lipid abnormalities, I: 688-690, 692

biologic plausibility, III: 507
epidemiologic studies, I: 45; II: 333, 334;

III: 504-506, 520-521
epidemiology, II: 333; III: 503-504
herbicide environmental exposure and,

III: 520
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herbicide exposure association with, II: 7,
21, 333-334; III: 504-508, 520-521

herbicide occupational exposure and, III:
520

scientific literature update, II: 334; III:
504-506, 520, 521

TCDD in, I: 152-153, 259-260; II: 333,
334; III: 505, 506, 507

Vietnam veterans and, II: 333; III: 505-
506, 521

See also Hypercholesterolemia;
Hyperlipidemia; Liver disorders;
Metabolic and digestive disorders

Listeria
TCDD exposure and, II: 68

Liver cancer
children and, I: 628
epidemiologic studies, I: 453-455
herbicide association in, I: 13, 457, 577
picloram in, I: 190
research recommendations, I: 19, 727
risk factors, I: 453
Seveso, Italy, studies, I: 454-455
TCDD in, I: 116, 138-139, 142, 143
Vietnam veterans and, I: 391, 393, 455,

457
See also Hepatobiliary cancers

Liver disorders
2,4-D in, I: 179; III: 524
2,4,5-T in, II: 42; III: 524
biologic plausibility, III: 513-514, 524
enzyme activity, I: 155-156, 685-687,

691-692
epidemiologic studies, I: 45; II: 332-333;

III: 510-513
epidemiology, II: 331-332; III: 509-510
herbicide occupational exposure and, III:

510-512
herbicides in, I: 125; II: 332-333; III: 510-

514
picloram chronic toxicity, I: 191-192; II:

42; III: 524
scientific literature update, II: 332-333;

III: 510-513
Seveso, Italy, studies, I: 367
TCDD in, I: 115, 124, 129-130, 151-156,

155, 165-166; II: 42, 331-333; III: 509
Vietnam veterans and, II: 332; III: 512-

513
See also Lipid abnormalities; Metabolic

and digestive disorders

Lombardy, Italy, II: 147, 299
Low birthweight

biologic plausibility, III: 458
definition, I: 625
epidemiologic studies, III: 456-457, 459
epidemiology, I: 625-626; III: 454, 455,

456
herbicide association in, I: 14, 627-628;

II: 7, 11, 20; III: 456-458, 459
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O

Occupational herbicide exposure, I: 5, 303
acute and subacute transient peripheral

neuropathy and, II: 312
agricultural/forestry workers, II: 183-184,

197-198, 232-234, 238-239, 241-243;

III: 178-195, 224-232, 284-285, 335,
364-365, 379-380, 387-388

basal/squamous cell skin cancer and, III:
321, 323

birth defects and, II: 286-287; III: 437
bladder cancer and, III: 348, 350
bone cancer and, III: 303, 305
brain tumors and, III: 357-358, 360
breast cancer and, II: 214-216; III: 324-

326, 328
breast cancer estimated risk, II: 218
cancer mortality, I: 443-444; II: 133, 134,

136, 137
cancer risk factor, I: 442; II: 133-135
cervical cancer and, III: 332
circulatory disorders and, III: 515-516
diabetes mellitus and, III: 496
epidemiologic studies, I: 303-365; II: 3, 6-

7, 113-140; III: 170-196, 218, 219-
232, 268-271, 274-280, 282-283, 284,
287, 290, 291, 293-294, 296-297, 300-
301, 303, 305, 308-309, 312, 316,
317, 321, 323, 324-326, 328, 332-333,
335-336, 337, 338, 341, 344, 345,
348, 350, 353, 354, 357-378, 360,
363-365, 367-369, 372-373, 374-375,
378-380, 381-382, 386-388, 391-392,
437, 450, 454, 455, 456, 459, 467,
483-485, 489, 491, 496, 510-512, 515-
516, 520

exposure assessment strategies, I: 253-
256, 258-259, 262-267, 269-270; II: 5,
99-101, 107-108; III: 144-145, 150-
156

exposure indices development, II: 107-
108; III: 161-162

female reproductive system cancers and,
III: 332-333

gastrointestinal/digestive disorders and,
III: 510-512

gastrointestinal tract tumors and, II: 178-
179; III: 268-271, 274-280

hepatobiliary cancer and, II: 182-184,
185, 186; III: 282-283, 284, 287

Hodgkin’s disease and, II: 235-236; III:
372-373, 374-375

immune system disorders and, III: 489, 491
infant death and, III: 456
infertility and, III: 450
laryngeal cancer and, III: 293-294
leukemia and, III: 386-388, 391-392
lipid abnormalities and, III: 520
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low birthweight and, III: 459
lung cancer and, III: 296-297, 300-301,

421, 422, 423, 424
melanoma and, III: 316, 317
multiple myeloma and, II: 237-243; III:

378-380, 381-382
nasal/nasopharyngeal cancer and, II: 188-

189; III: 290, 291
neonatal death and, III: 455
neural tube defects numbers, II: 297
neurobehavioral disorders association

studies, II: 306; III: 467
non-Hodgkin’s disease and, II: 232-234;

III: 363-365, 367-369, 429
ovarian cancer and, III: 333
production workers, II: 182-183, 191,

193-197, 206-207, 232, 237-238; III:
170-178, 219-224, 284, 363-364, 378-
379, 386-387, 420, 423, 426, 429

professional herbicide/pesticide
applicators, II: 198-200; III: 182-185,
226-228

prostate cancer and, II: 219-220, 222; III:
335-336, 337, 338, 341, 426, 427

pulp/paper workers, I: 37-38, 267, 341,
364, 443, 447, 454, 468, 516, 523,
540, 561-562, 568; II: 126-127, 184,
200, 243; III: 196, 232

renal cancers and, III: 353, 354
research recommendations, I: 15-16, 731
respiratory cancers and, II: 190, 191-200
respiratory disorders and, III: 483-485
sawmill workers, III: 10, 156, 227-228,

338, 439-440, 447-448, 449, 452, 453,
457

skin cancer and, III: 312
soft-tissue sarcomas, II: 206-207; III: 308-

309
stillbirths and, III: 454
testicular cancer and, III: 344, 345
uterine cancer and, III: 333
Vietnam veteran exposure vs., I: 4, 285,

290
See also Herbicide exposure assessment;

Herbicides
Occupations. See Agricultural/forestry workers;

Highway workers; Leather tanners;
Paper/pulp industry workers;
Production workers; Professional
herbicide/pesticide applicators;
Railroad workers; Tannery workers

Odds ratio, I: 224, 234; II: 90; III: 126-127
Office of Technology Assessment, I: 19, 50,

52, 57, 728; II: 28; III: 26
OGTT. See Oral glucose tolerance test (OGTT)
Ohio, I: 336, 550

See also Hancock County, Ohio
Olshan, Andrew, III: 25
Ontario, Canada, II: 199
Operation Ranch Hand, I: 3, 4, 15, 16-17, 24,

74; II: 5, 14, 18, 23, 54, 251, 293; III:
6, 11, 12, 22, 23, 37, 50, 135, 136,
137, 138, 139

application techniques, I: 25, 85-86, 87-88
epidemiologic studies, II: 31, 32, 150-

152, 154-156; III: 28-29, 237, 438-
439, 498

herbicide formulations, I: 88-91
herbicide surplus disposal, I: 93-94
herbicide volume used, data by type, III:

136
number of military personnel in, I: 94,

273
objectives, I: 85
operations data, I: 86, 87, 92, 106-107
questionnaires, self-administered, II: 109,

151
start of, I: 84, 85
suspension of, I: 27, 31, 32, 92-93; II: 109
targeting procedures, I: 86
See also Air Force Health Study (AFHS)

Oral glucose tolerance test (OGTT), III: 498,
500

Oregon, I: 336-337, 341; II: 149; III: 230, 232,
234

See also Alsea, Oregon
Outreach activities

Vietnam veterans and, II: 31; III: 28
Ovarian cancer, I: 338-339, 506, 510-511; III:

333
herbicide association in, I: 13, 512; II: 6;

III: 333
See also Reproductive system cancers,

women

P

P450, I: 130, 144-145, 170, 709; II: 56, 70, 72,
74, 76; III: 220

PACER HO, I: 93
PAI-2. See Plasminogen activator inhibitor

(PAI-2)
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Pancreatic cancer. See Gastrointestinal (GI)
tract cancers

Paper/pulp industry workers
cancers in, I: 443, 454, 468, 516, 523,

540, 568; II: 200
chemical exposures in, I: 37-38, 267; III:

155-156
epidemiologic studies, I: 38, 341, 364; II:

126-127, 184, 200, 243; III: 196, 232
hepatobiliary cancer, II: 184
multiple myeloma and, II: 243

Parkinsonism, I: 661; II: 140, 149, 309-310; III:
469-470, 475

See also Motor/coordination dysfunction
PCBs. See Polychlorinated biphenyls (PCBs)
PCDDs. See Polychlorinated dibenzodioxins

(PCDDs)
PCDFs. See Polychlorinated dibensofurans

(PCDFs)
PCMR. See Proportionate cancer mortality ratio

(PCMR)
PCP. See Pentachlorophenol (PCP)
PCT. See Porphyria cutanea tarda (PCT)
Pennsylvania, I: 60, 403, 562; II: 244; III: 243
1,2,3,7,8-Pentachlorodibenzo-p-dioxin

(PnCDD), II: 64, 65
2,3,4,7,8-Pentachlorodibenzofuran (PnCDF), II:

64, 65
Pentachlorophenol (PCP), II: 320; III: 221, 511,

516
Pentoxyresorufin-O-dealkylase (PROD)

TCDD and, II: 64
PEPCK. See Hepatic phosphoenolpyruvate

carboxykinase (PEPCK)
Perimeter spraying. See Ground/perimeter

spraying
Perinatal death

biologic plausibility, III: 453, 458
definitions, I: 618-619; II: 284; III: 451
descriptive epidemiology, I: 619-620; II:

284-285; III: 451
epidemiologic studies, I: 620-624; II: 285-

286; III: 451-453, 454, 455, 456
herbicide association in, I: 14, 624; II: 7,

11, 20, 278, 285-286; III: 451-454,
455, 456

herbicide environmental exposure and,
III: 454, 455, 456

herbicide occupational exposure and, III:
454, 455, 456

risk factors, I: 619-620

scientific literature update, II: 285; III:
452-453, 454, 456

TCDD biologic plausibility in, I: 624
Vietnam veterans and, II: 285; III: 454,

455, 456
Peripheral nervous system (PNS) disorders, I:

55, 662-666; II: 304, 312
acute and subacute transient peripheral

neuropathy, II: 2, 6, 89, 311-314; III:
7, 8, 473

chronic persistent peripheral neuropathy,
II: 89, 310-311; III: 470-472

epidemiologic studies, II: 310-311, 312-
314; III: 470-473

herbicide association with, I: 666; II: 2, 6,
10, 11, 21, 89, 310-314; III: 7, 8, 21,
470-473

herbicide environmental exposure studies,
I: 663-665; II: 312-313

herbicide occupational exposure studies,
I: 662-663; II: 312

methodology, II: 311-312
scientific literature update, II: 310-311;

III: 471, 473
Seveso, Italy, residents and, II: 312-313
Vietnam veterans’ risk, I: 666; II: 311,

313
See also Neurobehavioral toxicity;

Neurological disorders
Pesticide/herbicide applicators. See

Professional herbicide/pesticide
applicators

Pesticides. See Agricultural herbicides;
Desiccant herbicides; Fungicides;
Herbicides; Insecticides; Phenoxy
herbicides; Selective herbicides

Pharmacokinetics
2,4-D, I: 175
2,4,5-T, I: 182
cacodylic acid, I: 186-187
picloram, I: 190
TCDD, I: 127-133, 260-261, 284; II: 53-

54; III: 161
TCDD-induced wasting syndrome, I: 162-

166
Phenoxy herbicides, I: 8, 9, 10, 11, 27; III: 150,

151, 154, 222, 223, 422, 423, 429
action of, I: 27
See also Herbicides

Phenoxypropionic acids, I: 327
Phytar 560-G, I: 89
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Picloram, I: 88, 90, 91; II: 4; III: 5, 19, 135,
136, 137, 218

acute toxicity, I: 191
animal studies, I: 189-192; III: 50, 396, 460
biologic plausibility, III: 460, 524
carcinogenicity, I: 118, 119, 190-191; II:

40; III: 396
chemical properties/structure, I: 111, 114-

115, 189; II: 38; III: 32
chronic exposure, I: 191-192
developmental/reproductive toxicity, I:

192; II: 42; III: 460
domestic use, I: 189
genotoxicity, I: 191
immunotoxicity, I: 122-123, 192; II: 41
liver toxicity, I: 125; II: 42; III: 524
metabolism, I: 115, 116
pharmacokinetics, I: 190
toxicity profile update, II: 51; III: 50
volume used in Operation Ranch Hand,

data, III: 136
PKC. See Protein kinase C (PKC)
Plasminogen activator inhibitor (PAI-2), II: 74
Plasmodium

TCDD exposure and, II: 68
Plausibility. See Biologic plausibility
Pleurisy, I: 711, 713

See also Respiratory disorders
PMR. See Proportionate mortality ratios

(PMRs)
Pneumoconiosis, I: 713

See also Respiratory disorders
Pneumonia, I: 710, 713

See also Respiratory disorders
PNS. See Peripheral nervous system (PNS)

disorders
Pointman Project, I: 60, 280, 401-402, 656
Polychlorinated biphenyls (PCBs), II: 64, 67,

68, 182, 329; III: 236, 515
Polychlorinated dibenzodioxins (PCDDs), I:

126, 327; II: 53, 64, 133, 149, 320,
329; III: 153, 154, 156, 160, 221, 223,
236, 511, 515, 516

Polychlorinated dibensofurans (PCDFs), II: 53,
64, 68, 149, 320, 329; III: 153, 154,
160, 223, 236

Polymorphonuclear neutrophils, I: 148
Population characteristics. See Age and aging;

Gender; Deaths; Demographic data,
Vietnam veterans; Perinatal death;
Race/ethnicity

Porphyria, I: 153-154

Porphyria cutanea tarda (PCT)
biological plausibility, II: 323; III: 482
clinical features, I: 679
epidemiologic studies, I: 680-682; II: 6,

129, 321-323; III: 481-482
epidemiology, II: 321; III: 480-481
herbicide association in, I: 10, 682; II: 5,

6, 10, 20, 129, 321-323; III: 7, 8, 20,
24, 481-482

scientific literature update, II: 322-323;
III: 482

Vietnam veterans’ compensation, I: 50,
55; II: 24, 28-29, 30, 31

Vietnam veterans’ risk, I: 682-683; II:
321, 322, 323; III: 481, 482

See also Skin sensitivity
Posttraumatic stress disorder (PTSD), I: 397-

398, 653-656, 658; II: 304, 308
See also Cognitive/neuropsychiatric

disorders
Prague, Czechoslovakia, III: 224
Preterm delivery (PTD), III: 454, 455, 456-458,

459
See also Low birthweight

PROD. See Pentoxyresorufin-O-dealkylase
(PROD)

Production workers
bladder cancer, I: 513-517
brain cancer, I: 523
cancer mortality, I: 443-444; II: 133, 134,

270, 273, 274; III: 423, 426, 429
chemical industry production workers

studies, I: 303-318; II: 114-118, 128-
135, 171-175, 182-183, 191, 193-197,
206-207, 232, 237-238, 273-274, 275;
III: 170-178, 219-224, 363-364, 378-
379, 386-387, 422, 423, 426, 429

chloracne, I: 674-676
circulatory disorders, I: 700-701
diabetes mellitus, I: 684
epidemiologic studies, I: 36-37, 303-318;

II: 113, 114-118, 128-135, 182-183,
191, 193-197, 232, 237-238; III: 170-
178, 219-224, 284, 363-364, 378-379,
386-387

female reproductive/breast cancer, I: 508-
510

gastrointestinal tract cancers, I: 447
gastrointestinal ulcers, I: 691
German herbicide employees, exposure

assessment, II: 4-5, 105, 108; III: 423,
429
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hepatic enzyme dysfunction, I: 686, 687
hepatobiliary cancers, I: 453-454, 455; II:

182-183; III: 284
herbicide exposure assessment, I: 264-

265; II: 103, 105, 107-108; III: 150-
154

Hodgkin’s disease, I: 9
immune system disorders, I: 697-698
International Register of Workers

Exposed to Phenoxy Herbicides, II:
131-135; III: 175-177, 222-223

latency and cancer, II: 269, 270, 272, 273-
274, 275; III: 422, 423, 426, 429

leukemia, I: 564-566, 570-571; III: 386-
387

lipid abnormalities, I: 688-689
multiple myeloma, I: 557-578; II: 237-

238; III: 378-379
nasal/nasopharyngeal cancers, I: 458, 459
neurologic/neuropsychiatric disorders, I:

649, 650-651, 662-663
non-Hodgkin’s lymphoma, I: 9, 529-530,

548; II: 134, 135, 232; III: 363-364, 429
porphyria cutanea tarda, I: 680; II: 129
prostate cancer, I: 518; II: 273-274, 275;

III: 426, 427
renal cancer, I: 515
reproductive outcomes, I: 596-598, 607,

620, 621
respiratory cancer, I: 10, 461-466, 471; II:

191, 193-197, 269, 270, 272; III: 423
respiratory disorders, I: 709-710
skin cancer, I: 502
soft-tissue sarcoma, I: 8, 477-479, 499; II:

132, 134-135, 206-207
testicular cancer, I: 519
See also Industrial accidents

Professional herbicide/pesticide applicators
cancer in, I: 320-321, 323, 325-326, 443,

447, 466-468, 488, 491; II: 137-138,
198-200; III: 422

epidemiologic studies, I: 323-326, 447,
466-468; II: 120-126, 137-140; III:
182-185, 226-228

Finland respiratory cancer mortality and
latency, II: 271; III: 422

herbicide exposure assessment, I: 266-
267; II: 107-108; III: 155

reproductive outcomes, I: 324-325
See also Herbicide application methods;

Herbicides
Prolactin, I: 165

Proportionate cancer mortality ratio (PCMR),
II: 179, 183, 197-198, 203, 204-205,
207, 210, 212, 216, 219, 224, 226,
227, 229, 233, 235, 246

Proportionate mortality ratio (PMR), I: 232-
233; II: 161, 180, 185, 208, 225, 230,
234, 236, 242, 246; III: 417-418, 428

Prostate cancer
biologic plausibility, III: 343
epidemiologic studies, I: 518-519; II: 6,

219-223; III: 335-342
epidemiology, I: 513, 514-515; II: 217,

219; III: 334
herbicide association in, I: 10, 11, 519-

521, 575-576; II: 2, 6, 8-9, 20, 89,
217-223, 247; III: 7, 8, 9, 20, 335-343

herbicide environmental exposure studies,
II: 221, 222; III: 336, 338, 342

herbicide occupational exposure studies,
II: 219-220, 222; III: 335-336, 337,
338, 341

histopathology, I: 513
incidence, data by race, for selected age

groups, III: 334
latency issues, II: 13, 14; III: 426-428
mortality and latency, II: 273, 274, 275;

III: 426, 427
research recommendations, I: 19, 727
risk, estimated, II: 222-223
scientific literature update, III: 336-339
Seveso, Italy, male mortality and latency,

II: 275, III: 336, 338, 427
Vietnam veterans’ risk, I: 11, 518, 519,

522; II: 221, 223; III: 343, 431
Vietnam veterans studies, III: 336, 338,

339, 340, 342
See also Genitourinary cancers

Protein kinase C (PKC), II: 4, 52, 59, 60, 61,
62; III: 65-67, 105

Psychiatric disorders
assessment for, I: 641
epidemiologic studies, I: 649-657
herbicide association in, I: 14, 657
posttraumatic stress disorder, I: 397-398,

653-656, 658
PTD. See Preterm delivery (PTD)
PTSD. See Posttraumatic stress disorder

(PTSD)
Public concern, I: 1, 2, 23-24, 29-32, 35-36, 39

federal government response to, I: 45-60;
II: 27-32; III: 25-30

Public Law 91-441, I: 47, 62
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Public Law 96-151, I: 50, 52, 57; II: 28; III: 26,
240

Public Law 97-72, I: 50; II: 28; III: 26, 240
Public Law 98-181, I: 51
Public Law 98-542, I: 50-51; II: 28-29; III: 26-

27
Public Law 99-272, I: 50; II: 28; III: 26
Public Law 100-687, I: 51
Public Law 101-239, I: 51
Public Law 102-4, I: 2, 7, 20, 21, 51, 572, 721,

728-730; II: 1, 5, 17, 19, 29, 97, 247;
III: 1, 6, 14, 17, 20, 124, 132, 390,
397, 462, 475, 519, 525

Public Law 102-585, II: 28; III: 26
Public Law 103-452, II: 28; III: 26
Public Law 104-110, III: 26
Public Law 104-204, III: 24, 26
Public Law 104-262, III: 26
Public Law 105-114, III: 25
Pulmonary system

TCDD absorption, I: 129
Vietnam veterans’ disorders, I: 402
See also Chronic obstructive pulmonary

disease (COPD); Respiratory cancers;
Respiratory disorders

Q

QSAR models. See Quantitative structure-
activity relationship (QSAR) models

Quail Run mobile home park, I: 268, 369-370,
455, 665, 681, 687, 694; II: 144, 184;
III: 200-201, 234, 283

Quantitative structure-activity relationship
(QSAR) models, III: 106

Questionnaires, II: 109, 136, 150, 292

R

RA. See Retinoic acid (RA)
Race/ethnicity

acute lymphocytic leukemia incidence,
data by race, III: 384

acute myeloid leukemia incidence, data
by race, III: 384

bladder cancer incidence, data by race,
III: 347

bone cancer incidence, data by race, III:
302

brain tumor incidence, data by race, III:
356

breast cancer incidence, data by race, III:
324

cancer studies and, II: 179, 180, 181, 183,
214, 219, 227, 237

chronic lymphocytic leukemia incidence,
data by race, III: 384

chronic myeloid leukemia incidence, data
by race, III: 384

diabetes prevalence, data by race, III: 492
female reproductive system cancer

incidence, data by race, III: 330
gastrointestinal tract cancer incidence,

data by race and cancer type, III: 267
Hodgkin’s disease incidence, data by race,

III: 372
laryngeal cancer incidence, data by race,

III: 292
leukemia incidence, data by type and race,

III: 384
liver/intrahepatic bile duct cancer

incidence, by race, III: 282
lung cancer incidence, data by race, III:

296
melanoma incidence, data by race, III:

313
multiple myeloma incidence, data by race,

III: 377
nasal/nasopharyngeal cancer incidence,

data by race, III: 289
non-Hodgkin’s lymphoma incidence, data

by race, III: 362
prostate cancer incidence, data by race,

III: 334
renal cancers incidence, data by race, III:

352
soft-tissue sarcoma incidence, data by

race, III: 306
testicular cancer incidence, data by race,

III: 343
Vietnam veterans, I: 81, 82, 83, 84; II:

180
See also Alaskan natives; Asian

Americans; Demographic data,
Vietnam veterans

Radiation exposure, I: 564, 595
Radon daughters

respiratory cancer and latency, II: 268;
III: 418

Railroad workers, I: 323-324, 467, 486, 649-
650, 658

Ranch Hand study. See Air Force Health Study
(AFHS)
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RARb. See Retinoic acid receptor b (RARb)
Reagan, Ronald, III: 26
Rectal cancer. See Gastrointestinal (GI) tract

cancers
Registries. See Agent Orange Registry (AOR);

Dioxin Registry; European registry;
National Vietnam Veterans Birth
Defects/Learning Disabilities Registry
and Data Base

Regression analysis, II: 281
Relative risk, I: 224, 229, 230, 239, 258; II: 90,

178, 264, 265, 266, 271, 275, 297,
351, 356; III: 126-127, 412, 413, 414,
415, 418, 420, 422, 426-427, 428,
430-431

Renal cancer
See Kidney cancer

Renal toxicity
cacodylic acid and, II: 50-51
TCDD and, II: 77; III: 75-76

Reproductive disorders
2,4-D in, I: 180-181; II: 42, 280-282; III:

46, 460, 461-462
2,4,5-T in, I: 185; II: 42, 280-282, 287;

III: 462
animal studies, I: 123-124; III: 460-462
biologic plausibility, II: 300; III: 444,

451, 453, 458, 460-462
cacodylic acid in, I: 189; II: 42
epidemiologic studies, III: 436, 437-438,

443, 445-449, 450, 451-453, 454, 455,
456-457, 459

herbicide association in, I: 13-14, 605,
634; II: 6, 7, 278-279, 300-301; III: 3,
434-435, 436-444, 445-454, 455, 456-
458, 459

male-mediated, I: 593-595; III: 444-451
methodological approach to study of, I:

591-592
occupational risk factors, I: 594-595
picloram in, I: 192; II: 42; III: 462
Ranch Hand study, I: 758-762; II: 293-

295; III: 436, 438, 439, 446-447, 449,
452-453, 457-458

research recommendations, I: 727
TCDD in, I: 123-124, 156-159; II: 3, 41-

42, 71-72, 282, 285-286; III: 92-105,
446-449, 460-461, 462

Vietnam veterans’ increased disease risk,
II: 278, 298, 300-301; III: 444, 462

See also Birth defects; Hydatidiform

mole; Hydrocephalus; Hypospadias;
Infertility; Intrauterine growth
retardation (IUGR); Low birthweight;
Neural tube defects; Perinatal death;
Preterm delivery (PTD); Reproductive
system cancers, women; Sperm
parameter disorders; Spontaneous
abortion

Reproductive system cancers, women, I: 13, 14,
505-512, 577; II: 6

biologic plausibility, III: 334
epidemiologic studies, I: 508-512; II: 211-

213; III: 330-334
epidemiology, I: 505, 506-508; II: 211;

III: 329-330
herbicide association in, I: 13, 14, 512,

577; II: 6, 11, 20, 211-213, 249-250;
III: 7, 10, 330-334

herbicide environmental exposure and,
III: 333

herbicide occupational exposure and, III:
332-333

histopathology, I: 506
incidence and mortality statistics, II: 211;

III: 329-330
scientific literature update, II: 212; III:

331-332
Vietnam veterans’ risk, I: 512; II: 211,

213; III: 334
Vietnam veterans studies, III: 333
See also Breast cancer; Ovarian cancer;

Reproductive disorders; Uterine
cancer

Request for Proposals (RFP), II: 25, 26; III: 6,
126, 150

Research
Department of Veterans Affairs efforts, II:

29-30; III: 27-28
experimental studies update, II: 43-45
herbicide exposure and cancer latency,

literature review, II: 266-275; III: 416-
431

herbicide exposure assessment strategies,
recent literature, II: 104-109; III: 157-
162

publication bias, II: 95-96; III: 131
Research needs

biomarkers, I: 17, 725; II: 25
cost of, I: 727
health outcome priorities, I: 19, 726-727
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activation and, II: 56-57; III: 58-61

dose-response relationships, I: 111-114,
122, 128-129, 130, 137-138, 445, 673,
696; II: 318

endocrine effects, III: 83-84
environmental exposure assessment, I:

262-263, 267-270; II: 140-149, 179-
180, 184, 186, 190, 193, 200-201,
221, 222, 234, 236, 243; III: 156-157,
232-233, 234, 235-236, 297-298, 303

environmental persistence, I: 288
enzyme induction of, II: 3, 66-67
estrogen-mediation of carcinogenesis, I:

144-145
excretion, I: 132-133
exposure assessment issues, II: 4-5, 104-

106; III: 140-142, 144, 157-158, 159-
161

exposure sources, I: 127
fatty acid biosynthesis and, I: 168-169
female reproductive system/breast cancers

and, I: 512; II: 211-213; III: 331, 332
free radicals, II: 59; III: 64-65
gastrointestinal toxicity, I: 169-170, 447-

452, 690-692; II: 177-181; III: 268-
272, 511

gastrointestinal ulcers and, II: 334-335;
III: 510

genotoxicity, I: 118, 143-144; II: 3
growth factor and, II: 59
H4IIE-luc cells and, III: 107
half-life, I: 129, 260-261; II: 104-105; III:

157-158
hepatic enzyme disorders and, I: 155-156,

685-688, 691-692
hepatobiliary cancers and, I: 457; II: 181-

187; III: 283-285
hepatotoxicity, II: 3, 73-75; III: 76-79
herbicide contaminant capacity, I: 2, 3,

27, 91-92, 114, 126-127; II: 2, 3, 26;
III: 1, 3, 5, 6, 140-142

hexachlorophene manufacture and, I: 40
Hodgkin’s lymphoma and, II: 5, 6, 235,

236; III: 372-373
hypoglycemia and, I: 166-168
immune modulation and, I: 694-696; II:

328-329; III: 488, 489, 490, 491
immunotoxicity, I: 119-122, 146-151,

338, 477; II: 3, 40-41, 68-71; III: 85-
92
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inflammatory responses and, I: 148
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interactions, significant, III: 69-71
intracellular communication of, II: 3, 67-

68
latency issues, II: 13-14, 269, 270, 272;

III: 420, 421, 423, 424, 425, 426, 429,
431

lethality, III: 71-73
leukemia association, II: 246; III: 386-

388, 390
lipid abnormalities and, I: 688-690; II:

333-334; III: 505, 506, 507
liver toxicity, I: 115-116, 124, 138-139,

142, 143, 151-156, 165-166; II: 42,
331-333; III: 509

lung cancer and, III: 297-298, 299, 421,
423

mechanism of action, animal studies, II:
3, 54-65; III: 54-58, 62-63, 67-69

mechanisms of toxicity, II: 65-77
metabolism, I: 115-116, 131-133, 155
multiple myeloma association, II: 237-

238, 243, 244; III: 378-380, 383
nasal/nasopharyngeal cancer and, I: 460
neuropsychiatric outcomes and, I: 649-

650, 651-652, 656, 657-658; II: 308
neurotoxicity, I: 160-166, 642; II: 3, 75;

III: 84-85, 469, 470-471
non-Ah-mediated toxicity, I: 138
non-Hodgkin’s lymphoma and, I: 8, 9,

528-529, 574; II: 5, 6, 231-234; III:
364, 429

occupational exposure, I: 36-39, 262-267,
269-270, 303; II: 108-109, 113-140,
178-179, 190, 191-200, 219-220, 222,
232-234, 237-238; III: 153, 154, 155,
219, 220, 221-222, 223, 224, 284-285,
293, 296-297, 303

opioid antagonist capacity, I: 164
oral administration, I: 128
perinatal death association, II: 285-286
peripheral neuropathy and, II: 310-311,

314; III: 470-471
pharmacokinetics, I: 127-133, 160, 259-

261, 284
porphyria cutanea tarda and, II: 5, 6, 321-

323; III: 481-482
potential health risk estimating, II: 63-65;

III: 105-108
production of, I: 28, 114
prostate cancer association, II: 220-223,

273, 274, 275; III: 336-337, 425, 426

protein kinases and, II: 60-62; III: 65-67
Qsar model approach, III: 106
Ranch Hand study, II: 109; III: 50, 146-

147
renal cancer association, II: 225; III: 353
renal toxicity, II: 77; III: 75-76
reproductive toxicity, I: 123-124, 156-

159, 368, 371-372, 597, 599, 605; II:
3, 41-42, 71-72; III: 92-105, 446, 449

respiratory cancers and, II: 13-14, 189-
203, 269, 270, 272

respiratory disorders and, I: 170, 472,
709-710, 712-714; III: 484

sensitivity interspecies and interindividual
differences, II: 63-64; III: 108

skin cancer and, I: 141, 142-143, 502-
503; II: 209-211; III: 313-316, 317,
319, 320, 322

soft-tissue sarcoma and, I: 477, 478, 490,
498-500; II: 5, 6, 205-208; III: 307,
308

solubility, I: 114, 115-116, 127
teratogenicity, I: 28-29, 30, 31, 123, 159-

160, 185, 368, 370, 372; III: 461
testicular cancer association, II: 228; III:

346
tissue specificity, II: 64
toxic equivalency factors approach, II: 63;

III: 106, 158, 159
toxic equivalent concentration approach,

III: 107
toxicity, factors influencing, II: 63-65; III:

105-108
toxicity profile, III: 50-108
toxicity update summary, II: 51-53
toxicokinetics, animal studies, II: 3, 53-

54; III: 4-5, 48
Vietnam amount used, I: 27, 106; II: 26
Vietnamese civilians’ exposure, II: 108-

109, 148; III: 156-157
Vietnam military exposure, I: 17, 26, 149-

161; II: 21, 22, 181, 185, 187, 190,
201-202, 204, 205, 208, 209, 211,
212, 226, 276, 308; III: 146, 147, 237,
239, 240, 430-431

Vietnam veterans’ compensation, II: 28-
29; III: 26-27

wasting syndrome, I: 160-161, 162-166;
II: 76-77; III: 80-83

See also Herbicides; Serum levels,
TCDD; TCDD biologic plausibility
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12-O-Tetradexanoylphorbol-13-acetate (TPA),
II: 76

TCDD, I: 129-131, 259
Texas, I: 60, 403-404, 696; III: 243
TGF. See Transforming growth factor-α;

Transforming growth factor-β;
T-H Agricultural & Nutrition Company, I: 35
Thailand, I: 26, 90
Thompson Chemicals Corporation, I: 35
Thyroid

TCDD effects, I: 168-169
thyroiditis, I: 697, 698

Times Beach, Missouri, I: 40-42, 268, 368-370,
693-694; II: 113, 144, 184; III: 200-
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Tissue distribution
TNF. See Tumor necrosis factor (TNF)
Tobacco exposure and use, I: 11, 223, 442,

461, 463; II: 190-191, 197; III: 299
perinatal mortality and, I: 619-620
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III: 418
Tollerud, David, III: 25
Topography, I: 25
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63; III: 37, 105, 106, 108
Toxic equivalent concentration (TEC), III: 105,

107
Toxicity

2,4-D profile update, II: 46-49; III: 43-47
2,4,5-T profile update, II: 49-50; III: 47-

48
cacodylic acid profile update, II: 50-51;

III: 48-50
contributing factors, III: 105-108
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health risk estimation, III: 105-108
picloram profile update, II: 51; III: 50
TCDD profile update, II: 51-77; III: 50-

108
Toxicokinetics, III: 32-36

2,4-D, II: 46-47; III: 32-33, 43-44
2,4,5-T, II: 49; III: 47
cacodylic acid, II: 50; III: 32-33, 48
definition, II: 35
literature update, II: 36; III: 36-37
previous reports summary, II: 38-39
TCDD, II: 53-54; III: 33, 53-53, 161

Toxicology
2,4-D profile update, II: 46-49; III: 43-47
2,4,5-T profile update, II: 49-50; III: 47-

48

cacodylic acid profile update, II: 50-51;
III: 48-50

disease outcomes, II: 37, 48-49, 50-51,
65-77; III: 33-35, 38-43, 44-47, 48,
50, 71-105

earlier reports summary, II: 37-42; III: 36
evaluation issues, III: 108-110
human health relevance, III: 35-36
literature update, II: 43-45; III: 36-43
mechanisms of toxic action, II: 36, 47-48,

50, 54-65; III: 33, 38, 44, 47-48, 49-
50, 53-71

picloram profile update, II: 51; III: 50
studies evaluation, III: 128-129
summary, II: 35-37; III: 3-5, 32-36
TCDD profile update, II: 51-77; III: 50-

108
toxicity profiles update, II: 45-77; III: 45-

108
TPA. See 12-O-Tetradecanoylphorbol-13-

acetate (TPA)
Trail-Making Test, II: 308
Transforming growth factor-α, I: 145; II: 59, 74
Transforming growth factor-β, II: 59
2,4,5-Trichlorophenol (TCP), I: 28; II: 319; III:

152, 153, 219, 220, 223, 515
2,4,5-Trichlorophenoxyacetic acid (2,4,5-T); II:

4, 18; III: 5, 19, 218, 219, 220, 223,
224, 226, 234

acute toxicity, I: 184
Agent Orange and, I: 27; II: 26
animal studies, I: 181-185; II: 49-50; III:

47-48, 396, 462
birth defects and, II: 287; III: 462
calcium homeostasis and, II: 4
carcinogenicity, I: 37, 118, 119, 182-184;

II: 40; III: 396
chemical properties, I: 114, 182; II: 38;

III: 32
chemical structure, I: 111, 114
chloracne and, I: 36
chronic exposure, I: 184
circulatory disorders and, I: 700-701
development of, I: 24, 26, 35, 181; III:

135, 136, 137, 138, 140
developmental toxicity, I: 185; II: 42, 49-

50
disease outcomes, III: 48
domestic use, I: 181
environmental exposure events, I: 42-43
genotoxicity, I: 119, 184
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half-life of, II: 4
infertility and, II: 280-282
liver toxicity, I: 125; II: 42; III: 524
mechanisms of action, III: 33, 38, 47-48
mechanisms of toxicity, II: 49-50
metabolism, I: 115, 116
military applications, I: 26, 88; II: 26
neurobehavioral toxicity, III: 475
pharmacokinetics, I: 182
porphyria cutanea tarda and, II: 322
reproductive toxicity, I: 185; II: 42; III:

462
respiratory disorders and, I: 709
suspension of use, I: 1, 39, 42-43, 92,

181-182
TCDD contamination of, I: 2, 3, 27, 91,

114, 126, 182; III: 140
teratogenicity, I: 30, 92, 373-374
toxicity profile update summary, II: 49
toxicokinetics, II: 49; III: 47
volume used in Operation Ranch Hand,

data, III: 136
See also Herbicides; 2,3,7,8-Tetrachloro-

dibenzo-p-dioxin
Triglyceride levels, I: 688-689; III: 520-521
Trinoxol, I: 91; III: 137
Tuberculosis, I: 711

See also Respiratory disorders
Tumor necrosis factor (TNF), I: 148; II: 59, 60;

III: 87, 88
Twin studies, I: 398-399, 406, 703, 711

U

UDP glucuronyl transferase (UGT1), II: 74; III:
37, 52

Uerdingen, Germany, III: 154
UGT1. See UDP glucuronyl transferase

(UGT1)
Ulcers, gastrointestinal, I: 690-692

epidemiologic studies, II: 334; III: 510-513
epidemiology, II: 334; III: 508-509
herbicide exposure association with, II:

334; III: 510-514
herbicide occupational exposure and, III:

510-512
scientific literature update, II: 334; III:

510-513
Vietnam veterans and, III: 512-513
See also Metabolic and digestive

disorders

Umea, Sweden, III: 228, 229
Uniroyal Inc., I: 35
United Kingdom, I: 315-316, 340, 382, 444,

462-463, 464, 477, 479, 537, 565,
595, 689; II: 194, 196, 269; III: 223,
224, 420

England National Cancer Register, III: 232
herbicide exposure assessment, III: 151
See also Yorkshire, England

United Nations, I: 45
United Paperworkers International Union, III:

232
Update 1996. See Veterans and Agent Orange:

Update 1996
Uppsala, Sweden, III: 228
Urinary bladder cancer. See Bladder cancer
Uroporphyrinogen decarboxylase (UROD), II:

321; III: 480, 481
U.S. Air Force, I: 81, 113; III: 29, 138, 218,

237, 239, 339, 513, 517
Armstrong Laboratory, Population

Research Branch, III: 29
Baseline Morbidity Report, II: 32
Baseline Mortality Report, 1982, II: 31
Follow-Up Examination Results, 1985,

1987, 1992, II: 32
Human Resources Laboratory records, II:

150, 152; III: 237
Military Personnel Center records, II:

151; III: 238
Mortality Updates, 1984, 1985, 1986,

1989, 1991, II: 32
Reproductive Outcomes, II: 32
Serum Dioxin Level Follow-Up

Examination Results, II: 32
TCDD half-life investigations, II: 104-105
Vietnam casualties, I: 83
women veterans mortality studies, II: 152-

153
See also Air Force Health Study (AFHS);

Operation Ranch Hand
U.S. Army, I: 81, 280, 281, 702; II: 140, 185

Army Chemical Corps Vietnam Veterans
Health Study proposal, II: 24

Environmental Support Group (ESG), II:
152

Vietnam casualties, I: 83
Vietnam veterans studies, II: 201, 226,
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315, 318, 338, 339, 344, 346, 348,
365, 373, 380, 485, 512, 517
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See also U.S. Special Forces
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USDA. See Department of Agriculture, U.S.

(USDA)
U.S. Marine Corps, I: 81, 96, 280, 545, 702,
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Vietnam casualties, I: 83
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U.S. Special Forces, I: 286; II: 103-104; III:
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USSR, I: 317; III: 224

See also Russia
Utah, I: 560; II: 241
Uterine cancer, I: 506; III: 329, 333
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6, 211, 213; III: 333

See also Reproductive system cancers,
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V

VAO. See Veterans and Agent Orange: Health
Effects of Herbicides Used in Vietnam
(VAO)

Verona, Missouri, II: 128-129; III: 219, 220
Very-low-density lipoprotein (VLDL)

receptors, II: 333; III: 503
VES. See Vietnam Experience Study (VES)
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Veterans Affairs, U.S. (DVA)
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II: 1, 2, 5, 8, 10, 11, 12, 35, 45, 63,
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summary, III: 317-318, 321, 323
birth defects studies summary, III: 436-

439
bladder cancer studies summary, II: 225-

226; III: 347-348, 350-351
bone cancer studies summary, II: 204; III:

302, 305
brain tumor studies summary, II: 229; III:

356-357, 360, 361
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479-480
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summary, II: 327; III: 488-489

impact of report, II: 24-26; III: 23-25
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293, 294
legislation on Agent Orange, II: 28-29;

III: 26-27
leukemia studies summary, II: 245; III:

385-386, 391-392
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melanoma studies summary, III: 313-314,
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peripheral neuropathy studies summary,
III: 470-471, 473
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research recommendations, II: 23-24; III:
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toxicology, overview, III: 36
Vietnam herbicides use by military, II:

26-27
Vietnam veterans’ exposure studies, II:
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