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SOME RECENT ADVANCE S  IN THE STUDY OF 
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INT RODUCTORY RE MARKS BY THE CHAIRMAN 

Glenn A . Fry 
School of Optometry 

The Ohio State University 

3 

Vision is a complex process which involves active manipulation of 
the eyes as well as the passive transfer of information through the pupils 
onto the retina and along the optic nerve . By contraction of the ciliary 
muscle each eye can be focused for various distances ,  and the pupil , which 
is the aperture stop of the eye . can be regulated in size by the dilator and 
sphincter muscle fibers of the iris . The most remarkable thing about 
vision, however .  is that two eyes are simultaneously involved and , in 
spite of the fact that two optical images are formed on two separate ret ­
inas , the imp res sions transmitted to the brain can be integrated into a 
single image . The simplest way to visualize this integration is to suppose 
that there are two layers on the surface of the cortex rep resenting the two 
eyes on which the retinal impressions are arrayed . The two layers must 
interact with each othe r in such a way that the rivalry and fusion of the 
imp re ssions of the two eyes can bring about a single image . This inter­
action must also generat� the activity which form s  the basis for stereo­
scopic percep'tion, and it must also generate the fusional movements of  
the eyes  which keep the imp ressions properly registered on the two 
cortical surfaces . 

The first requirement for binocular vision, therefore , is to have 
the p rimary lines of sight of the two eyes converge at some given point . 
The second requirement is to rotate the eyeballs around their lines of 
sight in opposite directions until the two optical images are properly 
oriented on the two retinas . These adjustments in convergence and cyclo­
rotation are accomplished through refiex fusional movements . The failure 
of fusional mov'ements to produce perfect congruence between the two im ­
pressions is called fixational disparity . 

The fusional movements of the eye are imposed upon a background 
of refiex activities associated with the labyrinth and neck muscles which 
produce cyclorotations and divergences of primary lines of sight , all of 
which have to be compensated to obtain proper registration . 

By voluntarily switching his attention from an object at one distance 
to an object perceived to be at another distance the observer can change 
the degree of convergence and accommodation . The size of the pupil also 
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changes  along with this change in accommodation and conve rgence . This 
combination of three responses in one is called the triad re sponse. In 
this response . accommodation and convergence are associated in a fixed 
relation which may be such that when the eyes are focused for one distance 
the two p rimary lines of sight may be converged for another, and the 
slack between the two functions has to be taken up by the reflex move ­
menta of the eyes . The constriction of the pupil associated with accom ­
modation and conve rgence serves a very useful purpose in near vision. 
The depth of focus is increased . 

The pupils re spond not only to the concentration of attention on 
objects near at hand , but also to the amount of light falling on the retina. 
This is known as the light reflex and represents an automatic stopping 
down of the eyes when the amount of light falling on the retinas becomes 
excessive . 
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FOCUSING RE SPONSES OF THE HUMAN EYE 

Gerald Westheimer 
School of Optometry 

University of California 

5 

The function of the human eyeball is to form an image of the outside 
world on the retina . First -orde r theory of optic s states that there is only 
one object plane for each image p lane , a conclusion which holds for any 
level of sophistication of physical and geometrical optics . 

Man would not be getting the most out of his eyeballs if he did not 
have an adjustment to take care of differences in object distance . Fortu ­
nately,  nature has p rovided the young of the human species  with a good 
mechanism to adjust the focus of their eye s .  This physical and physio­
logical mechanism is , however,  by no means the only possible one . Other 
species have othe r mechanisms ,  notably the cat ,  which seems to move its 
lens back and forth instead of changing the curvature , as does man . 

The notorious and unive rsal failure of man's  accommodative system 
about two -thirds through his p resent life span is clearly a minor error of 
nature , but one for which evolution cannot be blamed , since individuals 
have usually played their roles within its framework before pre sbyopia 
begins to take its toll . In fact ,  not being able to change the focus of one ' s  
eyes i s  such a widespread handicap that the app ropriate prosthe sis ­
spectacle lenses ,  particularly bifocals and trifocal s - is one of the most 
ubiquitous and successful contributions of the physical sciences to the 
health professions . 

Now that the subject under discussion has been placed in its proper 
perspective as a dead -end or  lame -duck field , pe rhaps it does ,  after all , 
hold something of intere st . 

A schema useful in clarifying the operation of the focusing responses 
of the eye is  shown in Fig . 1 • 

A situation in which a target is sharply in focus on the retina is one 
in which the target -focus requirement is accurately matched by the ac ­
commodation re sponse , and the re is no focusing e rro r .  If the re is a 
focusing error ,  it will be recognized by the sensory system of the eye 
and reported to the cent ral nervous system . He re this information and 
all the othe r infiuences that may also operate on the accommodation 
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Fig . 1 .  Schema of operation of accommodation system . 

system are collated , and instructions are sent to the periphe ral accom ­
modative mechanism which , if all goe s  well,  will result in a new accom ­
modative response which , in turn , m ay be compared with the current 
need . The whole process  has all the essential characterist ics of a 
servomechanism . 

The nomenclature must be correct . An eye with relaxed accommo ­
dation whose ret ina is conjugate to infinity is called emmetropic , i . e . , 
has no refractive e rror ,  and it may be assumed in the following that the 
eyes being conside red are e ither naturally emmetropic , or have been so 
rendered by spectacle or contact lenses . The total refracting power of 
the eye is very high , about 60 diopte rs , or enough to take rays from 
infinity and image them on the ret ina . When a re sponse supervenes to 
take care of a close -up target , the re sult is an increase in refracting 
power of the eye ; this is what is called accommodat ion . It is the output 
of what in Fig . 1 is designated the peripheral accommodative system . 
It is measured in d iopters . The targe t focus may also be m easured in 
d iopters , which is a unit of reciprocals of distance in meters . 

The schema of Fig . 1 shows the p rocesses involved in the focusing 
responses of the eye grouped under three headings : 

1 .  the effector mechanism , located mainly in the periphery; 

2 .  the sensory components ,  funneled through the retinal image , 
which permit the comparison between the effector output ( accommodation) 
and environmental demand (target focus) and , as will be seen later ,  detect 
othe r aspects of the visual environment; 

3 .  the central processor, receiving information from the retina 
and elsewhe re ,  and issuing inst ructions which constitute the input to the 
e ffector mechanism . 

There are a few cros s -connections which ·should be noted in view 
of the fact that this paper is to be followed by one on the pupil and one 
on fusion . Eye -vergence is known to be influenced by accommodation, 
and so is the pupil . Conversely, eye -vergence changes may be shown 
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to bring about slight change s  in accommodation when the othe r inputs to 
accommodation are eliminated or minimized . 

The part of the accommodat ion loop about which most is known is 
the operat ion of the effector mechanism , the chain of events brought 
about when that portion of the III ne rve nuc leus subserving accommod ation 
send s  impulses  to the ciliary ganglion . As a re sult , the ciliary muscle 
cont racts , setting into effect a number of mechanical and optical changes  
that we re studied in their day by Thomas Young and by  Helmholtz , and 
are now fairly well understood since Fincham 's  work . There are gaps 
in knowledge about the effector mechanism-the full details of the innerva­
tion of the ciliary muscle , its pharmacology and its myo -neural junct ions 
are some examples .  However ,  on a first superficial desc ription the box 
labelled ''pe ripheral accommodation system " may be regarded as having 
sufficiently unique and unitary properties to permit its insertion as such 
into the feedback loop . 

The study of the detailed physiology of the effector mechanism in 
isolation virtually has to be confined to other species . The re sults of 
such s tudies , while of genuine inte re st in themselve s ,  cannot , however ,  
be applied to  the human accommodative mechanism without assurance 
that the latter work s  in approximately the same way as that of the specie s 
studied . Refe rence has already been made to spe cies differences in the 
mechanical operation of the st ructure s  of the eyeball , and probably the 
same may be said in connection with the innervation, pharmacology,  and 
mechanics of the ciliary muscle . 

The sensory components , on the othe r hand , can be studied in the 
intact human by several procedure s . One can , for example , paralyze 
the accommodation of the eye, thus keeping at least one input to the 
sensor constant , and manipulate the environmental variables ,  such as 
the target distance . For a response , some othe r output might be used , 
such as a verbal one , or hand -tracking, or the accommodation of the 
other unstimulated and non-paralyzed eye . The latter ,  an excellent p ro ­
cedure , i s  predicated on the almost perfect correlation between the ac ­
commodative re sponse s of the two eyes  in normal subjects . 

The target focus demand and the accommodative posture combine 
in their influence on the retinal image . While it is t rue that here one is 
faced with the huge problem of the image formation by the optical system 
of the eye and the capacity of the visual system to detect , abstrac t ,  and 
transmit the relevant information , your attention is directed to the 
accommodation- inducing aspects of retinal stimuli and stimulus -changes . 
Of primary , but by no mean s  exclusive , importance in this connection is 
the effect of defocusing on the retinal image . Defocus may be in two 
directions : there may be too much accommodation for the target d istanc e ,  
o r  too little . Of the seve ral ways in which the eye 's  imagery may be 
depicted , the contrast -transfe r function is the most promising . Figure 2 
shows a recent estimate of the contrast -t ransfer function of the intact 
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Fig . 2.. E stimate of contrast -t ransfe r function for human 
eye with 6 -mm pupil . (G . Westhe ime r ,  J .  opt . 
Soc . Ame r . ,  in press)  

human eye , with cycle s  per minute of arc as the unit of the abscissa . 
Figure 3 shows the theoretical contrast- transfer  function for a perfect ,  
i . e .  , only diffraction - limited , optical system like that of the human eye 
with a 3 -millimeter (mm) pupil for various degrees of defocusing . Com ­
parison of the two figures reveals several interesting things . First of all, 
the actual imaging characteristics of the eye match fairly we 11 those of a 
perfect eye with a 3 -mm pupil when it is 1 / 3 of a diopter out of focus . 
This statem ent becomes even stronge r when it is realized that those 
spatial frequencies in which there is a d ifference between the two are too 
high to be accepted by the retina and the visual pathway . While it is true 
that in the real eye there are additional factors , such as aberrations and 
inhomogeneities of the lens , one is led immediate ly to expect a dead zone , 
i . e . ,  a region of object distances over which retinal images are indis ­
t inguishable . This has been known fo r a long time under the name of 
"depth of focus "; its extent is inversely related to the pup il size . 
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like that of human eye with 3 -mm pupi1 with various 
focus errors . 
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The contrast -transfer functions for eyes that are out of focus have 
spat ial frequencies in which there is negative contrast , i . e . , there is 
resolution with inversion of contrast . This should be kept in mind by 
those who would construct automatic focusing devices  by testing for maxi­
mum response at some relatively high spatial frequency . 

An inte resting aspect of the dead zone is that the region of insensi­
tivity to focus changes is not constant but varies with the degree to which 
the image is out of focus . In Fig . 4 are shown the results of an expe ri­
ment in which AF, the just noticeable diffe rence of focus settings in an 
homatropinized eye with an artificial pupil ,  was measured a:s a function 
of focus setting . This has a minimum of about 0 .  2 diopters about 1 
diopte r away from the middle of the focusing dead zone . 

Anothe r feature of out -of-focus imagery is that in a pe rfect optical 
system the spatial frequency characteristics are the same on both sides 
of good focus , and , thus , blur due to over-accommodation could not be 
distinguished from that due to under- accommodation . When one sets out 
to prove this experimentally, one runs into difficulties because the eye 
is not a pe rfect optical system . Minute asymmetries , such as those 
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1 0  

Induced hyperopia 
0 1 2 

Focus setting relative to optimum (diopters) 

Fig . 4 .  Expe rimental determination of jus t noticeable d iffer­
ence s in focus setting for homatropinized human eye 
with 3 -mm artificial pupil . ( F .  W .  Campbell & 
G .  We sthe imer ,  J .  Physiol . ,  19 5 8 ,  1 4 3 ,  1 8P) 

caused by chromatic aberration, can be detected and made use of by a 
good subject in the decision of whether to accommodate or to relax ac ­
commodation . Howeve r ,  when abstract stimulus conditions are cho sen 
with sufficient care , the direction of focus error c annot be told even by 
a good observe r . 

The important word in the above sentence is "abstract . " The long 
history of inte re st in accommodation among expe rimental psychologists 
from Wundt to Wallach te stifie s to the fact that pe rception , learning, 
memory ,  and many of the other concepts of psychology have a p lace in 
defining and specifying accommodative stimuli . What has to be abstracted 
from the stimuli to make error direction undetectable constitutes a major 
factor in the determination of the accommodative state under normal ob ­
servation conditions . The evidence is absolutely convincing that accom ­
modation is not a simple reflex in the way the knee -jerk or even the 
pupil is . One starts changing one 's  accommodation when some perceptual 
c lue suggests that a target has come closer.  even though its focus position 
demand s that accommodation remain unchanged . Conflicting stimulus 
conditions may even make accommodation go in the wrong direction . If 
one wishe s a subjec t ' s  accommodation to hold at a certain level ,  or move 
it in a desired d irection, one should introduce a maximum of pe rceptual 
c lue s to this end . This is something that many clinical optometrists are 
aware of. as attested to by the design of the ir examination and orthoptic 
p rocedures . A corollary , the floating of accommodation in empty visual 
field s ,  is too we ll known to need more than passing reference here . 

The statement is sometimes m ade that accommodation may aid in 
such pe rceptual tasks as the jud gment of apparent distanc e . Before one 
can go far along the road suggested by this view. one must examine the 
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question of whether there is any "proprioception " for accommodation . 
While the re is no existing anatomical evidence to support this , the re may 
be a monitoring system receiving information not of the actual state of 
contraction of the c iliary must:le , but of the innervat ion sent to it . This 
is a concept with which eye movem ent worke rs are familiar . 

Even if all we re known about the effector and sensor e lement s  of 
the feedback loop subserving accommodation , one would still be unable 
to define , describe , and predict the ope ration of the entire loop , �ince 
there is pre sent in it yet another component . The only way to analyze 
it is to study the function of the whole arc, for example , by changing an 
input and measuring the resultant changes in response .  At this point , a 
few word s  are nece ssary about measuring accommodation . The standard 
optometric te sts , such as retinoscopy, or special te sts ,  such as stig­
matoscopy or alignment optometry ,  have for a long time yielded usable 
disc rete data points concerning accommodative re sponse s .  E arly at ­
tempts to secure continuous objective records from the third Purkinje 
image have been followed by Campbe ll ' s high-speed , high - re solution, 
infrared optometer ,  which permits  continuous recording in the intact 
human eye . The instrument is not easy to assemble or to operate and 
has som e limitat ions , but it has been of invaluable he lp in the analysis 
of the accommodation loop . 

Here are some of the fundamental quest ions that may be asked 
conce rning accommod ation re sponse s and their answers as seen on 
optomete r re cords . 

Que stion 1 .  When a change in accommodation requirement is introduced , 
as by the sudden p resentation of a near targe t ,  what does the re ­
sponse look like ? 

Figure 5 answers this . The re is a reaction t ime of the orde r  of 
0 .  3 seconds ( sec) , and the time taken to complete the response is at least 
1 sec , and sometime s even mo re . The shape of the responses varie s ,  
but clearly they are highly damped . 

J ( 
Fig . 5 .  Accommodation response s to step focus changes in normal 

human eye . Top line , accommodation ( length of horizontal l ine , 
1 sec; height of arc , 1 diopter) :  upward movement represents 
far-to-near accommodation . Bottom line , stimulus signal, 
same scale . Allowance should be made for arc of pen . ( F .  W .  
Campbell & G .  Westheimer,  J .  Physiol , 1 9 60 ,  1 5 1 ,  285)  

Copyr igh t  ©  Nat iona l  Academy o f  Sc iences .  A l l  r i gh ts  reserved .

Recent  Deve lopments  in  V is ion  Research
h t tp : / /www.nap .edu /ca ta log .php?record_ id=18667

http://www.nap.edu/catalog.php?record_id=18667


12 

Que stion 2 .  Are these responses of the nature of saccadic eye move ­
ments , which follow a predetermined course that cannot be alte red 
once the movement has been initiated , or can they be modified 
during their course ? 

Figure 6 answers this . Brief pulses of accommodative stimuli a re 
each followed by a response , but information is taken up during the latent 
period and during the movement itself, and the movement modified , in 
this case reversed , as a result of this information . 

Fig . 6 .  Accommodation responses  to pulse stimuli . (See legend of 
Fig . 5 for detailed explanation . )  ( F .  W .  Camp be 11 & G .  
Westheimer,  J .  Physiol . ,  1 9 60. 1 5 1 , 2 85)  

Question 3 .  Is there a steady-state error ? 

Figure 7 answers this . It illust rates the clinically well-known lag 
of accommodation . This is a function of the detail in the stimulus 

7.00 

1.00 

s.oo 

4.00 

� I 100 

g \> 1.00 .. 

1.00 

-1.00 1.00 

STTIIIILIJ$ TO IICCOMMODAT1DN 

Fig . 7 .  Relation between accommodation requirement and re sponse .  
illustrating steady- state error . (M . W .  Morgan , Amer . J .  
Optom • •  1 944 , 2 1 , 1 8 3) 
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configurat ion , being large r  for coarse targets ,  and of the luminance 
level ,  being large r for low luminance levels . The distinction between 
the measured steady-state difference between stimulus  and response 
shown here , and the dead zone discussed earlier ,  i . e . , the region over 
which the sensory system cannot appreciate errors , should be c learly 
understood . The latter is a characte ristic of the sensory component of 
the loop , while what is shown here is a prope rty of the whole loop . 

Question 4 .  How steady is the steady state ? 

Figure 8 answers this . Fluctuations of accommodation become 
evident while the c iliary muscle is active . The immediate suggestion 

c/s 

1-mm pupil 
7�m pupil 

l 

Fig . 8 .  Accommodation fluctuations under steady viewing conditions . 
Upper: fre quency spectra of two records . Middle: record of 
accommodation during steady viewing of stationary object at 
optical distance of 1 meter with 7 -mm pupil . Lowe r: the same , 
but with 1 -mm effective entrance pupil . (F . W .  Campbell,  
J .  G. Robson , & G. Westheime r ,  J .  Physiol . ,  1 9 59 ,  1 45 ,  579) 
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of a hunting servo oscillating through or at the edge of a dead zone is not 
borne out by furthe r analysis . The oscillations do not increase in magni­
tude when the dead zone is widened , and the known t ime and sensitivity 
characteristics are not in good accord with the supposition . 

Question 5 .  What is the response of the accommodation system to 
sinusoidal variat ions in target focus at various frequencie s ?  

Figu re 9 answers  this . The c losed -loop frequency response starts 
to fall off at about 0 .  5 cycles per second ( cps)  and the maximum frequency 
of stimulus oscillat ions at which a concomitant response can be identified 
clearly is about 4 cps . The phase lag should contain the fixed reaction 
time plus a frequency-dependent delay , but it has not been fully established 
what this is, or whether there is any evidence for the phase advance that 
has been found in eye -ve rgence . 

O.Scfs 0.86C/s 

H7cfs 
I I I I I t  I I I I l I I I t t I I I I I I I I I I I I 
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Ssec: 

Fig . 9 .  Accommodation responses to sinusoidal focus changes at various 
frequencies .  (F . W .  Campbell , J .  G. Robson, & G. Wes theimer. 
J .  Physiol . ,  1 9 59 ,  1 45 ,  5 79 )  
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Question 6 .  What is  the open- loop response ?  

1 5  

Results promised by the several laboratories actively pursuing 
studies in accommodation are eagerly awaited . One can gue ss that the 
periphe ral accommodation mechanism probably has the characteristics 
of a damped second -order system,  but further hypotheses ,  such as the 
p resence of an integrating or a sampling element , remain, for the moment , 
speculations . 

If it seems that there has been a hopeful yet cautious attitude to the 
approach to the focusing response via servotheory , this is the p recise 
intention of the author . There is no question but that modern servo­
analysis already has had and will have a continuously inc reasing influence 
on theory-making and on experimental techniques in physiology, particu­
larly neuro-muscular- sensory physiology . There is nothing magical 
about servotheory . It employs mo stly mathem atical devices  well known 
for decades if not centuries , and has invented p recious few of its own . 
However ,  it has developed a way of conceptualizing that is without doubt 
helpful in app roaching physiological problems . But it must be emphasized 
that when servoanalysis is b rought to bear on biological questions it should 
not be done by a routine and unimaginative applicat ion of engineering 
equations . 

When one works with them, it becomes cle ar rathe r quickly that 
biological servo s have their own very special difficulties and fascinations ,  
none more s o  than the focusing responses o f  the eye . Some o f  the other 
ocular response s ,  particularly the pupillary and vestibular, have simpler 
neural conne ctions that may make them mo re amenable to servoanalysis 
in the p re sent state of the art . When dealing with accommodation, there 
are several things to combat . One of them is the effector system , which 
s eems mo re than usually "noisy . " The other is the error s ignal , which 
is more than usually diffuse . Just compare the exquisite sensory system 
available to the eye -ve rgence servo ,  where one can sense d ifferences in 
parallax of seconds of arc to the appreciation of blur , which , as has been 
seen, cannot even be defined except with the aid of an array of parametet"s . 
And , finally, there is the fact that the accommodat ion responses show 
many signs of utilizing the widest resources of the cerebral cortex ­
extremely quick learning, good memory ,  and all that goes along with the 
concept of perception . The challenge he re is to the servotheorist and 
experimentalist alike . It is necessary to know how to handle systems 
with nonlinear e lements , with statistically varying parameters , with dead 
z one s ,  with "dither , " and with rectified e rror signals . But , more than 
anything, good experimental data are needed . Fortunately ,  seve ral 
workers in this country have followed Campbell ' s  lead and constructed 
their version of the infrared recording optometer: Allen and Carter  at 
Indiana Unive rsity' s  Division of Optometry; Warshawsky at Northwestern 
University; Roth , originally at Berkeley and now at U . C . L . A . ;  and the 
group in the Dep artment of Ophthalmology of N . Y .  U .  , to mention only 
those known to the author . The availability of these instruments will 
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undoubtedly pave the way to a richer understanding of the focus ing 
responses of the eye . 
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As in all chapter s of  the liter ature on the pupil , there have been 
controver sie s  concer ning the role of the pupil in conne c tion with both ( 1 )  
the perc eption of light and ( 2 )  ne ar vision . The chie f que stions r aised 
about the fir st  subject  re late to the identity of the re ceptor s for the light 
r e flex:  even today some author s hold that the r od s  play no pupillomotor 
role ,  while at the same time , the pupillary spe ctral sensitivity has b e e n  
repor ted to show a scotopic curve even under photopic conditions ( Bouma, 
1 9 62) . As to ne ar vision, the r e lations betwee n accomodation, con ­
ver gence , and the pupil have bee n  discus sed at length . It is the purp ose 
of the pre sent paper to give a re asonab ly conc ise experime ntal revie w 
of this liter ature , and to see what general conc lusions c an be dr awn 
from it at this time . 

C r iter ia for Se le ction of Paper s 

In all surveys of the literatur e ,  revie wer s are faced with two 
main d ifficultie s :  they have to d e c ide where to draw the limits that will 
outline the subject at hand mos t e ffective ly, and they have to bear the 
nagging awarene s s  that the ir mater ial may be not at all complete . Were 
ther e more time to search for additional mater ial , a lar ge group of 
paper s of most dire c t  interest  might be d iscovered around the next 
corner . . .  In the pr e sent case , the n ,  the pub lications pre s ented are the 
one s available to the author at this time , which have as the ir  chief 
subje ct e ither pupillary movements  re lated to the r etinal r e c eptor 
me chanism , or pupillary movements r e lated to ne ar vision . It should 
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be str e s sed e specially that exc lusion or inc lusion of a particular paper 
in this review should not be interpreted as imp lying an evaluation of 
its impor tance . Paper s not repre se nted were e ither missed or they were 
excluded be cause they app e ared to fall outside the inte ntionally 

'
narrow 

limits imposed ( Table 1 ) .  

1 .  Includ ed: 

TABLE 1 

Criter ia for Selection of Paper s  

( 1 )  Method s o f  stimulation b y  light o r  near vis ion; 
(2 ) pup illary movements,  as re lated to 

( a) different p ar ameter s of light stimulu s ,  or 
(b) various factor s of near vision r e action . 

II . Excluded: ( 1 )  Methods for measur ing pup illary siz e  or movements; 
( 2 ) experiments with chief emphasis  on anatomy or 

physiology of affer e nt or efferent nerve path s ,  nervous 
c enter s ,  or effector muscle s;  

( 3) experiment s  with chief  emphasis on physiological 
mechanism s involving the pupil, such as effects  of 
drugs, altitud e ,  gr avity, rotation, changes in 
physiologic al state ( r e sp ir ation, he art r ate , e tc . ) , 
aging, fatigue ; *  

(4)  experiments in which the pupil i s  consider ed only in 
its r ole as p ar t  of an optical system; 

( 5) p sychological work concerned with conditioning, dis ­
comfor t ,  e tc . ;  

( 6) statements in general text s ,  without spec ial exper i­
m ental work of the author . 

*Because fatigue and emotional exc itement are all-pervading mechanisms 
which c annot be avoid ed in experiments on conscious human beings or 
animals,  their modifying effect on pupillary r e flexe s is noted; work 
primar ily conc erned with other aspects  of fatigue has been excluded . 

It had been attempted , at fir st,  to limit the r eview to those paper s 
which contained mor e e laborate exp er imental material still applicable 
today, exclud ing works of chiefly c linical emphasis,  e specially when 
only s imple instrum ents were used, and when they appe ared outdated . 
It was , however,  too diffic ult to dr aw the line between the mainly experi­
mental and the  mainly clinical, and the  experiment classed as  "simple " 

today may have b e en r evolutionary and most impor tant historically . In 
addition, the title s of some publication s imply mor e elaborate physio ­
logical work than is actually contained in them ,  and it was fe 1t that it 
might be  us eful to find such p apers listed among the simpler exper iments 
of a particular group . 
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Pupillary R e actions to Light 

The kind and approximate number of publications dealing with the 
differ ent par ame ter s of light stimuli are shown in Table s 2 -8 .  An exten­
sive , thoughtful review of  some of  this liter ature has been given by 
Schweitzer ( 1 9  55 , 1 9  56) . The work can be divid ed roughly into e xp e r i­
ments on the pupillary e ffects of 

( 1 )  the intensity of the stimuli , 
( 2 )  the time -char acteristics of the stimuli (dur ation, wave for m. 

fr equency) , 
( 3) the area of the stimuli ( spatial summation) , 
(4 )  the r etinal location of the stimuli ( fovea,  parafovea,  or 

periphery) , and 
( 5) the color of the stimuli . 

Stimulus Intensity 

1 . The literature 

By far the lar ge s t  group of publications contains data on stimulus 
intensity ( Table 2 ,  A-C ) .  The e ar ly authors used daylight , or various 
flame s ( candle , gas , pe troleum ,  amyl ace tate or alcohol) , as light 
sour c e s . After about 1 9 00 ,  e lectric lamps became gener ally available . 
and , more r ec ently, e le c tr onic flash sour ce s . Infr ar ed ,  ultr aviole t ,  
and even X-ray and r adium sour c e s  wer e  used occasionally . 

Light intensity was var ied by means of d iffer ent apertur e s  or iris 
d iaphragms , by adjusting the distance between the sour c e  and an 
apertur e , by r heostats ( for e lectric lamps). by filter s (paper , p ar c hme nt, 
opal glas s ,  milkglas s or frosted glass , and later neutral gray ge latine 
filter s or neutr al gray glass filter s or wedge s).  by r otating Nichol 
pr isms or by rotating crossed polaroid filter s .  The light was measured 
by recording the cur r ent across the lamp and/or the color temperatur e  
o f  the lamp , b y  photo-e le c tr ic devices , b y  thermopile galvanometer s ,  
compar ison photome ter s ,  o r  spe c tr ophotometer s .  

In the clinical work contained in Table 2A, light intensity usually 
was var ied by r e latively simple means , such as aper tur e s ,  filter s ,  or 
differ ent se ttings of a rheostat , without par ticular control of ar e a ,  
r etinal location, o r  color . In a few papers  inc luded i n  this group , the 
authors had mer e ly used an instr ument pr eviously deve loped by som eone 
e lse , without adding original contr ibutions \Silberkuhl, 1 89 6; Tange . 
1 9 0 1 ; Groethuysen,  1 92 1 ; Engelking, 1 9 22 ;  Mehrtens &Barkan, 1 9 2 3; 
Gifford & Maye r , 1 9 3 1 ;  Bomer, 1 9 33 ;  Gaste iger,  1 9 34; Lodato , 1 9 34)  
or having made only minor modifications ( Sander , 1 9 29 ;  Mazzuchoni, 
1 9 25 ;  Barsotti , 1 9 39 ;  Loewenfe ld , 1 9 56) . 

Copyright © National Academy of Sciences. All rights reserved.

Recent Developments in Vision Research
http://www.nap.edu/catalog.php?record_id=18667

http://www.nap.edu/catalog.php?record_id=18667


21 

TABLE 2 

Stimulus Intensity 

A. Methods with Clinical Empbaals In Wblch Intensity Waa Varied by Simple Means 

Year Author Year Author Year Author 

1882 Schad ow 1920 Landolt 1933 BOmer 
1894 Schirmer 1921 Groethuysen 1933 Feldman 
1896 Silberkuhl 1921 Kleefeld 1934 Bujadoux & Kofman 
1899 Schiifer 1922 Barkan 1934 Gastell!er 
1899 Sommer 1922 Engelking 1934 Lodato 
1901 Tange 1922-59 Lowenstein 1937 Bujadoux & 
1902 Schirmer 1922 Kofman & Buiadoux Gou revitch 
1903 FUchs 1923 Mehrtens & Barkan 1937 Nayrac & Franchomme 
1904 Bumke 1925 Mazzucconi 1939 Borsottl 
1904 Piltz 1928 Lehrfeld 1940 Frydrychovicz & 
1905 06 Weller 1929 Barbieri Harms 
1907 Hubner 1929 Modonesi 1949-54 Har ms 
1907 08 Krusius 1929 Nicolai 1956 Loewenfeld 
1910 Sachs 1929 Sander 1957-61 Shakhnovitch 
1910 Weller 1930 Enl!el 1959-61 Samojloff, Sokolova, 
1911 Hembo1d 1931 Gifford & Mayer & Shakhnovitch 

B. Experimental Work In Which Stimulus Intensity Waa Varied In Connection with Other Problema 

Year Author Chief problem Year Author Chief _problem 

1892-93 Bordler visual acuity 1939-40 Hecht & Plrenne color (owl) 
1892,93 Sacha color 1942 Bartley frequency, ocular 
1900 Abeladorff colo r discomfort 
1903 Fr!berl!er apeed 1942 Wal!man & Gulberl! color 
1903 Schafer color 1948 Barany & Hallden retina l rivalrY 
1904 Abelsdorff & 1948 Marone dazzlinJl, fatli[Ue 

Fellchenfeld color 1952 Wirth retinal rivalrY 
1905 Basler color 1956,59 Vander Tweet various 
1907 Hess retinal position 1957 Bleicher! servo-analysis 
1907 Po lim anti co lor 1957 Blelchert & servo-analysis 
1908a Hess color (animals) Wagner (frequency) 
1909 Hesse retinal poaihon 1959 Shakhnovitch color cat 
1910 Hess color (animals 1959-63 Stark et al servo-analysis 
1923 Laurens color 1960,61 Clyne a servo-analysis 
1931 Zeldenrust chronaxia 1962 Alpert & Campbell color 
1933 Machemer speed 1962 Bouma color 
1933 Stiles & directional 1963 Feinberg & 

Crawford sensitivity Podolack latent period 

Note: a in Year column refers to order Ill References. 
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TABLE 2 (cont'd) 

C. Experimental Work Especially Concerned with Effects of Stimulus Intensity 

Difference 
Year Author Static Flash Threshold Thresho ld Darkness 

1760 Lambert • 
18 81.82 v. Vintschgau I I • 
1 88 4  Gorham • 
1 8 88 Chaveau • 
1 88 8  Cohn • 
1 893 Du Bois-Reymond & Greeff • 
189 7 Garten • 
189 8,1905 Ovio • 
1 899 1900 Lans • 
1900 Ve rvoort • 
1 9 0 7,13,14 Schlesinger n • • 
1908 Hess • 
1914 15,16 Hess • 
1918 Blanchard • 
1 91 8  Reeves � • 
1919 Enl!elkinl! n 
1920 Reeves • .. 
1 9 26 Holladay • 
19 27,32 Ferree & Rand • 
1 9 29,30 Stiles • 
1932 Grad le & Ackerman .. 
1 93 3  Ferree, Rand, & Harris • 
1934 Bifris • • 
1 93 4b Luckiesch & Moss • • 
19 3 6-37 Crawford • • 
1 9 3 7  Hartinl!er • 
1 9 3 8  Elsberl! &Spotnitz • 
1 9 3 8  4 3  Kappauf • 
19 3 8  Talbot • 
19 39 Brown & Page .. 
1942 Wagman & Nat hanson • 
1 9 4 3  Bartley • 
1944 Moon & Spencer • 
1 947 Corrado • 
1 9 47 Venco & Marucci n 
1948 Flam ant • 
1 9 4 8  Spring & Stiles • • 
1949 DeLaunay • 
1952 De Groot & Gebhard • 
1953 Alpern & Benson • 
1953 Fry & Allen n • • • 
1954 Fugate n • 
1955 56 Schweitzer n • 
1956 Fugate & F ry • r1 • • 
1956 Hopkinson • 
19 56 Schweitzer & Bouman n • 
1 9 5 7  Kadlecova & Peleska • 
1 9 59 Alpern. Kit ai, & Isaacson n • • 
1959-60 Kawabata n • 
19 59.61 Lowenstein & Loewenfeld n • • 
1960-63 Hake rem n • 
1 9 61 Kadlecova • • 
19 62a Alpern & Campbell • 
1963 Burke fl • 
19 63 Lowenstein, Kawabata� & Loewenfeld n • 
Note: ::;ymoots: stauc - eye aaapte<l to ugnt st un uu ; nasn n = ugnt putse; uas n  r � suaaen mcrement; 

threshold= threshold reactions of dark-adapted eye; difference threshold= increment or dec rement 
of previously steady illumination; darkness= sudden or gradual withdrawal of light. 

a, b in Year column refers to order in References. 
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In Table 2B ,  a number of experiments are listed in which l ight in ­
tensity was considered secondar ily , the chie f s ubject  of the inve stigation 
being concerned with other problems . 

Tab le 2C summar ize s exper ime ntal work in which stimulus lumi ­
nance was of major interest . In the se investigations , different kind s  of 
light stimuli were used :  

( 1 )  the s ubje c t ' s  eye was s uc c e s sive ly adap ted t o  different leve ls 
of br ightne s s  of the source . and the pupillary d iame ter was noted for e ach 
intensity step ( "static " in Table 2C ) ;  

( 2 ) the p upillary reaction t o  a sudden light - flash was studied . In 
some case s ,  this flash was tr ansient ,  of definite and controlled dur ation 

( symbol n in Table 2 C); in othe r s  the light was le ft on , and pupillary be ­
havior after the light stimulus was not considered ( symbol r in Table 
2C ) . In most of the s e studies the subje ct ' s eye was s aid to be dark ­
adapted , but it is c le ar that the inte nded "darkne s s " was tr ue darkne ss  
only whe n infr ar ed - s ensitive recording or  viewing devices  wer e  available . 
Whenever visible light was used for observation, this form of stimulation 
actually repre sented a sudden incr ement of light above the adapted state ;  

( 3)  some inve s tigator s tried to e s tablish the minimal light increase 
needed to obtain a just -discer nible r e sponse ( "thr e shold " in Table 2C) . 
The r e servation concer ning the quality of "darkne s s " holds for this kind 
of exper iments also, and , in te sts  done under obs ervation with visible 
light, it was ac tually the incr emental thr e shold that was determined;  

(4)  in  the exper iments marked "difference threshold " the author s 
intentionally looked for the smalle s t  increment or decrement of light that 
would provoke a j ust -discernible r e action; 

( 5) a final group of author s studied the time cour s e  of the p up illary 
dilation that occurs when light to which the eye has be e n  adap ted is sud ­
denly turned off . In the case of Flamant ( 1 9 48).  the withdr awal of light 
was gradual ,  sinc e she took intermittent me asurements while the eye s 
were exposed to the darkening sky at dusk; the se measur ements were . 
then ,  actually taken d ur ing gradually shifting,  s low adaptation to dark­
ne s s ,  and they could there fore be included with equal j ustification among 
the "static " group . Fry &Allen ( 1 9 53)  studied the recovery time of the 
p up il after exposur e s  to light shor ter than ne eded to adapt the eye . 

Because of the se  differ ent me thods of stimulation , a var ie ty of 
re sults w er e found , some of them contradictory . A d etailed considera­
tion of the se  diver gencie s would le ad to  endle s s  discussions . In the 
pre sent paper.  therefor e ,  a brie f d e scription will be given of the gene r al 
featur e s  of pup illary r e spons e s ,  recorded under various controlled con ­
d itions;  and the discrep anc ie s in the liter ature will be discussed in conne c ­
tion with the pup illary phenomena which they concern .  Since the differ ences 
be twe en the light stimuli listed in Table 2C under "static , " "flash, " and 
"d arkne ss " are e ssentially d ifferenc e s  in timing, they are consider ed in 
the s e ction devoted to that subject . The d e scriptions in this s ection are 
limited to r eactions e licited by 1 - second ( se c )  light flashe s of d iffer ent 
intensities .  
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2 . Fe ature s  o f  the reactions t o  light of diffe rent intensities 

When the d ark-adapted eye is e xposed to light flashes of 1 sec 
durat ion, the pupillary thre s hold i s  found to b e  ve ry low . Using app ro ­
p riate rec o rd ing te chn ique s ( Lowenstein & Loewenfeld , 1 9 5 8 ) ,  small but 
distinct pupillary reactions usually can be obtained well within the first 
log unit of stimulus luminance above the subject ' s  scotopic visual thresh­
old . As the intensity of the light is inc reased ov er  a range of app roxi ­
mately 3 log units ,  the pup illary contractions become mo re constant and 
extensive . Throughout this low- int ensity range of luminanc e the resp onse s  
are , however , typically shallow: the cont raction is preced ed b y  a long 
latent p e riod ,  and it is  slow , inexten s ive , and of short duration ( Se e  Figs . 
1 ,  2 , 9 ,  1 OA, 1 1 ) .  When the light intensity is further inc reased the re­
flexes begin to grow markedly in amplitude , sp e ed and duration,  and , 
d ep end ing on the autonomic ne rvous balanc e of the subject ( cf .  below) , 
maximal values are reached about 7 -9 log units above the scotopic visual 
thre shold : the reactions outlast the 1 - sec light flashes ( app roximate du ­
ration = 1 .  5 - l . 8 sec) ;  the lat ent  p e riod has d e c reased to a minimum ( about 
0 .  2-0 . 3  sec) , while extent and peak spe ed of cont raction have reached 
maximal values ( about 4 millim et e rs (mm) and 7 - 1 0 mm / sec , respec ­
tive ly) . It will be  noted that the increm ents  in pup illary reactivity for 
e qual inc rements in stimulus luminance become greatly enhanced im ­
m ediat e ly above the low - intensity range . This sudd en inc rease in effec ­
tivene ss  o f  the light flashes  is due to the fact that the cone -thre shold has 
been exceeded ( Se e  Figs . 1 8 ,  1 9 ) . This scotopic -photopic b re ak is 
typical for the p upillary inc rement curve when white light is used (See 
also Flamant , 1 9 4 8 ;  Kadlecova , 1 9 60 ;  Lowenstein & Loewenfeld , 1 9 59 a) ;  
i t  is absent when red  light is  used , becaus e the pupillary threshold ris e s  
abov e the photopic visual threshold , and the lower part o f  t h e  increment 
c urve is missing ( Fig .  2A,  line of square s) . It is also absent when whit e 
light is used in the pigeon ' s  eye , with a p redominantly cone - retina ( Fig .  
2 , lines of triangles) . 

V e ry powe rful light flashe s  fail to add furthe r to the amplitude and 
spe ed ,  or to reduc e the lat ent  p eriod of the reaction s ,  but th ey cause 
m arked p rolongation of  the  contraction: after  such stimuli ,  the  pupil 
may rem ain in spastic miosis for several second s ,  and the following 
redilat ion is slow . ( Se e  section on "T im e  Characte ristics of the Stimuli; 
Very strong light . ") 

3 .  Modifying effects of fatigue and emotional excitement 

Fatigue and emotional excit em ent are so much a part of eve ryd ay 
life , and their modifying influenc e upon pupillary d iam et e r  and reactions 
so p rofound , that their effects must be well understood and constantly 
borne in mind in exp e rim ents that , typ ically ,  last  consid e rable t im e . 

The light reflex, in sp ite of its autonomic nature , does not take 
p lace ind ependently of the subj e ct ' s  lev e l  of con sc iousne s s . While the 
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Fig . 1 . Extent ,  d ur ation and latent period s of pupillary re actions to one ­
second light flashe s . Symbols repr e sent aver age value s of 30 
individual reac tions per intensity step .  Subject ' s eye s  dark ­
adapted . Extent  of pupillary contractions ( in mm , le ft -hand 
scale ) and of d urations of latent per iod and of total contr action 
tim e ( in sec , r ight -hand scale ) p lotted against  stimu lus lumi ­
nance ,  with arrow T marking subj e c t ' s  s cotopic visual thr e sh­
old . Log luminance = . 6 - 9 .  6 above visual thr e shold for 1 -s e c  
light flashe s emitted b y  Sylvania glow modulator tube ( w ith 3 1  
mm condensing le ns = s lightly d ivergent beam me asuring approxi­
mate ly 2 0 mm at  subje c t ' s  left cornea) . L = lowest  and H = 
highe st  inte nsity of Grass photic stimulator ,  seen by both eye s ,  
approximate ly 9 inche s distant . 

C ircle s :  Note the characteristic scotopic-photopic bre ak in the 
r ising c urve of extensivene s s  of pupillary contr ac tions ( s e e  
also Fig . 2 ,  1 8 ,  1 9 ) . Maximal reflex amplitud e  was reached 
at 8-9 log units above visual thr e shold . 

Square s :  Duration of the p up illary r e flexes r emained short in 
the low-intensity r ange ( se e  also Figs . 1 0 ,  1 1 ) ; at 3-4 log units 
above visual thre shold , duration incre ased to a new p lateau 
( about 1 . 6 - 1 . 8 sec ) . In re sponse to very bright light , the 
contractions were much prolonged , because the pup il lary re­
dilation became slow and d elayed . 

Tr iangle s :  Latent period for contraction was inver s e ly r e lated 
to stimulus luminanc e ,  fal ling from a maximum of mor e than 
500 milliseconds (ms)  near thre shold to a minimum of about 
24 0  ms at 8-9 log units above thr e s hold . ( Absolute time value s 
her e ind icated are probably somewhat longer than tr ue latent 
per iod s . For explanation, see section in text conc erning latent 
period on p .  48) . 
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Fig . 2 . Extensivene ss of pupil lary contr actiom: to light in normal hum an 
subje ct and in p igeon ( Fi g .  2 0 ,  Lowenstein et al . ,  Ame r . J .  
Ophthal . 5 7 : 569 - 59 6( 1 9 64) . In A ,  actual extentOf pup illary con ­
tr action s plotted as ord inate ( in mm) ; in B ,  data re -plotted a s  pe r ­
centage contr action, taking maximal contractions for human s ub ­
je c t  and for pigeon as 1 00 per cent, to corre ct for smalle r s i z e  of 
p igeon ' s  iris; each symbol repre sents average of at least 20 ind iv i ­
dual r e flexe s . Ab scissa shows intensity o f  stimuli in ter ms o f  ne u ­
tl· al grey fi lter tr ansmittance , with 0 the maximal output o f  Sylvania 
glow modulator tube , used as in Fig . 1 . Stimulus duration = 
1 sec;  stimulus color = white ( c irc le s ,  triangle s) , or with 
Wratte n #29 red filter ( square s) . Human scotopic vis ual thr e s h -
old marked b y  white arrows; human visual thre shold when using 
r ed filter marked by black arrows . 

Note the low thre shold and distinct double s lope of the human 
pupillary increment curve for white light ( drcle s ) , the high 
thre shold and s ingle incre ment curve for the human reac tions to 
red light ( square s ) ,  and in the pigeon for white light ( tr iangle s ) . 

subj ect is ale rt, the c entral synapse of the pupillomotor reflex arc in the 
Westphal -Edinge r  nucleus is subject to sup ra-nuc lear inhibitory influences . 
Simultaneously, hypothalamic discharge s ,  b rought into play by sensory 
or e motional stimuli p rovid ed by the environment , or ,  in man at least , 
by spontaneous thoughts or emotions , t ravel  via th e low e r  b rain st em , 
c ervical cord , and p eriphe ral sympathetic chain to the dilato r  muscle of 
the iris ( Figs . 3 ,  4 ) . Und e r  the influence of thes e mechanisms the pupil 
in healthy, alert subj e cts  is relat ively large and quiet in darkne s s  ( 7-9 
m m, Fig . 5 ,  line Bl ; cf . also Lowenst e in ,  Feinb e rg ,  & Loewenfeld , 
1 9 6 3) . In healthy,  well - re sted subj e cts this condition m ay be maintained 
for long pe riods of tim e .  But when the subj ect  become s  t ired , th e pupils  
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Fig . 3 .  Schematic rep re sentat ion of pupillary light reflex pathway 
( Fig . 1 ,  Lowenstein ,  1 9 59 ) 

Note : � = aqueduct of Sylvius; � = ciliary ganglion; cis = 
short c iliary nerve s;  lg = late ral geniculate body; oc = optic 
chiasm ; on = opt ic nerve ;  ot = opt ic t ract ;  pc = poste rior 
commissure ; p r  = p retectaf area; we = ( Westphal -Edinge r) 
oculomotor nucleus;  III = third ne rve .  
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gradually become smalle r and begin to oscillate . In eve r de epening 
waves of sudden,  spontaneous aro usal and gradual slipping into a doze , 
the pup ils dilate rapid ly, then re -contract gradually in an unste ady , 
wavering decline . The more the subj ect is tired , and the le ss he t rie s 
to supp re s s  his sleepine s s ,  the shorter the time of initial myd riasis , 
and the deepe r and mo re frequent the following pupillary oscillations . 
Eventually,  the spontaneous inte rvals of re - awakening ce ase altogethe r ,  
and the subject actually falls asleep . A t  the moment immediately pre ­
ceding sleep , the pupils are quite small ( Fig .  5 , lines B2 -B3) . At this 
time a p sycho - sen sory stimulus such as a sudden sound , conversation, 
etc . , restore s the waking condition and , depending on the typ e and in ­
tens ity of the stimulus , may maintain it for some time . It has been 
shown that the pupillary oscillations that app ear in the tired subject 
o riginate in the central ne rvous system . As the subject  d rifts toward 
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F ig .  4 .  Schematic repre sentation of pup illary pathways in sagittal vie w 
of brain ( Fig . 2 .  Lowenstein. 1 9 59 ) . 

Solid line s:  E fferent symp athe tic p ath. from hypothalamus via 
cervical cord and peripher al sympathe tic chain to eye . This 
e fferent sys tem is under control of cortic o - thalam ic -hypothal ­
amic me chanisms . 

Dash-dot line : E ffer ent parasympathe tic p ath fr om We stphal ­
Ed inger nuc leus vi a third nerve and ciliary ganglion to the ir is 
sphincter . 

Dotted line s :  Inhibitory paths to the We stphal -Ed inger nucleus : 
( 1 )  dire c t  afferent connections in br ain stem re tic ular formation . 
and ( 2 )  de scending connec tions from cor te x ,  thalamus and 
hypothalamus . 

Note : ac = ante rio r commissure; as = aqueduct of Sylvius;  av = 
subclavian ans a  of Vieussens; c = cortex; cb = cliliospinal center 
of Budge ; � =  corpus callosunl; � = ciliary ganglion; cis = short 
c iliary ne rve s;  cil = long ciliary ne rve s ;  !_ = fo rnix; U = Gas ser­
ian ganglion; i! = ganglion stellatum ; ha = habenular nucleus; 
!!!. = mammillary body; m eg = middle ce rvical ganglion; � = 
massa inte rmedia; nc = naso - c iliary branch of the ophthalmic 
5th ne rve;  oc = opticchiasm; on = optic nerve ; p = pons; pc = 
poste rior comm issure ; p i = pineal body; scg = supe rior cervical 
ganglion; III = ( We stphal -Edinger) oculomoto r nucleus . 
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Fig . 5 .  Spontaneous pupillary movements in t ired subject  ( Fig . 7 ,  
Lowenstein et  al . , 1 9 63 ) . Diameter o f  r ight pupil recorded as 
ordinate ( in mm) against time as abscissa ( in 0 . 1  se c  units in 
A, and in seconds in B) . In line s B, ordinates reduced approxi­
mate ly to 1 / 2 s ize shown in A .  In line A, 1 - sec light flashes 
were pre sented at time s framed ( intensity 8 -9 log units above 
scotopic vis ual thre shold) . Line s B were recorded while the 
subject sat in comple te darkness , fixating on a small , red light 
spot at about 6 -foot ( ft) distance . 

Line A: At beginning of the test  the pupil showed normal dia­
meter , and light flashes e licited normal reflexes . 

Line B:  The pupil was large and remained relatively quiet dur ing 
the first minute in darkness  ( Bl ) .  Irregularitie s appeared soon, 
with small , fast oscillations prominent <E· £ in line B2 , showing 
pupillary movements during the 8th minute in darkne ss) ;  these 
sudden , small contractions and redilations , re sembling mini­
ature light reflexe s ,  probably are assoc iated with imperfect 
fixation of the tired subject  (cf .  Lowenstein e t  al . ,  1 9 6 3 ,  p .  
1 42) . Irregular , extensive wave s of pupillary dilation and con­
traction appeared shortly thereafter ( a-a in line B3 ,  recorded 
dur ing 1 6th minute of observation);  they accompanied wave s of  
drowsine ss and spontaneous arousal of  the subject , and became 
more and more frequent and extensive until the subject finally 
fell  asleep . Spontaneous lid c losures ,  which did not affect the 
pupil in darkne s s ,  marked by £· 

sleep , supranuclear inhibition of the Westphal-Edinger nucleus decreases ,  
and sympathetic activity is gradually lost . The consequent relative pre ­
ponderanc e of the parasympathetic outflow is revealed by the smallness 
o f  the pupil at the time immediately preceding sleep . At the moments of 
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spontane ous or reactive awakening, sympathe tic activity and supranuclear 
inhibition of the third nerve nucleus cooperate in d ilating the pup il .  

Chronically increased fatigue is not an uncommon finding,  and , 
unle ss  re cognized , will cause difficulties in exper iments in which the 
pupil is used as an indicator . Many per sons habitually fail to sleep 
suffic iently, and the after -effects of various illnesse s may be far more 
long- lasting than is recognized . Many subjects , though neurologically 
in good condition , will thus be found to be more subje ct  to fatigue than is 
usual for persons in the ir age group , or is explained by energy spent 
during an experiment . When sitting quietly in darkne ss and not occ upied 
by some activity, it is difficult for such subjects to s tay awake . After a 
br ief period of wake fulne ss  with large , steady pupils , the osc illations 
descr ibed above will appear in an exaggerated manner :  the pupils will 
fluctuate wildly over a lar ge range as the subject fights an increasingly 
overwhelming s leepine s s . 

Pupillary reflexe s are super imposed upon this constantly shifting 
equilibrium of autonomic innervation of the iris , which is fur ther modi­
fied by humoral adrenergic mechanisms ( Loewenfe ld 1 9 5 8 ,  pp . 3 2 7 - 344 ) 
and by the mechanical limitations of the iris muscle s  ( Fig . 6) . A light 
stimulus of a given intensity and duration will therefore not ne cessarily 
e licit a pupillary reflex of predic table speed and amp litude . As the sub ­
ject  or the experimental animal be comes sleepy, the pupil be comes 
smaller and the reactions less  and le ss  extensive; immediate ly preceding 
sleep , the miotic pupil hardly reacts to light ( Fig . 7 ,  e, f, g) . Sensory 
or emotional s timulation have an opposite e ffect  upon the pupillary di­
ame ter :  with increasing excitement the pupil becomes larger and larger . 
The light reflex ,  however , does not benefit by the large pupillary diam ­
eter in darkne ss;  it is  supressed when the degree of supranuclear in­
hibition and sympathetic excitation exceeds an optimal leve 1 ( Fig . 7 ,  b ,  

E_. <Q .  
-

Figure 7 shows clear ly that these changes in the pupillary reflexe s 
are not merely a matter of amplitude . The shape of the reflexes var ie s  
with the degree o f  excitement or drowsiness . The characteristic square ,  
w -shaped , v -shaped, and flattened , inextensive reflexe s can be seen . 
The very same reaction patterns are observed in patients with le sions or 
irr itation at var ious locations within the nervous network of pupillary 
control ( compare the reactions shown in Fig . 7 with Fig . 8A, Dl -03 , F,  
Gl , and G2 ) ,  and they can be produced at will in experimental animals 
by e lectr ical stimulation or sur gical de struction at the same site s . The 
only difference be tween the effects of physiological fatigue and excite ­
ment and those of pathological conditions is that physiological reflex 
changes are transitory and are changed to the normal pattern as soon as 
the subject  or animal calms down, or awakens , as the case may be; in 
contrast , the pathological reaction shape s are permanent; they can 
deteriorate fur ther but they cannot be restored to normal form . 
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The striking similarity be tween the re flex forms of fatigue and 
excitement on the one hand , and those of pathological conditions on the 
other , ·  shows that the effects of emotional and sensory s timulation as 
we ll as those of fatigue are not diffuse and disorganized . While the sub ­
ject  gradually falls asleep , specific nervous centers cease to function in 
order ly sequence , and they are called back into action by increasing 
psychosensory stimulation . 

Fig .  6 . 

M E C H A N I C A L  L I M I T A T I O N S  
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M E C H A N I C A L  L I M I T A T I O N S  

Mechanisms affecting pupillary size and reactions ( Fig . 5 of 
Lowens tein & Loewenfe ld , 1 9 64b) . 

Parasympathetic innervation causes active pupillary constric ­
tion (black arrow) ,  its central nervous inhibition incomplete , 
passive dilation of the pupil (cross-hatched arrow) . Sym ­
pathetic excitation dilates the pupil rapidly and comple tely 
(white arrow) . Adrenergic substance s ,  enter ing the blood 
under the influence of central nervous me chanisms e licited 
by strong sensory or emotional s timulation , may reinforce 
and prolong pupillary dilation (dotted arrow) . Finally,  the 
limits of mechanical capac ity of the iris muscle s may modify 
the movements when extreme s of mydriasis or of miosis are 
approached ( small black arrows) . 

These mechanisms are active to a remarkably s imilar degree 
in all mammals , and pupillary reactions e licited under similar 
experimental conditions show relatively minor variations 
among specie s ( see Figures  7 ,  8); in birds ,  with str iated 
pupillary sphincter , the reactions are a great deal faster and 
show different time -amplitude patterns ( see Figure 1 3) .  
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Fig . 7 .  E ffects of emotional excitement and of s leepine ss upon pupil ­
lary light reflex in normal rats ( Fig . 1 ,  Lowenstein e t  al . ,  
1 9 6 3) . Pup il lary diameter recorded ( in mm) against  time 
( in 0 . 1  sec units ) .  Be cause of smallness  of rat ' s  eye , ordinate 
enlarged by factor of 4 , as compared to human pupillograms . 
Reactions of left eye shown . Animals in darkne ss  except for 
1 -sec periods framed at � - i when light flashe s were pre sente d . 

a = Normal light reflex in alert but not excited rat; b -d = 
inhibited reactions , e licited after sensory stimulation; with 
increasing emotional excitement ,  the pupil enlarged and the 
light reflexes be came less  and le ss  extensive , showing 
characteristic w-and v-shapes found in all mammals under 
similar conditions; e - f-g = light reflexe s e lic ited while the 
anim�l was s leepy . 

-
Notethe square , w-and flattened v­

shapes of the re sponse s .  

In any expe riment concerning the pupillomotor effectiveness of a 
given kind of light stimulus, or light adaptation,  these mechanisms may 
alter the reactions . Variations due to momentary changes in the physio ­
logical state of the subject are especially marked near the pupillary 
threshold ,  because the small pupillary reflexes e licited by weak light are 
easily suppressed by antagonistic influences ( Fig . 9 ) . Moreover, in a 
number of normal subjects the degree of tiredness or of emotional tense ­
ness  may vary conside rably, and the same expe rimental situation may 
e licit different results ( see also Section below, "Other Feature s of 
Pupillary Reactions to Light, " and Fig . 25 ) . It is thus necessary to be · 
aware of such possible alterations in every experiment , and to safeguard 
the accuracy of the results by using a sufficiently large number of sub ­
jects , and b y  repeating the reactions a sufficient number o f  time s .  
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TABLE 3 

Pathology of the light reflex 

Condition 

03 Maximal central (diencepha­
lic) irritation 

02 
01 Submaximal central (diencepha­

lic) irritation 

C Parasympathetic (non­
irritative) nuclear or post ­
nuclear lesion of the third 
nerve 

B Lesion in the afferent path­
ways of the light reflex 

A normal 

Pupillary manifestations 

Very large pupils and absence 
of light reflex , or sluggish ,  in:.. 
tensive reflex of short dura­
tion; bilate ral 

W- or V - shaped light reflex; 
pupils larger than normal; 
bilate ral 

Prolonged latent period; 
pupils s lightly larger than 
normal; sluggish, inextensive 
light reflex; unilateral or 
bilate ral 

Prolonged latent period; 
slowe r than normal, W- or 
V- shaped light reflex; pupils 
remain equal , even in uni­
lateral lesions 

optimal reactions to light 

-r---- ---- - - - - -- ------ - - - - - - - - -- -- - ------ - - - - -- - --

E Periphe ral sympathetic 
lesion 

F Central (diencephalic) 
condition 

Gl Central (diencephalic and 
G2 mesencephalic) condition 

H Parasymp athet ic (mesence­
phalic) irritative cond ition 

Note : Cf.  Fig . 8 .  

Pupil smaller than normal; 
contraction speed slightly 
increased; second redilation 
phase absent; usually 
unilateral 

Shortened latent period; 
pupils smalle r than normal; 
fast , abrupt , though les s  than 
normally extensive light re ­
flexes ;  bilate ral 

Pupils small; W- or V ­
shaped light reflex; bilateral 

Prolonged latent period; in­
extensive , sluggish light re ­
flexes; unilateral or bilate ral 
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Fig . 8 .  Dynamic structure of normal and pathological light reflexes 
( Fig . 4, Lowenstein,  1 9 59 ) . 

Eyes  in darknes s  = a; during 1 - sec inte rvals b, exposed to light 
stimuli about 8-9  log units above scotop ic visual threshold . 
Heavy horizontal dash-dot line indicates diamete r of normal 
pupil in darkness . 

In curves A-H, pupillary diamete r re corded as ordinate ( in mm) 
against time as abscissa ( in 0 . 1  sec units ) . Curves A 1 - H 1 

show speed of pupillary contraction and dilation occurring within 
each reflex . Curves  obtained by plotting against time (in 0 . 1  
sec units ,  abscissa), extent of contraction or of redilation 
occurring within each successive 1 / 1 0  sec (exp ressed in 
mm / sec ,  ordinate) . 

Normal pupillary light reflex under experimental conditions 
described = A and A 1 ; dotted lines B, C, 01 , 02 , and 03 ( and 
correspond ing speed curve s  B 1 - 03 1 ) = abnormal reflexes in 
conditions causing larger  than normal pupils; solid lines E ,  F, 
G1 ,  G2 , and H ( and corresponding speed curves E 1 - H 1 ) = ab ­
normal reflexes in conditions causing .smalle r than normal 
pupils . A summary of pupillary reactions shown in this 
graph, and of causitive conditions ,  are contained in Table 3 .  
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Fig . 9 .  Enhancement and suppre�sion of low intensity light reflexes by 
central nervous inhibitory mechanisms ( Fig . 3 ,  Lowenste in & 
Loewenfeld ,  1 9 59 ) . 

Normal subject ( 36 -year -old man) , tired on day of examination; 
eye s  dark -adapted . 

Pupillary diame ter recorded as ordinate ( in mm) against time 
as abscissa ( in 0 . 1  sec units) , with solid line representing 
d irect reflexes  of right pupil,  the broken line consensual reac ­
tions of le ft pupiL One - second white light stimuli, approximate ly 
2 log units above subject ' s scotopic visual thre shold , were pre ­
sented at times framed at L . r  . .  

Fir st line : Reactions e licited while the subject gradually fe ll  
asleep showed enhanced contractions with no redilation in 
darkne ss;  at _£ _£ _£  the subje ct c losed his eyes . 

Second line : Shortly be fore 4th light reflex , the subject was 
awakened by a verbal stimulus ( "wake up ! 1 1) . During awaken ­
ing. the pupil dilated and the 4th light reflex was suppre ssed . 
The 5th light flash e licited a normal thre shold reaction . 
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TABLE 4 

TIME C HARAC TERISTICS OF STIMULI 

A. Simple control or duration by means or mechanical shutter s ,  electric contacts, and electronic nash 

Year Au thor Means R Year Author Means R 

1 869 von Arlt leve r ,  tu ning fork • 1 9 4 7  T hom son photo - nash 
1 8 8 1  v .  Vintschgau lev e r  • 1 9 4 7  T hsc hi r re n photo-shutte r  • 
1 8 8 2  v .  Vintschgau elect ric spark 1 9 4 7  Venco & Marucci photo - shutte r • 
1 9 0 3  Fuchs te legraph key • 1 9 4 8  Barany & Hallden shutte r 
1 9 04 Bumke shut t e r  1 9 4 9 - 5 4  H arm s photo - shutte r  
1 9 04 Piltz air abutter • 1 9 49 - 6 3  Lowenstein rotary disk shutte r • 
1 9 0 5  Weiler leve r - shutt e r  • 1 9 50 - 54 C lippe rs ab utt e r  • 
1 9 0 7  Schle sinlle r fa lling shutte r 1 9 5 2  Wirth phot o - shutte r 
1 9 1 0  Weiler leve r - sh ut te r • 1 9 5 4  Fugate shutte r • 
1 9 1 3 Schle sinlle r  shutt e r  1 9 5 6 Fugate & Fry sh utter • 
1 9 1 9  En11e lk inll m e t ronome • 1 9 5 6 - 6 3  Loewenfe ld elect ric nash tube • 
1 9 2 1  39 Kleefeld photo- shutte r 1 9 5 6 Schwe itze r & rotating disk 
1 9 2 2 - 5 7  Lowen stein photo - sh ut te r • Bouman shutte r 
1 9 2 3  Grad l e  & • 1 9 5 6  Pete rsen e lectronic nasb • 

E isend raht m e tronome 1 9 5 7  D rische l photo - shutte r • 
1 9 29 Ba rbie ri e le ct ric cont ac t 1 9 5 7 - 6 3 Lowen s tein electronic tube • 
1 9 3 2  Pou rsines fal ling cam abutter 1 9 5 7 - 6 3  Shakhn ovitch mechanical sbutte r • 
1 9 3 3  Walte r falling c am shutter 1 9 59 A lpe rn , Kital , • 
1 9 39 Borsott i photo - shutt e r • & Isaacson fall ing shu tter 
1 9 40 Fryd rychov itz 1 9 59 Samojlorr me chanical shut te r • 

& Harms photo - shutter 1 9 6 3  B u rke elect ronic tube • 
1 9 4 3 - 6 3 Morone � � photo- shutte r • 1 9 59 - 6 3  Hake rem e l e c t ronic tube • 
1 9 4 7 - 6 3  Lowe nste in e lect ric magnetic 

shutte r • 
R = duration or shmulus was registered 

B .  Study of effects of dur ation, wave for m .  or frequency of stimuli 

Ye ar Author D R S 0 Year Author D R S 0 

1 7 60 Lambert • 1 9 5 5 , 56 Schwe itze r • 
1 80 1  Him ly • 1 9 56 Fugate & Fry • • 
1 8 4 5  Listin11 • 1 9 5 6  HQP]<inson 
1 8 6 8  Hensen & Vol cke rs • 1 9 5 6  59 Van d e r  Tweet • 
1 8 82 Schad ow • 1 9 5 7  Be cker • 
1 8 88 Chave au • 1 9 5 7  B leicher! • 
1 9 0 3  F ribe rge r  • 1 9 5 7  Bleichert & Wagner • 
1 9 04 Piltz • 1 9 5 7  Stark & Sh e rman • 
1 9 1 3  1 4  Schle singe r • 1 9 5 7  Ste11e m ann • 

1 9 1 8  2 0  Reeves • 1 9 5 7  D ris che l • 
1 9 22 - 6 5  Lowe nstein • • • 1 9 58 Stark & C ampbe l l  
1 9 2 3  Lau rens • 1 9 5 8  Stark & Cornsweet 
1 9 2 6  Santamaria • 1 9 59 Kawabata • • 

1 9 29 Nicolai • 1 9 59 a  b Lowenstein & Loewenfeld • • 
1 9 32 Lythl(oe • 1 9 59 SamoJ iorr • 

1 9 3 5 Mache m e r  • • 1 9 59 Stark 
1 9 3 8 Talbot • 1 9 59 Stark & Bake r 
1 9 39 Borsott! • • 1 9 60 , 6 1  C 1ynes • • 
1 9 4 2  Bart ley • 1 9 6 1  Stark , Redhead , & Payne 
1 9 42 Wagman & Gu lbe rg • 1 9 62b Alpe rn & Campbell  • 

1 9 4 4  Ste rn • 1 9 62 H ak e  re m • • 
1 9 4 7  Venco & Maruc c i  • * d  1 9 62 a  Stark • • • 
1 9 4 8  Ma rone • 1 9 62b Stark • 

1 9 50 C ampbe ll & White side • 1 9 6 3  Fe inbe rg & Podolak • • 

1 9 50 - 5 4  Clippe rs • • 1 9 6 3  Lowe nstein, K aw abata, & • 

1 9 52 Wybar • Loe wenfe ld 
1 9 5 3  Fry & Allen • • • 1 9 6 3  Loe wen fe ld • 

1 9 54 Youn g & Bie rsdorf • 1 9 6 3  Lowenstein & Loe we nfeld 
1 9 54 - 55 Du Bois - Pou lsen & • 1 9 6 3a, b Sta rk • 

Lois illie r 1 9 6 3  T roe lst ra • 
- -Note : Sym bols : D - shmulus d u ration ( tempo ra l s ummat ion) , R - repe ated shmuli ( t rains or interm ittent 

flashe s ) ;  S = sinusoid a l  stimulation; 0 = othe r time characte ristic s ;  d = d a rkne s s  re flex ( c f .  text) . 
a & b in Year column refer to order in References . 

• 
• 

• 
• 

• 

• 
• 
* d  
• d 

* d  

• 

• 
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Time Characteristics of  the Stimuli 

1 .  The literature 

Only re latively few authors have done special experiments on the 
influence of duration, wave form,  or frequency of the light stimuli upon 
pupillary reflexes . In e ar lier experiments , and in most c linical work in 
which stimulus duration and frequency were considered at all , they were 
controlled by simple devices (photographic shutters . •  or shutters that 
used a swinging pendulum , swinging cam ,  rotating disk , or other me ­
chanical device ) . More recently. e lectronic flash tubes allow more 
variable and more accurate control of s timulus duration and frequency 
(Table 4A) . 

Experiments specifically concerned with the time character istics 
of light stimuli are summarized in Table 4B . They were de signed to 
study the effects of 

( 1 )  stimulus duration ( temporal summation) , 
( 2 )  stimulus frequency ( intermittent light flashe s) .  
( 3) stimulus wave -form ( sinusoidal stimulation) .  and 
(4 )  other time characteris tics of pupillary reactions re lated to 

light . Under this heading are grouped exper iments on 
(a) pupillary movements during steady illumination, and 
(b) pupillary reactions e licited by short interruptions of s teady 
light ( "darkne ss reflex ") .  

2 .  Influence of stimulus duration 

(a) Moderate intensity range :  I t  has been mentioned above that the 
duration of a pupillary contraction to a timed light flash depends on the 
intensity of the stimulus . The e ffect of changes in stimulus duration, 
likewise , is different for dim and for bright light . In the low-intensity 
range , the short- lasting pupillary contraction usually is followed by 
redilation at about the s ame time when either short or longer stimuli 
are used ( Fig . l OA) . and even when the light is left on continuous ly 
( Fig .  1 1 ) .  With brighter light , the contr action movement is sustained 
by continued stimulation, so that the reaction to a long, bright stimulus 
is much more extensive than the one e licited by a short ,  bright s timulus 
( Fig . l OB) . The general statement frequently seen in the literature 
(usually quoted after Reeves) that "the pupil re aches full  contraction 
after 5 seconds " is thus in9orrect ,  and a measurement of the pupil 5 sec  
or more after the onset of  stimulation will not necessarily reveal the 
effectivenes s  of the stimulus . If the light is weak, the transient contrac ­
tion will have disappeared long before . For this reason, authors who 
investigated the effectiveness of light by the "static " method generally 
tended to report much higher thresholds for the pupillary reflex than 
those who recorded the dynamic re sponse s to shorter light flashe s .  
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Fig . 1 0 .  Reflexes to short and to longer light stimuli at low and at high 
levels of stimulus intensity ( Fig . 4 ,  Lowenstein & Loewenfeld , 
1 9 59 ) . 

Pupillary diameter recorded as ordinate ( in mm) against time 
as abscissa ( in 0 . 1  sec units) . Broken lines show the pupillary 
re sponse s to 0 . 1 - sec light flashe s (double -arrows a); solid 
lines show reactions to 1 . 0 - sec stimuli (double -arrows b) . 

A ( fir st line ) :  Dim light was used , about 3 log units above sub ­
ject ' s scotopic visual thre shold . Reactions to short ( a) and to 
long (b) light flashes were alike ; both showed long latent period , 
low peak speed , small extent , and short duration typical for low­
intensity reactions . 

B ( second line ) :  Light intensity was increased to about 9 log units 
above visual threshold of the subject . The long, bright light 
stimulus (b)  caused the pupillary contr action to continue for a 
longer time , and thus to become more extensive than the reflex 
e licited by the shor t. bright l ight flash (a) , even though latent 
period and peak speed of the two reactions were alike : compared 
to the low -intensity reflexes of line A. the latent period was 
shortened , ·and 'the contraction speed increased . 
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Fig . 1 1  . Pupillary reactions to continuous light stimulation . 

Pupillary diame ter recorded as ordinate ( in mm) against  time 
as abscissa ( in seconds) . Beginning of continuous light stimu­
lation of subject ' s left eye ( left pupil dilated by cyclogyl) 
marked by double arrow . Stimulus intensitie s :  2 .  6 log units 
above scotopic visual threshold for solid line , 4 .  6 log units 
for broken line , 6 .  6 log units for dash-dot line , and 8 .  6 log 
units for dotted line .  

Note the inconstancy of the pupillary contrac tion to dim light , 
and development of pup illary oscillations under influence of 
steady illumination . The se oscillations were lar ge , irregular , 
and incons tant when light of medium intensity was used; they 
became faster , less  extensive , more uniform , and sustained 
with incre asing stimulus luminance . 

(b)  Thre shold reactions : Among the experiments listed in Table 
4B , only the one s by Fry & Allen ( 1 9 5 3) ,  Fugate & Fry ( 1 9 56 ) ,  
Schweitzer ( 1 9 55 ,  1 9 56 ) ,  Kawabata , 2 and Hakerem 3 can be  said to  have 
considered the question of temporal summation systematically . As a 
gener al result , it appears that c lose to the pupillary threshold the 
duration of the light flash becomes important : for durations up to approxi­
mately 1 se c ,  the pupil responds to the total energy of the flash, so that 
intensity and duration are interchangeable in this near - thre shold brightness 
range . 

(c )  Very strong light : It has been shown in Fig . 1 that the pup illary 
contractions to intense light stimuli are prolonged . Even a very short ,  
exceedingly br ight nash of light will cause the pup il to  constr ict maxi­
mally, and to remain in spastic contraction for a number of seconds . 
The most probable explanation of this behavior is the assumption that the 
after -image elicited by such powerful light flashe s is suffic iently intense 

2 Per sonal communications , ( H .  Kawabata) 1 9 59 -1 9 6 1 . 
3 Per sonal communications , (G . Hakerem) 1 9 59 -1 9 6 3 . 
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to cause a continued pupillary response . There can be no doubt that after ­
images are capable of affecting the pupil ,  as shown by an experiment by 
Alpern & Camp be 11 ( 1 9  62a) . When the eye has been adapted to very br ight 
light , and this light is suddenly turned off. the pupil ,  after a short de lay , 
begins to enlarge;  soon there after , however , the dilation is interrupted 
by a new contraction which may last many seconds be fore giving way to 
resumed dilation as the dark -adaptation proces s  continues .  In a similar 
experiment done in the Lowenstein Laboratory of Pupillography ( Columbia 
University) .  it seemed as though the contraction period coincided with 
the appearance of a s trong positive after - image * • The chapter of pos ­
sibly related pupillary and after - image phenomena is an interesting one . 
and should be worked out under better conditions of control than those 
used by Alpern & Campbell and by the author and colleague s (control 
of stimulus area and color , simultaneous re cording of pupillary move ­
menta and of the subjec t ' s  statements) . 

(d)  Stimulus duration in clinical examinations of the pup il :  
Numerous authors have realized the importance of standardizing the 
stimulus duration in clinical examinations of the pupil ,  and have used 
various timing devices to control it ( Table 4A) . Among the inve stigators 
who recorded the pupillary reflexes ,  the question of the most suitable 
stimulus duration has been discussed (CUpper s ,  1 9 54;  Drische l ,  1 9 5 7a; 
1 9 57b;  1 9 57c;  Peter sen, 1 9 56) . Lowenste in ,  dur ing the year s 1 9 22  to 
the present , has experimented extensively on the e ffects of different 
stimulus durations in clinical pupillographic examinations , and has 
chosen 1 -sec l ight flashe s as the kind of stimuli most likely to allow a 
clear -cut distinction to be made between the normal and different patho­
logical reflex patterns . Reactions to shorter light flashe s show these 
distinc tive features to a le sser degree . In the intensity range usually 
employed for such te sts , they result in a single , short contraction which 
is followed immediate ly by redilation . One - second light flashe s ,  on the 
other hand , cause a continuation of the contraction; and it is dur ing these  

* I t  should be  :Stres sed that such a dip in  the pupillary redilation curve 
upon withdr awal of light is never found in alert subjects after adaptation 
to moderate stimulus luminance s . When the eye has been adapted to 
light up to about 8 log units above the visual threshold ,  and this light is 
suddenly turned off, the pupil re -dilate s quickly and in a smooth curve , 
reaching near ly full dilation within les s  than one minute . Crawford 
( 1 9 36- 37)  has reported a dip in pupillary size some 5 minutes after the 
beginning of dark adaptation. and has assumed a shifting from cone to 
rod function as a possib le cause . It is , however ,  quite cer tain that , 
under the experimental conditions described by Crawford , there can be 
no retinal discharge powerful enough to affect the pup il at so late a 
time in the dark adaptation process . As has been described above , many 
subjects become quite drowsy after sitting quie tly in darkness  for a few 
minutes ,  and the pupillary contr action which accompanie s fatigue is 
marked ( c f .  above , Chapter BI, 3) . 
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later periods of the reaction that the characteristic features of escape 
from stimulation ( W- and V-form) ,  or the flat , square reaction shape 
( holding action) are prominently displayed ( Figs . 7 , 8 ) . 

4 1  

I t  has been objected that prolongation of the stimulus beyond the 
latent period of pupillary contraction causes the light entering the eye to 
be come progre ssively reduced , thus setting up a complex s ituation which 
was held responsible for the reflex changes described by Lowenstein . It 
should be realized , however , that in the intensity range used by Lowen­
s te in for such examinations ( 8 -9 log units above scotopic visual thresh­
old )  such a reduction is insignificant , because the stimulus luminance 
may be decreased by a factor of 1 00 - 1 000 without significant change s in 
the reflex shape . In any event,  the se reflex shape s were found unaltered 
whe n  the patient ' s  stimulated eye was atropinized (with the consensual 
pup illary reaction recorded) ,  and when the light intensity was thus he ld 
constant throughout the 1 -sec stimulation period . 

Some rather queer notions are sometimes encountered in the 
discussions about the best possible stimulus duration . Thus , Talbot 
( 1 9 3 8a) was of the op inion that only the light step , that is , the change to 
a higher level of br ightness acts as stimulus , while continued contraction 
due to continued illumination constitutes an adapted state during which no 
energy is expended , while Dr ische l ( 1 9 57a, 1 9 5 7b ,  & 1 9 5 7c )  is of the 
opinion that only short light stimuli e licit the "natural " features of the 
reflex ,  which would prompt one to conclude that the only "natural " 
illwnination is provided by lightning at midnight . It is the author 's  
opinion that in  clinical examinations of  the pupil s tandardization of 
stimulus duration, and accurate recording of the reflexes ,  are of greater 
importance than the particular duration used . 

3 .  Influence of stimulus frequency 

The majority of inve stigations in which repeated light flashes were 
presented at a fair ly slow rate were concerned with alterations of the 
reflex form and amplitude which deve lop under the influence of trains of 
stimuli . These changes are primar ily dependent on central nervous re ­
flex mechanisms and are , therefore , omitted from this review . 

To the author 's  knowledge , Bartley ( 1 94 3) was first to record 
pupillary oscillations to short , repeated light flashes pre sented in rapid 
succession . With the more recent availability 

·
of e lectronic flash sources 

and of convenient methods for continuous recording of pupillary move ­
ments , such s tudies have become more numerous (Du Bois -Poulsen & 
Loisillier ,  1 9 54 - 1 9 55 ;  Ble ichert & Wagner , 1 9 5 7; Stark & co-workers , 
1957- 19 63; Kawabata , 4 Lowenstein & Loewenfe ld ,  1 9 5 7  to present; 
Clyne s ,  1 9 60-61 ; Feinberg & Podolak5 ) .  

4 Per sonal communications , 1 9 59 -1 9 6 1 . 
5 Personal communication, (R . Feinberg & G .  Podolak) 1 9 6 3 . 
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When one or both eyes are exposed to short light flashes in rapid 
succession, the individual contractions e licited by individual stimuli 
summate . With inc reasing stimulus frequency. the summation becomes 
more p ronounced: the mean pupillary diameter decreases ,  and the indi­
v idual pupillary oscillations become smalle r ( Fig . 1 2 ) .  In mammals , 
the oscillations become very small at the relatively low frequency of 
3 / sec . Different peak frequencies  have been reported by diffe rent authors 
( 3 -9 / sec ) .  and s ince the fast oscillations are exceedingly small ,  the top 
frequency will depend to some extent on the sensitivity of the recording 
instrument . The author and co-workers did not observe oscillations 
much above 4 / sec . Hakerem6 , using an averaging computer ,  found s lightly 
faster activity ( 5 - 6 / sec ) . The conditions of experiments in which even 
higher rates were found were . in the author ' s  opinion , not sufficiently 
controlled to r ule out artefacts . 

The limiting factor for the fastest rate at which the pupil is able to 
follow such short light flashes is c learly imposed by the s lowne ss of the 
smooth muscle effector . In birds ,  which have a striated pup illary 
sphincter, much higher frequencies can be recorded . In the expe riment 
on a pigeon shown in Fig . 1 3 , for example ,  1 0  cycles  per sec were fol­
lowed easily, and with greate r amplification higher frequencies  undoubt ­
edly could be recorded . Stark and his co-worke rs have found similar 
high oscillation rates in the owl . 

As a clinical tool,  the high-frequency reactions have been found by 
Lowenstein to be most useful . In cases with spastic miosis , just as in 
normal subjects after conjunctival instillation of physostigmine ( Loewen­
feld , 1 9 63 ) ,  the pup il is unable to oscillate normally, and the iris is 
driven into a tetanic contraction at lowe r than normal stimulation rate s .  
In contrast,  miosis due to sympathetic lesions or to decreased supra­
nuclear inhibition ( see p .  24) does not interfere markedly with the fas t  
pupillary oscillations . 

4 .  Sinusoidal stimuli 

Some authors used, instead of intermittent light flashes ,  sinusoidal 
alte rnations of b righte r and dimmer light , or of light of two colors . Such 
stimulus wave -forms were produced by changing the current to the lamp, 
or  by inserting a rotating Nichol p rism, rotating disk shutte r, or rotating 
c rossed polaroid filte rs into the light path . The majority of these studies 
were chiefly concerned with problems of servo-analysis that fall outside 
the scope of this review . Findings of peak speed of the responses agree 
fairly well with those obtained by intermittent light flashes .  

5 .  Other time characteristics of pupillary reactions to light 

( a) Pupillary movements which occur during s teady illumination: 
When one or both eyes are exposed to a constant light stimulus , the p upils 

6pe rsonal communication, 1 9 5 9 -1 9 63 . 
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Fig . 1 2 .  Pupillary oscillations e licited by repeated short light flashes 
in man ( Fig . 6 ,  Loewenfeld ,  1 9 6 3) . 

Pupillary diamete r recorded ( in  mm ) against time as abscissa 
( in 0 . 1  sec units ) , with solid line rep re senting right pup il, 
broken line , left pup il . Moments of presentation of 5 ms white 
light flashes at rate of 1 per sec (A),  2 per sec (B) ,  and 3 per  
sec (C )  marked by small arrows . Light source, Sylvania glow 
modulator tube ;  light intensity = about 9 log units above scotopic 
visual threshold; area = about 5° , centrally fixated , with rest 
of retina illuminated by intraocular stray light . 

In mammals , the s low smooth-muscle pupillary sphincter is 
driven into te tanic contraction at low stimulus frequencies . Mean 
pupillary diamete r becomes smalle r with increasing flash 
rates ,  and individual pupillary oscillations less and less  
extensive . 

Copyright © National Academy of Sciences. All rights reserved.

Recent Developments in Vision Research
http://www.nap.edu/catalog.php?record_id=18667

http://www.nap.edu/catalog.php?record_id=18667


44 

f 
l mm 

i 

tmlftltmtW Ufl ffil l l�.ll- 1 1 f! l i l t£ m�H:mm 
-r- - IT  n - I I I /\ _L }  VI\ 'I/ h. 1'\ /I !A h.. ,j :� ..., .., .... "" - - '1 '- +-1-i-3 �  Y·o� 5 lv 'rv 

-�- I .  +,.----.., c--: 
. 

·. I I I I ! 
-�BllfB •f.rm-£�tj � �f1ff�· 

· '  

: : � ! . . I . I 
"'�"' , . �· ·-f-� 7 't' · v  g ""' I 1{. 'V 

- � . ��. � r r �1�ftt -s £1�i�tt-tt ·��=h�t,ttrr. - .  � .. H I�: �� 4: � ·� �I ���� �=�=� �=� .  � --:-): �=- .=. ��� _=.= �  I � • =� =. . . ��. 
Fig . 1 3 .  Pupillary oscillations in pigeon e licited by repeated short light 

flashes 
Moments of presentation of 5 ms white light flashe s ( same as in 
Fig . 1 2 ) marked by up -stroke s of eveilt marker pen; the event 
marker was run via an e lectronic re lay ,  actuated by the current 
to the Sylvania glow modulator tube . The relay circuit had a 
uniform holding action , independent of the dur ation of the pulse 
to the Sylvania tube , .!· � · , the light flashes were shorter than 
indicated by the event marker . 
Because of the striated iris sphincter , the pigeon ' s  pupil moves 
much faster than that of .mammals , with stimulation rate s of 
1 0  per sec followed easily by discrete oscillations . 

contrac t ,  then redilate par tially and be gin to oscillate . These movements 
were observed by many of the early author s ,  and various interesting 
attempts were made to measure their r ate and amplitude ( Table 4B) . At 
a later time , the se oscillators p layed a considerable role in the clinical 
literature under the name s of "pupillary unrest " or , if more marked, 
"hippus . " Their presence or absence was supposed to indicate various 
pathological conditions . 
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Several theories were p roposed to explain the mechanism of these 
movements . Most frequently they we re thought to accompany the pulse 
and / or the respiratory cycle ,  or to be elicited by accommodation, or  by 
psychological influences . 

Simultaneous recording of pulse , respiration, and pupillary move ­
ments failed, however, to show any phase -coincidence among the se 
functions and the pupillary oscillations . Accommodation can be ruled out 
by adequate fixation upon a far target, and p sychological influences ,  just 
as pulse and respiration, should operate in darkness  as well as in light , 
while the pupil, in the absence of tiredness, is large and almost immobile 
in darkness . 

A final explanation holds the shading effect  of the iris responsible . 
Lambert ( 1 760) first noted that the image of a candle flame , s lowly moved 
toward the pupil from .the corneo-scle ral limbus ,  at first did not affect 
the pupil markedly; but as soon as the tip of the image entered the pupil, 
a s udden contraction occurred and was followed by oscillations . In 1 944,  
Ste rn advocated this experiment as a c linical test ,  whe reby the edge of 
the pupil was grazed by a small point of light , and the pupillary oscilla­
tions were counted over  a pe riod of time . Late r workers reported differ­
ent  oscillation frequencies for normal and for pathological cases . 
( C ampbell & White side,  1 9 50 ;  Wybar, 1 9 52 ;  Stark & co-workers,  1 9 5 7 -
1 9 63) . 

In Fig . 1 1  such oscillations are shown . They were e licited by light 
from a Sylvania glow modulator tube, used with a 31 mm condensing lens 
to form a slightly divergent beam measuring about 20 mm at the level of 
the subjec t ' s  cornea (9  inches distant) . Intensity was varied by neutral 
grey filters . It is obvious that extent and rate of the pupillary oscillations 
differ with diffe rent stimulus intensities With weak light the pupillary 
contraction was followed almost immediately by redilation . The pupil 
regained its dark - adapted diameter within seconds ,  and showed no more 
oscillations than it did in darkness (solid line ) . In response to brighter 
light, the first contraction became more extensive and was followed by 
large , irregular oscillations . Afte r some time , these oscillations be ­
came quite shallow while the mean diameter of the pupil enlarged (broken 
line) . When the stimulus was further increased in intensity, the small 
oscillations became faste r and mo re regular . They were maintained 
throughout the 2 -minute exposure time . even though the mean pupillary 
diameter enlarged (dash-dot line ) . Upon stimulation by bright light, the 
pupil contracted extens ively; it remained spastically contracted for a 
numbe r of seconds,  and the small oscillations appeared only gradually, 
as the eye adapted to light . The initial, maximal constriction was main­
tained throughout the 2 -minute adaptation pe riod (dotted line) . 

In Fig . 1 4 ,  the results of a similar expe riment are summarized . 
Pupillary oscillations were recorded for 2 -minute adaptation pe riods 
over a 9 - log unit intensity range . As in the expe riment of Fig . 1 1 , only 
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Fig . 1 4 .  Extent and frequency of pupillary oscillations in light 

Pupillary oscillations recorded from normal subject 's  right, 
consensually reacting pupil,  with pupil of le ft ,  stimulated eye 
immobilized by cyclogyl . 

Abscissa showing light intensity in log units above subject 's  
scotopic visual threshold (marked by arrow); left -hand ordinate 
and solid columns rep re senting number of pupillary oscillations 
within 2 -minute pe riods of steady illumination (ave raged num ­
be rs of 3 expe riments per intensity step) . Right -hand ordinate 
and shaded columns showing average extent of same oscillations 
( in mm) .  

In dim light the small oscillations were no more frequent or 
extensive than in equivalent periods in darkne ss (not shown); 
they be came lar ger and more numerous with increasing 
s timulus luminance , until the light intensity exceeded about 
8 -9 log units above threshold , when they became "less extensive 
and the average frequency within the fir st 2 -minute periods of 
light dropped somewhat , because very bright light prevents 
pupillary oscillations in the early period of stimulation ( see 
Fig . 1 1 , dotted line ) . 
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a few.  inextensive pupillary oscillations were found when the stimulus 
light was weak; in the medium intensity range the movements became 
more nume rous and extensive ; finally. during exposure to bright light 
they became fast. fairly regular. and smaller . The dec rease in frequency 
shown in Fig . 1 4  for the highest intensity step is only apparent; it is 
c aused by the fact that the pupil does not oscillate at all during the early. 
sp astic phase of the response ( see Fig . 1 1 .  dotted line) . 

It is , in the opinion of the author . unlikely that the shading effect 
of the iris p lays a major role in the mechanism of these oscillations. at 
least in experiments like those just de scribed . in which a fair ly large 
beam of light covered the entire ir is . In the experiment of Fig . 1 4 ,  the 
stimulated eye had been immobilized by cyclogyl . and the movements were 
recorded from the consensually re acting opposite pupil . This ex­
periment has been repeated in the same subjects by stimulating either 
the eye with the normally reacting pupil or the eye with the immobilized 
pup il , and no difference has been found in the rate and amp litude of the 
oscillations under these two experimental conditions . These facts do not 
rule out the possibility that , with a smaller stimulating spot and more 
e laborate frequency analysis , using a computer and longer stimulation 
periods ,  such differences might be found . It should be mentioned , 
however , that changes in stimulus luminance due to shading by the iris , 
giving rise to such marked pupillary movements , should be expected to 
be visible; but in the experience of the author it was precisely in the 
medium -intensity range , in which

' 
the light looked entire ly unchanging to 

the subject ,  that the pupillary oscillations were most pronounced , while 
with weak light , which appeared to come and go throughout the 2 -minute 
period ,  the pupil was stable . 

It must be concluded that the mechanism of these movements is yet 
unexplained . It is possible that the analysis of pupil oscillations under 
steady illumination may become a useful clinical tool . It is cer tain, how ­
ever , that records of frequency and amplitude of such movements without 
care ful control of stimulus intensity are meaningless .  both in normal and 
in pathological case s . 

(b) The darkne ss reflex ( symbol d in column 0 of Table 4B):  When 
one or both eyes have been adapted to light , and when this light is inter ­
rupted by a short period of darkne s s ,  an interesting tr i-phasic pupillary 
re sponse occurs :  during the dark period , the pupil dilate s; after the light 
is re -admitted , it contr acts beyond the previous light-adapted diameter , 
then re -dilates to the pre -stimulatory baseline . This reaction, fir st ob ­
served by Lowenstein ( 1 9 39 ;  Lowenste in & Givner ,  1 94 3 ) ,  has been named 
by him the "darkne ss reflex . 1 1  It is not identical to the pup illary redila­
tion that follows a short light flash . The conditions differ insofar as , in 
the case of re -dilation, the eye is adapted to darkne s s ,  and the s timulus 
constitutes a short change to a higher level  of illumination, while in the 
case of the darkness reflex,  the eye is adapted to light , and the stimulus 
is provided by a short change to a lower level of energy . 
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Clinically, Lowenstein found that the dilation in darkness ,  the 
contraction upon re -admittance of light and the final re -dilation to b ase ­
line could be altered separate ly or in certain combinations, depend ing on 
the location of the pathological condition within the ne rvous reflex path­
ways . These change s are not considered here . 

When the adapting light is dim, or when the dark inte rval is shorter 
than about 0 .  3 sec ,  the first dilation in darkness is missing, while c on­
traction and re  -dilation are relatively well preserved . 

Kawabata, 7 recording the pupillogram and electro - retinogram 
simultaneously, found that the dark stimulus elicits a retinal "off"­
re sponse, re -admittance of light,  an "on "- response . The "on "-wave 
resemb les the usual retinal reactions to stimulation by light, and is much 
larger  than the "off"-wave . If it is assumed that these electrical action 
potentials paralle l the pupillomotor events,  it would be easy to unde rstand 
why the d ilation period of the reflex is missing when the adapting light is 
dim,  or when the dark inte rval is short . In the first case , no effective 
"off"-discharge would be generated ; in the second , the pupillary dilation 
elicited by the smaller "off"- reaction would be overcome by the contrac ­
tion elicited by the more powerful "on "-discharge . 

The "on "-phase of the darkness reflex is of particular interest  
because it  is undoubtedly due to the fact that the retina, during the 
short dark interval , gains sufficient sensitivity to respond to the 
re -appearing, previously adapted light level as to an increment in lumi ­
nance . Stark, Redhead,  and Payne ( 1 9 61 )  have dete rmined the interre la­
tion between the duration of the dark inte rval and the amount by which the 
re -appearing light may be reduced in order to cause only a small, stand ­
ardized pup illary contraction, arxl have found a gain of about 1 . 5 log units  
in the sensitivity of the pupillary receptor system within the first 2 sec 
in darkness . This expe riment points to  a most fascinating fie ld of  appli­
cation, because it appears possible in this manne r  to test objective ly the 
adaptive effects of very short dark p eriods . 

(c )  The latent period : The question of the latent period of the 
pupillary contraction to light is one of the most promising unfinished 
chapters in pupillary physiology . Much e ffort  and ingeniousne ss were 
spent by some of the ear ly authors in attempts to measure the latent 
period ( see Listing, 1 845;  von Arlt ,  1 869 ; Chaveau , 1 888) ;  but without 
recording apparatus , the values obtained could not be accurate . Later 
data, based on experiments with various recording technique s ,  ranged 
from 0 . 1 7  to more than 0 .  5 sec . Part of the se discrepancies were , of 
course , based on measuring errors ;  it should be remembered that not 
long ago even reasonably accurate recording of the movements of this 
de licate diaphr agm were exceedingly difficult to do . An additional 
source of discrepancies  consisted in the fact, realized only later , that 
the pupil may, at the moment of light stimulation, happen to be in the 

1 Per sonal communication, 1 9 59 -61 . 
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d e scending par t  of a spontaneous contraction . Under such circumstances ,  
the latent period may seem very short . Thus Lowenstein , in early papers ,  
s tated that the latent period may drop to as low as 0 .  0 6  sec . He has since 
corrected this error many times in various publications , but , as often 
happens in such case s ,  it remained one of his most faithfully quoted 
s tatements . A final, more important cause of the disagreements is the 
fact that the latent period for contraction to light varie s  with stimulus 
intensity . From a minimum of about 0 .  2 se c for very bright light, it 
may grow to about 0 .  5 sec near the pupillary thre shold . The exact 
dur ation of the longe st possib le latent period in re sponse to dim light 
has not been established adequate ly . Data obtained by the author and 
c o-workers were based on averages of reactions which were recorded with 
a s tr ip chart ink writer . The thre shold reflexes of the pupil are so 
shallow that it is difficult to mark the exact onset of contraction and it  is 
therefore almost cer tain that the figures  thus obtained are slightly higher 
than the true durations . Hake rem is at pre sent conducting experiments 
on this problem , using an averaging computer . 

As to the shortest possible latent period , the limiting factor is 
undoubtedly the slowne ss  of the smooth muscle pupillary sphincter . It 
is not like ly that the minimal latent period in mammals will be found to 
be much shorter than 0 . 2  sec , because the iris re sponds after a de lay of 
approximate ly 0 . 1 5 -0 . 2  sec to s trong e lectr ical stimulation of the third 
nerve or the ciliary ganglion ( cat , monkey) . In birds ,  with a striated 
sphincter . the minimal ' latent period is only about 0 .  06 sec,  proving that, 
for bright light stimuli , the time delay consumed by the nervous re.flex 
mechanism must be very short indeed . 

The most interesting and potentially useful feature of the latent 
period is its variability . It is affec ted by changes in the sensory as well 
as in the motor parts of the reflex arc . On the one hand , according to 
Lowenstein it is prolonged in case s with lesions in the midbrain or effer ­
ent parasympathe tic nerve path; it can be altered by the use of drugs , and 
current work by Feinberg & Podolak indicate s a possible age -trend . On 
the other hand , the inver se re lation between the latent period and stimulus 
intensity make s  it appear possible to use the latent period as a measure  
of  the effectivenes s  of light stimuli . As shown in Fig . 1 5 , individual 
differences in the reactions to a given s timulus situation are much less  
marked for the latent period than for the amplitude of  the same reactions . 
The prolongation of the latent period with dim light does not appear to be 
related primarily to the properties of the e ffector muscle , since it is 
almost as pronounced in the p igeon as it is in man ( Fig . 1 6 ) .  

Stimulus Area (Spatial Summation) 

In clinical examinations of the pupil ,  the extent of the stimulus area 
usually has not been considered , and most of the experiments of the 
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Fig . 1 5 .  Extensiveness and latent periods of pupillary reactions to 
foveal red light flashe s in three normal subjects ( Fig . 1 8 ,  
Lowenste in , _!! al . .  1 9 64a) . 

In A, extents of pupillary contractions p lotted as ordinate (in 
mm) ,  and in B, latent periods of same reflexes ( in ms) ,  with 
each symbol repre senting aver age of from 8 to 20 reflexes . 
Stimulus luminance in log units shown by abscissa, where 0 
indicate s subject 's  foveal visual thre shold for 1 ° white light 
flashe s of 1 sec duration; visual thre shold for red stimuli 
(Wratten filter 129 ) of same area and location marked by arrow . 

Three normal subjects were used : ( 1 )  a twenty-year old woman 
with unusually reactive pupils ( c irc le s) ;  ( 2 )  a twenty-year old 
man with average pupillary reactivity (square s) ;  ( 3) a twenty­
four year old s lightly tense man with somewhat more than 
aver age supranuclear inhibition ( tr iangle s) . 

The visual thre sholds of the three subje cts differed le ss  than 
0 . 1  log unit . Pupillary contractions of subject ( 1 )  were up to 
five times more extensive than those of subje ct ( 2) .  and up 
to 1 0  time s more than those of subje ct ( 3) .  In contrast ,  the 
latent per iods of the three subjects agreed we ll . 

interaction of stimulus area  and intensity as re gards the ir pupillomotor 
effectiveness were done by authors primarily intere sted in problems of 
physiological optics (Table 5 ) . 

The following are the most important re sults of these experiments: 
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Fig . 1 6 .  Latent per iod of pupillary contrac tions to light of different 
intensitie s in pigeon ( Fig . 2 1 , Lowenste in ,  � � · · 1 9 64a) 

5 1  

Average latent periods of  pigeon 's  light reflexes (extents shown 
in Fig . 2) plotted as ordinate ( in ms ) against stimulus intensity 
as abscissa  ( in terms of transmittance of neutral grey filters  
used , with 0 ,  the maximal available intensity) ; each symbol 
represents average of at least 20 reflexes . 

Note the shor t latent per iod of the pigeon 's str iated pupillary 
sphincter muscle when bright light was used ,  and the length­
ening of the latent period with decreasing light intensity ( see 
also Fig . 1 5 ) .  

( 1 )  when a small stimulus fie ld is enlarged , the pupillary thresh­
old is lowered , and 

( 2 )  when an already large fie ld is further incre ased in extent, a 
further improvement of the responses is found ( Abelsdorff &. Feilchenfe ld ,  
1 904a; Burke , 1 9 6 3; Ferree , Rand , &. Harris , 1 9 3 3; Hakerem , 8 
Schweitzer , 1 9 5 5 - 1 9 56) ;  

( 3) spatial summation appear s  to  be  more pronounced for the pupil 
than for visual perception: while the pupillary thre shold is distinctly 
higher than the visual thre shold for small te st patche s ,  the two thresh­
olds become near ly alike when very large stimulus are as are used 
(Schweitzer , 1 9 5 5 ,  1 9 56;  Hakerem,  1 9 59 -1 9 63 ;  Burke , 1 9 6 3) ;  and it is 
common experience that in average room illumination the pupil contracts 

8 Personal communication, G .  Hakerem , 1 9 5 7 - 1 9 6 3 . 
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TABLE 5 

Area and Retinal Poaition of SllmuU 

� 'i 
1! s. �  . 8 .§ :: u "" "" � . t � � i • . � �  It 

Year Autbor < u .. Year Author .. 
1 780 lAmbert . . 1 934 Luckieah • Mo .. • . . 
1900 Venoort . . 1 9 38 - 37 C rawford • . • 
1904 Abe111dorff • . . . 1 938 E l abe r• • SDotnitz . • 

FeUc.benleld 1938  Talbot . . • 
uos Baaler . . 1 9 38  Brown • P� • • 
U07 Heaa . . . 1 940 Fndryehovicz • Harma • • • 
1908 Heaa . . . 1 943 Bartle • • 
1909 Heaae . . . 1 948 Serena • Zucke rm an  . . 
U09 1 3  Behr . . 1947 Corrado • . 
1 9 1 0  Sacha . . 1 947 Venco • Marucci • . 
1 9 1 3  Schlealfiftr . . . 1948 Flam an t  • . 
1 9 1 4  Jeaa . . 1 949 De Launa . • 
1 9 1 4  ScbleaiD r . . . 1 949 - 54 Harms • • • 
1 9 1 4  Ulbrich . . 1 9 50 Sautt e r  • . • 
1 9 1 4  Walke r . . 1953 FrY • Allen . • • 
1 9 1 8  Weve . . 1 9 54 Fu te . • 
1 9 1 9  w ... . . . 1954-55 Du Soia· Poulaen • • . . 
1922 Voot . . . Loia illier 
1928 HolladiY . . 1 9 55 58 Schwe ltt. e r  . . . 
1 9  Ferree • Ran::l . . 19U Fu ate • F  . • 
1 9 28 Barbieri . . use Schwe itt.e r • Bownan . • 
1 8 3 1  32 Braun . . 1 958 58 Van der Tweet . . 
1 9 3 1  Scbmelt&e r . . 1 982 AIDe m  • Camobell . . • 
1 9 32 Ferree • Rand . . 1 983 Burke . . • 
1 9 3 3  Ferree Rand • Harris . . 1 983 Hake rem . • 
U 34 Bima . . . . 1 983 Lowenstein, Kawabata, 

• L.Mwenfeld . . • 

when one eye of a subject ,  previously shaded from the light, is suddenly 
uncovered so that the light can be seen with both eyes . Under these 
conditions , there is no sensation of increased brightness . 

Re tinal Location of Stimuli 

1 . The literature 

In contrast to the lack of interest among clinicians in the extent of 
the retinal area stimulated , re tinal location has been the center of much 
attention , and a number of instruments were designed to demonstrate 
"Wernicke 's  hemianopic pupillary immobility" (Wernicke , 1 87 3; Wilbrand, 
1 881 ) .  Some of these instruments were le ss complex than the titles of 
their descriptive ar ticle s might lead one to be lieve , consisting essentially 
of a light source and simple means for directing a small beam of light 
into the eye from different direc tions ( lens ,  pinhole , shade , etc . ;  
Heddae us ,  1 89 3; Fragstein & Kempner·, 1 899 ;  Kempner , 1 899 ;  Wolff, 
1 9 00; Stoewer , 1 9 03;  Bach, 1 9 04 ;  Barte ls , 1 9 04; Friedlander & Kempner , 
1 9 04; Veraguth , 1 905 ;  Walker , 1 9 1 4) . More e laborate clinical instr u­
ments and experiments are listed in Table 5 .  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

R e c e n t  D e v e l o p m e n t s  i n  V i s i o n  R e s e a r c h
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 8 6 6 7
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The question of the pupillomotor effectiveness o f  light striking 
d ifferent areas of the retina often circled around the additional question 
of the identity of the pupillary receptors . The fact that brighter light 
was needed to elicit a vigorous response from the retinal periphery than 
from the fovea led to the conc lusion that most of the pupillomotor recep ­
to rs are confined to a relatively small . central retinal area ( 3 -4  mm 
d iameter, according to He ss,  1 9 07) . This statement was late r interpreted 
as meaning that the cones alone function as receptors for the pupil, even 
though it is cle ar that Hess intended no such implication . The discussion. 
once  opened, flourished in the usual manne r, and even today, doubts or 
a fiat denial of a pupillomotor function on the part of the rods are often 
expre ssed . It is inte resting that among those who have experimented on 
the s ubject, these doubts are apparently les s  common (Tab le 7) . Con­
sideration of  this problem will be  postponed until the expe rimental facts 
p e rtaining to it have been pre sented . 

TABLE 6 

Opinions Expre ssed about Pupillary Receptors: Rod s ve rsus Cone s 

Y e a r  Autho r R C Year Author R C Y e a r  Author 

1 9 0 0  Abelsdorff * * 1 9 3 4  v .  St udnitz * * 1 9 5 7  B leichert 
1 9 0 4  Abe l sd o rff & * * 1 9 3 6 - 3 7  Steinhard t  * * 1 9 59 A lpe rn ,  Kitai ,  

Fe ilchenfe ld 1 9 39 B row n & Page - * & Isaacson 
1 9 0 5 Basle r * * 1 9 39 - 4 0  H e c h t  & * 1 9 59 Lowenstein & 
1 9 0 7  H e s s  * * Pi renne ( owl) Loe wenfe ld 
1 9 0 8b H e s s  * * 1 9 4 2  Wagm an  & •· * 1 9 6 2 Hake re m 
1 9 1 9  E n ge lking * * Gulb e rg 1 9 6 2  C am pbe ll & 
1 9 2 3  Laurens * * 1 9 4 8  Flamant * * Alpe rn 
1 9 2 7  Schle s inge r ? * '  1 9 4 9 - 5 4  Harms - * 1 9 6 3 Burke 
1 9 29 B a rbie ri * * 1 9 4 9  De Launay - * 1 9 6 3  Lowen s t e in ,  
1 9 3 3  Fe rree , Rand , * * 1 9 5 3  F ry & Allen * * Kawabata , & 

& H a r ris 1 9 5 5 56 Schwe itz e r  * * Loe wenfe ld 
1 9 34 C rawfo rd  • • 1 9 5 6  Fugate & F ry • * 

-Note : R - r od s ;  C - cones . 
• = pupillomotor function stated ; - • pupillomotor function denied; ? = author was undecided . 
b in Year column refe rs to order in Refe rences . 

2 .  Pupillary movements elicited from the fovea and from the 
retinal periphery 

When the eye has been dark -adapted . it is not d ifficult to obtain 
pupillary re actions from the retinal pe riphe ry .  The threshold of these 
responses is low, even when relatively small stimulus patches are used. 
and it parallels the visual threshold in the different retinal areas . When 
light of a color othe r than red is used. the central scotoma of the dark ­
adapted eye can be demonstrated , as shown in Fig . 1 7 .  This figure also 
shows that the pupillary threshold reactions cannot be the result of stray 
light . because the energy needed to obtain contractions by stimuli placed 
on the blind spot is ve ry much greater than that needed to stimulate 
adjacent areas of the retina . 

R c 

? * 
* * 

* * 

* * 
* * 

* * 
* * 
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ear Author 

1 89 2  Sacha 

1 89 3  Sacha 

1 9 00& Abe l..Sortf 

1 9 00b Abeladorft 

1903 Schirer 

1 905 Bash� r 

1 9 0 7  He a a  

1 9 0 7  PoU.manti 

! 90S., b Heae 
1 9 1 0  

1 9 1 3 , 1 4  Schleetnee r 

l 9 1 4 , U Hen 

1 9 2 2  Enp lkin& 

1 9 2 3  Laurena 

1 929 Barl:tieri 

1 9 39 - 40 Hecht • Pirenne 

1 9 4 2  W a am an  • 
Gu lbf'r& 

1 9 55 ,  58 Schweitzer 

1 9 59a, b Lowenate in & 
Loewenfrld 

1 9 59 Shakhnovitch 

1 9 62b Alp• m a. 
C ampbel l  

1 9 62 Bouma 

1 9 6 3  Lowenstein, 
Kawabata. & 
Loewenfeld 

TABU: 1 

Expe ri.menta on Color SenaHivity 

ldetfui:J o St lmu at ion and :hie ·  Emerr.ment • •  t 

color-color or color-1rey aubaUtuUon; Ufht renected from colo� pape ra; moved new color o.er 
ad�ted color; pupillomot o r  dfectiveneaa d irectly related to iipparent bri&btneaa of color 

color-color subatitution ( &l&aa filters in movable frame; tntenaity •arted by 1rey filtera,; reault 
aame u 1 89 2  

color-color substitution ( colored fUtera in movable frame); atw:l ted effect o f  color .St�ptation iD m a  
and animals 

color-color or color-yrt.:y aubatitution (priam in modified Helmholts-Kiinia color mu.iile apparatus; 
intensity varied by N ichol priam); �..,arent bri,tatneaa parallel to pupillomotor effecUveneaa;  fOUDd 
Purkinje abUt aner Uaht - adaptation 

cotor-1rey aubatitut ion with apect ral colon and color m ixturea ( Helmholtz color mixin& apparatus); 
aome spe c t ral colora more effective than tbeir complimentary colora; otbe re not 

color-color or cotor-arey aubaUtuUon (�latine - ala .. - Uquid filtera ln movable framet atudied. effec 
of color .Saptation; found r-.d more ertective in fovea. blue in periphe f7 

adaptation to spectral colon (Ne rat lamp and priam); studied .SiiptaUf'ta and apectral .enaiti'Yity in 
day and nlebt blrda 

color-arey substitution ( m irror and apect roacope 1n double ltlht path); puptllomotcr effectiftneaa ot 
apectral colon parallel to apparent b riefttne a a  

apect ral colora (Ne rat l am p  • priam); a l a o  colored maaka o f  varioua abapra; d a y  bird a m o re  aenai -
Uve 1n red. cephalopodea and nieht birds in blue UJht: color aenaiUwity in totally color·bU.NI man 
aimilar to niaht birda and to normal. dark-adapted man for dim li,tlt; fOYea in normal man relatm 
inaenaitive to blue li&ht 

inh�rmtttent stimulation in different parte of viaual field (color filtera); aelecti..e e xt inction of re ac ·  
tiona t o  one color need not atrect those to a different color 

u 1 9 0 8 - 1  0; a tao difference tbreaholda with color and arey filters and wedpa; estenai..e work oa 
normal and color blind m an .  many animala; reaulta aimilar to 1 908· 1 0; nilht birda have no 
Pu rklnje •blft 

color-color aubatltution ( c o lor wedpa in Heaa'  pupilloacope ) ;  determined color aenattiYity in a 
color-blind patient 

adaptation to equal ene rgy spectrum ( Hi l p r  apectrometer. briptneaa calib rated by diatance from 
tunaaten aource) ; d�tenn ined pup1llary etrectiveneaa of colored liaht in dark-adapted and llJht-
ad.,ted man. p i�on. alliaator; eatablished Purk.inJe shift 

color riltera in p up i l -perimete r; determination of c l inical color flelda 

step atimuli. larp Ue ld ( t unaaten w ith Wratten filte ra); determined minimal Iicht ol different colon 
needed to obtain 1 / l - 1 / 2  mm cont raction 1n owl; spectral aenaiUvity c urve matched human dim 
visibility curve 

step stim u l i ,  lar� field (tunaaten with W ratten filte rs); dete nn ined minimal Uabt of dirt� r-ent w&Ye 
lengtba needed to obtain 1 / 2 mm contraction in dark -adiipted bu.man �y�; cunoe matched dim ltcbt 
v isibility curve 

intennittent. small teat naah�a at varioua retinal aitea (tunaaten. red or areen inte rference rutera); 
alao larpr fielda. rin1 ·ahaped fie lda . etc . ;  exteneive work on pupilla..,. threahold 1n dark ·lldapted 
eye-; found central IJC:otoma with areen but not with r-.d lleht; color aenalt1Yity parallel  to ac:otoplc 
viatbility 

intermittent stim u l i  Calow modulator tube . red . areen. blue Wratten fUtera); dete nni.ned Pt4»i1lar1 
threshold• in dark - adapted and lieht -adapted eye 

red-blue aubatitution ( tiltera); found reaction to color chanp in cat. aaid to be in:lep.ndent of 
luminosity 

color-rrey ainuaoidal alternation; threabold pupil chanp aa c rite rion ( Hilp r · Watta monoc:hrornator, 
rotatin& polaroid filte r in double IiCht path); found mixed conf' - rod apectral aenaitivtty c: u ne for 2° 
foveal tarpt. which waa ahifled to purely photopic curve wben roda were auppre a aed by blue 
backaround field 

adaptation to equal e ne rQ monochromatic 11pect rum in photopic briptneaa ranp-; 4-5  mm pupU coa· 
t raction aa c rite rion; pupillary apeoctral aenaitivtty curve followed scotopic Yiaibility curYe 

intermittent stimulation with amall teat patchea in d ifferent retinal areaa ( red, ,reen. blue Wratteo 
Ultera); compared pup illa17 tbreabold reactions and increment curvea to Yieual tbreaho&da and fiic:ke 
fueion cunea 

Note: a, b in Year column re fer a to order in Refe rence• . 
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Fig . 1 7 .  Pupillomotor and visual sensitivity to green light in fovea 

5 5  

a nd  retinal periphery for dark-adapted eye . ( Schweitzer , 1 9 5 6) 

Log re lative e ffectivene ss  of 0 . 25 -sec test flashe s of 2° area 
( tungsten light with rotating shutter and interference filter) 
repre sented by ordinate ; re tinal positions indicated on abscissa . 
Visual thre sholds ( solid line ) and pupillary thre sholds (broken 
line) are paralle l ,  with pupil about 1 .  5 log units less  sensitive 
in this experiment (pupillary reactions detected by observation 
with infrared -sensitive converter -de te ctor ; the value s for the 
pupil tend to become somewhat more sensitive when the 
reflexe s are recorded) . 

Note the central depression for green light , shown in the 
pupillary reactions as well as for the visual thre shold , and the 
lack of sensitivity at the blind spot . 

The que stion arises  as to why so many careful investigators have 
failed to observe the se responses .  There are two reasons for the diver ­
gent re sults , namely (a) the differences in the experimental procedure 
used , and (b) the differences in criteria as to what constitute s pupillary 
responsiveness . 
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( a )  Influence o f  experimental procedure : A s  already de scr ibed , the 
pupillary reflexe s e licited by dim light are inextensive; they are easily 
suppr essed by antagonistic influence s ,  and are short- lasting even in the 
presence of continued illumination . When the stimuli are confined to the 
re tinal periphery, the reactions grow only s lightly in extent and spe ed as 
the light is increased above thre shold value s ( Fig .  1 8 , line of dots) . 
Equal increments in stimulus luminance above threshold cause much 
greater increments in pupillary activity when the light str ike s the fovea 
( Fig . 1 8 ,  line of crosse s) . Finally, the small peripheral reflexes are 
suppressed more profoundly by adaptation to light than are re flexes 
e licited by brighter light at the fovea .  ao f ( 2.5 ( 

o• / �2.0 {  1 5 • o •  '»./ 
� 1 .5-1 t t t• ,,.,,�· 
- ,.,·��� � 1.0 -1 

, 
. 

, 

:t•• 

(.) 
. 5 -

--····•, . I 
... c.···'·

. 
�· 

e 
..... • .... 

e o ..._ _ _... • • •---•---• "5 -4 -3 -2 -, 100% 
LOG LUM I NAN CE 

Fig . 1 8 .  Increments of pupillary reactivity with increasing light intensity 
at fovea and in retinal pe riphery (green light) . 

Average extent of pupillary contractions plotted ( in mm, 1 2  re ­
actions per intensity step) against stimulus luminance ( in  arbi­
trary log units ,  with 1 00 pe r cent maximal intensity available 
in expe riment) . 

Subject ' s  eyes dark-adapted ; stimulus area = 1 ° ; stimulus dura­
tion = 1 sec; stimulus position = fovea ( 0° , crosses ) ,  or 1 5° in 
temporal retina, horizontally from fovea (dots) . Visual thresh­
olds marked by arrows, with shaded al"row indicating foveal , 
solid arrow peripheral threshold . 

With increasing stimulus intensity the pupillary contraction 
extents rose in a s teep slope when the fovea was stimulated 
( solid line ) . The reactions e lic ited 1 5° per ipherally showed a 
lower thre shold than in the fovea, but only small increments to 
a low plateau , and a second rise when the stimulus luminance 
exceeded the cone thre shold (broken line ) . The maximal reactions 
e licited peripherally were less  extensive than those obtained at 
the fovea .  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

R e c e n t  D e v e l o p m e n t s  i n  V i s i o n  R e s e a r c h
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 8 6 6 7
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A numbe r of  the expe riments that resulted in a denial of  pupillomotor 
activity in the retinal periphe ry were done by the "static " me thod , that 
i s ,  the pupillary diameter was measured after the eye was adapted to light 
of d ifferent luminances,  $11d it is clear why no reactions could be found : 
they had already run their course, and the pupil had returned to its dark­
adapted diame te r at the time the observation was made . It should be added 
that the majority of these experiments were done with impe rfect dark 
adaptation . Even "dim" illumination of a subject ' s  eye must obviously be 
above cone threshold if it is used to render the examined pupil clearly 
visible to the experimenter (plus the intensity needed to overcome the loss 
of energy proportional to the square root of the distance between the sub ­
je ct ' s  and the observer 's  eye) . 

It is , the refore ,  reasonable to assume that the small, fleeting, 
pe riphe ral reflexes were merely supp ressed, or e scaped observation be ­
c ause they occurred earlie r than was expected . Once a doubt is expressed , 
however, it is surprising how quickly a "small " response may become 
"negligible ,  1 1  and thence "absent "; and once it is considered absent , there 
is a tendency to explain it away, should it yet be observed . In the case of 
the pe ripheral retinal responses ,  the contractions,  when seen, were 
thought to be due to stray light scattered by the ocular media, whereby 
it was not explained why stray light, which must by necessity be less  in­
tense than the focused beam,  should have been capable of e liciting pupil­
lary reflexes when the stimulus itself was not . 

(b) Criteria of pupillary responsivene ss :  Since the retinal pe riphe ry 
is les s  efficient than the fovea for the p roduction of extensive pupillary 
contractions ,  it appeared as though the pupillomotor rep resentation of 
the fovea far outweighed that of the periphe ry, wheneve r the reflex ampli­
tude was used as a measure of reactivity . Despite their low amplitwre:­
the peripheral reactions are , however,  more sensitive than the foveal 
ones ,  that is , their threshold is lowe r .  The sensitivity of a retinal 
eleme nt,  expre ssed by the threshold,  is thus a quality quite separate from 
its · motor effectiveness.  as expressed by the in crements in reflex ampli­
tude for light intensities above threshold . 

Pupillary reactions  are not unique in this respect . For example ,  
when the visual flicker fusion curve s  are compared with pupillary incre ­
ment curves ,  obtained with the same kind and intensity of stimuli , the low 
threshold and shallow increment curves for the re tinal periphery, and 
the high threshold and steep increment curves for the fovea are very 
similar for the two functions ( Fig . 1 8, 1 9 ) . 

(c )  Pupil perimetry: A number of investigators have made efforts to 
develop pupil perimeters that would allow the exploration of the visual 
field by small, well-outlined light p atches . There are certain technical 
difficulties to overcome . but it is hoped that such instrumentation will 
become p racticable , and may allow the objective scanning of the visual 
field in man and animals. thus opening a most interesting field of future 
investigation. both c linical and experimental . 
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Fig . 1 9 . Increments of critical flicker fusion frequency with increasing 
light intensity at fovea and in retinal periphery (green light) . 

Same subject and same apparatus as in Fig . 1 8 , with subject 's  
eye dark-adapted . 

Flash duration held constant at 1 0  rn a . Values plotted indicate 
the lowe st rate at which, for each intensity step, 1 -sec trains 
of light flashe s were consistently seen as "steady" (not "flickering" 
Crosses and solid line = foveal s timulation: dots and broken 
line = stimuli 1 5° in temporal re tina . 

Note the paralle lism be tween the flicker fusion increment 
curves and the pupillary reflex increment curves of Fig . 1 8 .  

Stimulus Color 

1 • The literature 

A fascinating group of experiments were concerned with the in­
fluence of the wave length of stimulus light upon the pupil ( Table 7) . It 
was the purpose of most of these investigations to develop an objective 
me thod of te sting spectral sensitivity in normal man,  color -blind man, 
and various animals (Table 8) . 

In the earlies t  experiments by Sachs ( 1 89 2) ,  the color of the light 
was changed by reflecting it from colored papers; soon these were re ­
placed by transmission filter s ( gelatine , glass ,  liquid solutions of dyes,  
colored wedges ) ,  or by spectroscopic prisms or color gratings . It  is  
unfortunate that some of the most interesting e arlier work ( see especially 
He ss) was done under conditions that cannot be repeated today, because 
methods of accurate measurement of light intensity and wave length had 
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not yet been developed . E specially in view of the limited technical 
possibilitie s of the time , the ingeniousness and fruitfulness  of this wo rk 
is admirab le . 

TABLE 8 

Experiments on Animals 

C epbalopodes: sepia, e ledone He ss ( 1 9 1 0, 1 4, 1 5)* 0 

T e leosts: eels, other fish v .  Studnitz ( 1 9  34)•0 

AJ:npbibia: frog v .  Studnitz (1 9 34)•0; Lowenstein & Loewenfe ld ( 1 9 5 0 -
80) -t=O 

Reptiles:  alligator Laurens ( 1 9 23)* 0 

turtle v .  Studrtitz ( 1 9 34)=0 

lizard v .  Studnitz (1 9 34)* =0 

Birds: pigeon Abelsdortf ( 1 9 00a)• 0;  Hess ( 1 907.  0 8a, 1 0, 1 4b, 1 5) * 0; 
Laurens ( 1 9 2 3)* 0; Gund lach ( 1 9 34) +; Lowenstein & 
Loewenfeld ( 1 9 4 5 , 1 983) +* o-

chicken Hess ( 1 907, 08a)O* ; Lowenstein & Loewenfeld ( 1 9 50)• +0 

magpie, falcon, He ss ( 1 9 08a)O* 
buzzard 

owl Abelsdorff ( 1 9 00a)• O: Hess ( 1 907,  08a, 1 0 , 1 4b , 1 5)* 0; 
van der Plank ( 1 9 34)* 0: Hecht & Pirenne (1 9 39 ) * 0: 
Stark !!_ !!  ( 1 9 60)• 

Mammals : mouse Kee le r  ( 1 9 2 7)* 0 

rat Lowenstein & Loewenfeld ( 1 9 50 - 55)0•+ 

guinea p ig Abelsdorff (1 900a)O* ; v .  Studnitz ( 1 9  34)0* : Lowenstein 
& Loewenfeld ( 1 9 50 - 55)0-+c 

rabbit Abelsdorft ( 1 9 00a)O* ; Hess ( 1 9 1 5)0* : Wagman & 
Nathanson ( 1 9 42)0; Lowenstein & Loewenfeld ( 1 9 5 0 -
63)0-t= 

cat He ss ( 1 9 1 5)0* : Gundlach ( 1 9 34)+: Kappauf ( 1 9 3 8 ,  4 3)0; 
Shakhnovitch ( 1 9 59)* ; Lowenstein & Loewenfeld ( 1 94 3 -
60)0+=-

dog Hess ( 1 9 1 5)0* ; Lowenstein & Loewenfeld ( 1 9 42 - 50)0-+c 

monkey Hess ( 1 9 1 5)0* : Lowenstein & Loewenfeld ( 1 9 4 2 - 60)0-t= 

Note : Symbols repre sent functions te sted : * = color sens1tiV1ty; 0 = hght sensitivity; + = speed 
of movement; = = other . 
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A method widely used was that of color substitution: after the eye 
had been adapted to light of one color, the color was changed suddenly, 
and the luminance of the second color was varied until the sudden change 
evoked no response , or a small contraction of standardized amplitude .  
In this manne r,  the relative physiological effectiveness of the two colors 
was revealed by the energy needed for each of them to become ''pupil­
lomotor equivalent . "  One color alone could be balanced similarly against 
neutral grey filters . The method of switching filters consisted most often 
in mounting them in a movable frame, their edge s  adjoining, and by flip­
p ing the frame back and forth across the stimulus light path . Sudden ro­
tation of a prism was also used for this purpose . Recently, Alpern & 
Campbell ( 1 9 62b) used a rotating polaroid filte r for slow substitution of 
lights from a double path . In other experiments, colored light flashes 
were presented , and the amount of energy needed to cause a pupillary 
response of predete rmined extent ( threshold , or higher) was measured, 
or the amplitude of pupillary reactions  that resulted from stimulation by 
light of various colors but equal ene rgy content was recorded . 

2 .  Pupillary spectral sensitivity 

A summary of the re sults of the se experiments follows: 

The pupillomotor effectivene ss of a colored light stimulus is related 
to its apparent brightne ss;  for each color, the thre shold for pupillary re­
actions lies  slightly above the corresponding visual threshold . This is 
t rue for all areas of the retina, and in the dark -adapted as well as the 
light -adapted eye ( Fig . 20) . In othe r words, the Purkinje shift exists for 
the pupil as well as for. visual sensation ( Fig . 2 1 ) .  

In the dark -adapted eye, the pupillary spectral sensitivity curve for 
large stimulus are as agrees well with the human dim -light visibility curve, 
and with the spectral sensitivity curve for night -birds,  with predominantly 
rod retinae ( see especially Hess ,  1 908a, 1 9 1 0 , 1 9 1 4b,  1 9 1 5 ;· Hecht & 
Pirenne , 1 9 39 - 1 940; Wagman & Gulbe rg, 1 9 42;  Fig . 22) . In the dark­
adapted eye ,  Alpe rn & Campbell ( 1 9 62b) , using the color substitution 
te chnique with fairly bright stimuli, found a mixed cone -rod spectral 
sensitivity curve ,  even upon foveal stimulation with small test patches . 
The authors concluded that the rod-contribution must have been produced 
by stray light to extra-foveal regions,  and, indeed , when the experiment 
was repeated in the pre sence of a blue background field, the pupillary 
spectral sensitivity curve for the foveal stimuli agreed completely with 
the CIE photopic visibility curve , and with the flicker fusion spectral 
sensitivity curve obtained from the same subjects under the same experi­
mental conditions ( Fig . 23 ) . 

In a recent exp eriment by Bouma ( 1 962 ) ,  stimuli in the photopic 
brightness range caused pupillary reactions with a scotopic spectral 
sensitivity curve . Since Bouma used fairly extensive pupillary contrac ­
tions as criteria of reactivity, the explanation proposed by Alpern & 
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Fig . 20 . Visual and pupillary thresholds in different areas of retina 

6 1  

Expe riments done after complete dark -adaptation . Subiect 's  
left eye stimulated by light flashes of  1 ° area and 1 sec dura­
tion . Stimuli p re sented at fovea (first line ).  and 1 5° or 40° 
from fovea in nasal field (temporal retina. horizontal meridian. 
second and third lines.  re spe ctively) . In each line pupillary 
thresholds indicated by P. visual thre sholds by V; light intensity 
indicated on absc issa in arbitrary log units , with 4 the maximal 
intensity available in the experiment . Source = Sylvania glow 
modulator tube . with flashes e licited by Grass stimulator via 
constant voltage power supply . Light refle cted by circular 
white cardboard targets placed 98 ern from subject ' s  eye . 
Wratten filters as follows :  red = fl 29 ( solid arrows); green = 
fl 99 ( c ross -hatched arrows);  blue • fl 45 + 4 7  (white arrows); 
intensity re gulated by neutral grey filters . The fl 29 Wratten 
filter is not a pure red;  it was chosen neverthe le ss because it 
doe s  not over lap with the green filter . 
Note the close agreement between pupillary and visual thre sh­
olds for all colors and for all retinal locations examined . 

Campbell ( 1 9 62ti) . name ly. that the results were like ly to be due to the 
influence of st ray light. appears p robable . In Schweitze r ' s  wo rk ( 1 955 .  
1 9 56) . and in the experiments in the author ' s  laboratory with threshold 
stimuli. stray light p robably played no significant role . since the light 
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Fig . 21 . Pu rkinje shift in pupillary spect ral sensitivity ( Laurens , 1 923) 

Curves const ructed from photographic re cords of pupil size,  
obtained afte r 1 5  minutes of  adaptation to  darkne ss or to light 
of diffe rent wave lengths (equal energy stimuli, using tungsten 
source and Hilge r wave length spectrometer) . 
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Fig . 22 . Pupillary spectral sensitivity cuntes ( re -plotted from Hecht & 
Pirenne, 1 9 39 -40; and Wagman &. Gulbe rg. 1 9 42)  

In both expe riments curve s  const ructed b y  measuring energy 
of light of different wave lengths needed to obtain pup illary 
threshold reactions ( 0 . 3 -0 . 5  mm)� with sudden exposure of eye 
to light, and with re latively large field illuminated (tungsten 
source and Wratten color filter s ) . 
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Fig . 2 3 . Foveal pupillary and psychophysical spectral sensitivity curve s  
for two subjects ( Afte r Fig . 8,  Alpern &. Campbell, 1 9 62 )  

Dots:  Mean differential thre shold me asurements for pupillary 
reactions to 2 - sec test stimuli (2° te st patches,  cent rally 
fixated, seen against continuous b lue background fie ld app roxi­
mately 1 5° in diame te r- retinal illuminance between 1 00 and 
200 td) . 

Inte rrupted line: C .  I . E . photopic visibility curve . 

Solid line:  Mean results of psychophysical measu rements of 
photopic luminosity ( flicke r fusion photomet ry) on the same two 
subje cts with the same apparatus . Rod s surrounding fovea 
supp re ssed by blue adapting fie ld ,  preventing them from reacting 
to st ray illumination from foveal test lights . Under these con ­
ditions foveal pupillary spectral sensitivity curve agreed com ­
pletely with photopic visib ility curve ,  and flicker fusion spectral 
sensitivity cu rve . 

flashe s used were too weak to elicit pupillary reflexe s from the blind spot 
( Fig . 1 7) . Figure 24 again shows the close agreement between pupillary 
and visual thre shold s ,  even for blue light at the fove a .  When the stimulus 
luminance was inc reased, however,  the effect of stray light was easily 
recognized: for equal increments in light intens ity, the inc reases in 
pupillomotor activity we re much steeper for blue, green, or white than 
for red light . Under the same expe rimental conditions, the visual flicke r 
fus ion curves ,  which are influenced far less by stray light than is the 
pupil, were p recisely parallel for the four colors ( Lowenstein,  Kawabata, 
&. Loewenfeld ,  1 9 64) . 
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Fig . 24 . E xtent of pupillary contractions to white , red , 
green, and blue light stimuli at fovea ( Fig . 1 3 , 
Lowenstein !! al . .  [ in press]  1 9 64 . 

E xtent of pupillary contractions plotted as ordi­
nate ( in mm) against stimulus luminance as 
abscissa ( in arbitrary log units ,  with 0 marking 
subject ' s  foveal visual threshold to 1 -sec white 
light flashes of 1 ° area ( white arrow)) .  Foveal 
visual thre shold for red (Wratten filter II 29)  
shown by black arrow, green ( Wratten II 99 )  by 
cross -hatched arrow; blue (Wratten 11 45 + 47)  
light flashes of same duration and area by shaded 
arrow . 

Pupillary reactions to white light (no filter) indi ­
cated by circles ,  those t o  red light by dots , 
those to green light by triangles ,  and those to 
blue light by squares .  Note the close agreement 
between pupillary and visual thre sholds ,  and the 
markedly less  steep inc rement slope for red 
light than for other lights ( cf .  also Figs . 1 8 . 1 9 )  . 

Day birds such as the pigeon, with predominantly cone retinae , 
have pupillary spectral sensitivity curves similar to the fovea of the 
light -adapted hum an eye, and their pupillary increment curves fail to 
show the rod -cone break which is typical for the dark -adapted human 
eye (Tables 7,  & 8, & Fig . 2 ) . 
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In color-blind patients,  also, there appears to be  close parallelism 
between the visual and pupillary color re sponses .  Such clinical data are , 
however, still fragmentary . 

It appears,  then, that the pupil follows faithfully the visual color 
s ensitivity under all conditions so far examined . This fact opens a large 
fie ld of most inte resting possible applications . 

Othe r Feature s  of Pupillary Reactions to Light 

1 . Adaptation 

( a) Adaptation to darkne ss:  It has already been mentioned that the 
"dark adaptation 11 used in pupillary experiments was often far from per­
fe ct . In the older work, some kind of illumination was needed to observe 
the subject ' s  pupil, and even the "infrared " light used since about 1 9 35 
for photographic or cinematographic recording of the pupillary responses 
usually contained some long-wave visible light . Though it was often stated , 
as it had been at an earlie r time about dim white light, that this illumina­
tion had only little pupillomotor effect ,  the results may have d iffered from 
tho se obtained in true darkness . Strictly speaking, then, dark adaptation 
existed only in those experiments in which the pupillary reactions were 
re corded by nash photography without other illumination, or we re viewed 
or recorded by infrared -sensitive devices that operated with light beyond 
the visible spectrum . 

(b )  Light adaptation: Just as different authors used stimuli of various 
durations, wave form s, and brightness ranges ,  of different sizes ,  shapes,  
or  retinal locations,  and of different color, a wide variety of  adapting 
lights were used . The combinations of adapting and stimulating lights 
are too nume rous to be mentioned individually . It should not be forgotten 
in this connection that all me thods in which the "difference threshold " was 
determined , as well as those in which "static " light stimuli we re used, 
were , in effect, dealing with light -adapted states . In some experiments,  
pre - adaptation to light, or adaptation to a dim background fie ld , we re 
used to minimize the effects of stray light scattered by the ocular media 
when a light flash of higher intensity ente red the eye . This method was 
termed "masking technique " ( He sse , 1 9 09 ;  Vogt,  1 9 22 ;  Braun, 1 9 31 ;  
Schmelzer, 1 9 31 ;  Biffis , 1 9 34; Fry & Allen, 1 9 5 3; Fugate , 1 9 54; Alpern 
& Campbell, 1 9 62b) . 

The pupillomotor effects of light adaptation we re considered 
generally only in relation to the reduced sensitivity of the retina, or the 
altered color sensitivity b rought about by the adapting light . It should 
be stressed, however, that liBht adaptation influences pupillary reactivity 
by a second , central nervous mechanism ( Lowenste in & Loewenfeld ,  1 9 61 ) .  

In the presence of an adapting light, the supra-nuclear impulses 
inhibiting the Westphal-Edinger nucleus are reduced, and the functional 
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state of the parasympathetic motor nucleus is thus altered ( cf .  above 
section on Pupillary Reactions to Light-Modifying effects of fatigue and 
emotional excitement) . Depending on the autonomic balance of the incH­
vidual, this lessening of supra-nuclear inhibition may dep ress  the light 
reflex, enhance it , or leave it unchanged (Fig . 25 ) . 
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Fig . 2 5 . E ffect of dim illumination upon pupillary reaction to light in 
three normal subjects with different degrees  of supra-nuclear 
inhibition ( Fig . 8 ,  Lowenstein & Loewenfeld , 1 9 61 ) .  

Pupillary diameter recorded as ordinate ( in  mm) against time 
as abscissa ( in  0 . 1  sec units ) .  At a, eyes dark-adapted ( solid 
lines) ,  or  adapted to diffuse , blue -green illumination, about 
4 . 5 log units above subject 's  scotopic visual threshold (broken 
lines) ;  during periods framed at b, bright, white light flashes 
presented , approximately 9 log units above absolute visual 
threshold . 

A: The subject was a tense , excitable but otherwise normal 
2 2  year -old woman . The pupil was only slightly smaller after 
adaptation to dim light than in darkness ,  and the reflex elicited 
by the bright light flash was slightly enhanced . 

. 
B: The subject was a normal, calm, we ll-rested 24 year -old 
woman . The decrease in pupillary diameter after adaptation to 
dim light was somewhat greater than in subject A, and the light 
reflex elicited by the bright flash was slightly reduced . 

C :  The subject was a 36 year -old man, hyper -fatigable because 
of habitual lack of adequate rest . In darkne ss his pup illary re­
flexes remained within normal limits ,  but adaptation to dim il­
lumination had a profoundly depressing effect :  The pupil became 
quite small , the light reflexes inextensive and pathologic in 
shape . 
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When the subject i s  calm and we ll rested , adaptation to dim back ­
ground illumination causes the pupil to become slightly smaller than in 
darknes s ,  while the light reflexe s ,  elicited by standardized light flashe s ,  
are unchanged or slightly diminished ( Fig . 25B) . When the subject is 
tired , the same background light has a profoundly depressing effect:  the 
pupil becomes quite small, and reflexes to standard light stimuli inexten­
sive and pathological in shape ( Fig . 25C) . When the subject is tense , or 
e motionally excited , the pupils are large in darkne ss , and remain large 
in dim light . In such subjects the background field may enhance the 
contractions evoked by the standard light nash ( Fig . 25A) . 

The central nervous nature of these changes is proven by the fact 
that they can be obtained also by exposing the opposite , non-stimulated 
eye to dim light . 

In experiments in which the eye is adapted to light , it is ne cessary 
to consider the se central nervous effects . Even weak background light 
may alter the reflexes considerably, whereby opposite changes may occur 
in different subjects . 

2 .  Effect of the entrance pupil 

Since the luminosity of a beam of light enter ing the eye is affected 
by the size of the entrance pupil , investigations were done to test  the 
e ffect of different pupil sizes upon visual functions . The se papers , in 
which the pupil was considered exclusively in its role as a component in 
the optical system of the eye , have been excluded from this review . 

In a number of experiments e fforts were made to eliminate the 
e ffects of variations of the entrance pupil . The means used were :  

( 1 )  immobilization of  the pupil o f  the stimulated eye , most often 
by cyclople gic drugs , and occasionally by miotics; 

(2) small artificial pupils close to the stimulated eye;  and 
( 3) optical means , that is , placing the focus of the stimulating 

light beam in the plane of the subject ' s  pupil . ( For the latter two methods,  
care ful immoblization of  the subject 's  head is , of  course , e ssential) . 

3 .  Binocular interaction 

Several kinds of studies fall into this category: (a) Galen , in the 
second century A . D .  , used a clinical test that has enjoyed wide popularity 
throughout the centuries . With the patient facing a source of light , first 
one eye was covered , and then the other , while the first eye was exposed 
to the light . Whenever vision was impaired in one eye , the pupil would be 
larger when it was opened , and smaller when its healthy fe llow-eye was 
exposed . Galen believed the difference to be due to some defect that 
interfered with the normal now of ''vital spirits " from the brain through 
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the hollow optic nerve to the eye ; vision was impaired because le s s  of 
the vital ener gy was available to illuminate the outside wor ld . Some 
centurie s later it was recognized that the change in pupillary size is due 
to the difference in afferent conduction from the two eye s . Ke stenbaum 
( 1 9 28 - 1 9 29 )  has attached the name of ''pseudo-anisocoria " to this 
phenomenon , but since the pupils actually are not unequal at any time , it 
is the author 's opinion that this term is unfortunate . Recently, Leavatin 
( 1 9 59 )  has advocated a modification of this test , as the "swinging flash­
light te st ", that is , using a flashlight that is moved from one eye to the 
other . 

(b)  Summation of afferent impulse s from the two eyes has been found 
to exist ,  within the limits of mechanical possibility: the pupil was found 
to re spond to the total light energy stimulating the two eye s unle ss  the 
light was so intense that unilateral stimulation alone re sulted in maximal 
constr iction ( Silberkuhl , 1 896 ;  Abelsdorff & Feilchenfeld , 1 904; Weiler ,  
1 9 05;  Blanchard , 1 9 1 8 ;  Reeves ,  1 9 1 8 - 1 9 20; Luckiesh & Moss .  1 9 34b; 
Bartley , 1 9 43; Thompson, 1 9 47;  Venco & Marucci,  1 947 ;  Flamant , 1 948;  
Kawabata9 ) .  

( c) "Retinal rivalry " has been reported to affect the pupil , so  that a larger 
percentage of near -thre shold stimuli re sulted in a pupillary contraction 
when the stimulated eye was in the dominant phase that when it was in 
the inhibited phase (Nicolai , 1 929 ;  B'd.ny & Hallden, 1 9 48; Wirth , 1 9 52 ) . 
These experiments wer e ,  however , done without records of the pupillary 
movements;  in view of the great difficulty in judging acc urately the 
small ,  var iable pupillary threshold re sponses ,  �specially in dim light, 
the question cannot be considered as settled . 

(d)  Similar difficultie s attend pupillary investigations on amblyopic 
patients . Some authors described good pupillary reactions in amblyopes:  
Harm s ( 1 949 )  and DoMnek , Kristek, Nemec ,  & Komenda ( 1 962 )  reported 
reduction in pupillomotor activity) . Harms stated that in cases of unilat­
eral amblyopia both pupils enlarged whenever the patient fixed with the 
amblyopic eye , and became smaller when he fixed with the normal eye . 
Since , however .  the fovea is much more efficient for pupillary contrac­
tion than the extrafoveal retina, some means would have to be provided 
in such experiments to assure exact  positioning of the stimulating light 
spot on the retina, in order to rule out the possibility that the change 
might be caused by a difference between the e ffects of foveal and of 
eccentric fixation . 

9 Personal communication. H .  Kawabata, 1 9 59 -1 9 60 . 
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The Pupillary Reaction to Near Vision 

As in the sections on the reactions to light, the pupillary reaction 
to near vision is considered in its physiological aspects only, and work 
d ealing with the optical effects of pupil size during near vision has been 
excluded from this review .  

In Table 9 .  the publications available to the author have been listed . 
In contrast to the many aspects of light reactions, not much can be said 
about this lite ratu re . The greater part of the d iscussions have revolved 
around the question of whethe r the pupillary contraction depends on con ­
vergence or on accommodation . These discussions are still current, 
even though it has been e stablished that any one of the three functions can 
be abolished without inte rfe ring with the others . Thus,  convergence or 
accommodation may be eliminated se lective ly by the use of prisms or 
lenses .  Clinical cases with isolated impairment or loss of pupillary 
cont raction, accommodation, or conve rgence are not too uncommon, and 
in expe riments on animals ,  isolated pupillary constriction, accommoda­
tion of the lens ,  and contraction of the internal rectus muscle we re ob-

· ·tained by e lectrical stimulation in the cortex, the oculomotor nuclear 
complex, or the efferent third nerve . These facts lead to the conclusion 
that the nervous impulse s that cause accommodation, convergence,  and 
pupillary const riction must arise from d ifferent cell groups within the 
third nerve nucleus , and travel via separate fibers to their effector 
mus c le s ,  whereby the paths for the ciliary muscle and the ir is sphincter 
unde rgo synapses in the ciliary ganglion . 

The theory has been proposed that the pupillary fibe rs for near 
vision do not synapse in this ganglion while those for the light reflex do, 
thus explaining the isolated loss of the pupillary light reflex in the pres­
ence of  unimpaired pupillary contraction to  near vision in the Argyll 
Robe rtson syndrome (Naquin, 1 9 54) . This theory is disproven by the 
fact that in monkeys , retrobulbar injection of a ganglion -blocking agent 
such as nicotine entire ly abolishes the pupillary contractions e licited 
by intracranial stimulation of the third nerve with strong currents 
( Loewenfeld , 1 958 ) . 

Accommodation, conve rgence ,  and pupillary contraction are asso­
ciated movements , and are not tied to one anothe r in the manne r  usually 
referred to by the te rm "reflex " . They are controlled, synchronized , 
and associated by sup ranuclear connections, and are not caused by one 
anothe r .  

As a final point, it must be remembered that the pupillary reaction 
to near vision is subject to the same central nervous inhibitory and 
sympathetic antagonistic influences  as are the contractions to light . The 
extent of the reactions may. therefore ,  vary from one moment to the 
othe r .  Just as for the light reflex, these variations have given rise to 
some unusual statements in the lite rature . For example, von Graefe 's  
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T A B LE  9 

P up i l l a ry Move ments and N e a r  V i s ion 

E x p e r i m e n t s  
on Man 

.. " "" -;; " 
c -;; .. E 0 c � (J " .. ·a; .§ .. � § c ;:: :5 .. � � Y e a r  Autho r ...l 0.. "' ... 0 u Find imrs and Con c l u s ion s 

1 6 1 9  Sche t.ne r • first to desc ribe p up i l la ry cont raction to ne a r  •aicm 

1 659 P l e m p i u s  • similar desc rip t ion as Sc he ine r ' s  

1 780 Olbe rs • measu red pupil contract ion w ith accommodatJon 
m ethod or Lam bert 

1 82 1 '  5 1  Webe r • • n e a r  v i s ion cont racts p up i l  even if objec t  is darker: 
accom m od at ion alone does not c ause miosis. c on -
vergence does 

1 8 35 Plateau • learned to accommod ate without conve rging: p � i l  
cont racted 

1 8 5 3  C r am e r  • accom modat ive tension w ithout conve rgence m ay 
cont ract p up i l  

1 8 5 3  De Ruite r • accom m od ation a lone m ay contract pupil  

1 85 4  von G rae fe • reported obse rvat ion of M U l l e r :  in dog� pupll dilates 
upon n e a r  v i s ion 

1 8 56 v o n  G raefe • c ase with com p le t e  ext raoc u lar p a ralysis; v 1 s ioll 
pe rfec t ;  pupil irnmoblle to light b u t  cont racted well 
to near v is ion: concl . :  pupil re action doe• not d e -
p e nd on extraocular move m e n t s ;  probably m id -
brarn l e s ion 

1 86 4 ,  65 Dand e rs • • p up i l  m ay cont ract with accomm od a t ion alone or 
with conve rgence a lone 

1 86 6  T rautve t t e r  • repeated test on dog and c a t ;  same r e s ult for d o g  
( d i lation ) ;  cat uncoope rat ive 

1 8 6 8  He ring • e n toptic images fused without conve r qe nce•pupil 
cont rac tion; concl . :  accomm od at ion alone m ay 
cause cont raction 4 but lhe thr e e  m ove ments are asso 
elated , not inte rdepe nd e n t  

1 8 69 von Arlt  • pupil  cont raction occu rs late r than accommodation 

1 8 69 Le Conte • lea rned to accom m od ate without c onve rgln p up i l  
constricted;  concl . :  pup i l  i s  assoc i ated with accom -
m od at ion but m ay a l s o  const rict w i th s t rong con-
v e r gence a lone 

1 8 70 Ad am iik • obtamed a ssociated pupil contraction,  movement 
o r  globe s in &. down # f rom ante rior midbram or 
d og; pupil  may cont ract w ith accom m od a tion in 
absence of conve rgence 

1 8 7 1  Ad am iik & Wol now • measu red depth or anterior cham be r ,  l e n s  c u rva-
t u re (dog); e le c t r i c a l  s t i m u l u s  to e ffer e n t  nerves 

1 8 7 3  Cocci us • accommodation alone and conve rge n c e  alone may 
cont r a c t  pupil  

1 8 74 K reuche 1 ( & M u ld e r )  • studied e rre ct or m u s c a rine on accom m od a t ion and 
p up i l  

1 8 7 6  D rouin • pupil  and accom m od a t ion are associated b u t  not 
dependent on one anothe r 
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TABLE 9 (Con t 'd) 

E xpe r im e n t s  
on Man 
.. .. - .. .. c .. .. " E 0 .s .. .� .§ .. .. ·;;; .§ " :3 c ·c ... 

Y e a r  Autho r � Cl. &: E-o 0 u � Findin11s and Conclus ions 

1 8 7 8  Hensen & Volc k e r s  • obtained isolated accommodation, pupil con s t r i c t ion , 
cont r .  medial re c t u s ,  from floor or Sylvian aqueduct 
( d og); arte r death, ext raoc u l a r  re actions to b r ain 
s t i m u l i  e l ic ited 1 5  min . longe r than p up i l  and 
accommod ation 

1 88 0  Ange l ucc i  & Aubert • m e asured speed or pupil  and or move m e n t  or Purkinje 
image s :  p up i l  was slowe r 

1 8 88 Dond e r s  ( 2 nd ed . )  • • neither iris n o r  accom m od ation a re depend ent on 
conve rgence 

1 89 2  Borth en • • • case w ith absent l i ght re fl e x ,  good accom m od ation, 
pupil con t raction only with conve rge n c e ;  cone! . :  
pupil is relat ively independent or accommodation 

1 89 3  D u  Bois - Reym ond & • near vision e rrort in total d a rkne s s  ( flash p hotograph ) : 
Greerr p up i l  cont rac ted 

1 89 8  Heine • • in b i rd s ,  pupil cont raction ras t e r  than accommod at lo n 
( e le c t r ical s t i m u lus e ffe rent ne rve s) 

1 89 8  Hess & H e ine • dog, cat , rabb i t ,  e v e n  w h e n  youn g ,  have poor 
accommodation 

1 89 8  Ovlo • tested p upil,  ac commodation , conve rgence with one 
or both eyes open;  cone! . :  pupil assoc iated with both 
accomm od a tion and conve rge n c e ,  depend s  on d istan c  
or vi sion 

1 9 0 0  Ve rvoort • pupil does not contract to accomm od ation in absence 
or conve rgence 

1 9 02 , 0 3  Ma rina • exchanged Int e rn a l  and e x t e rn a l  re c t i  In monkey s :  
pupU contrac tion w i t h  conve rgence post - op e rat ive = 

with contrac t ion or exte rnal re c t i: conc l . :  no r i gid 
connect ion in ne rvous centers 

1 9 0 3  Frlbe rge r • me asu red speed or p upillary m ovements associated 
with convergence and accommod ation 

1 9 04 Bach • • cases with ( a )  complete loss of accommodation, ( b) 
p aralys i s  or inte rnal re ctus , ( c )  un ilate r a l  am b lyopia 
o r  loss ot eye :  p up i l  near v ision re act ion norm a l ;  
concl . :  accommodation, pupil,  conve rgence a re a s s o  
c iated movements but not dependent on o n e  a nothe r 

1 9 05 Mode row • analys is of lite rat u re ;  concl . :  conve rgence i s ,  b u t  
accom m odation is not as sociated w i t h  p up i l  

1 9 05 Ovio not re ad by reviewer 1 9 6 3  

1 9 05 Wlotzka • accom m od ation alone : pupil imm obile;  conc l . :  p u p i l ,  
accom m od ation b o t h  d epend on conve rgence 

1908 Kannife sse r • • pupil con t raction with accom m od ation alone ; at rop in e  
affec ted accom m od at ion longe r t h an p up i l  

1 9 08 Lohmann • • accommodat ion c hanged without conve rge nce; case 
with p o s t - d iphthe ric loss or accommodation; cone! . :  
p up i l  contraction is syne rgic c o - m ovement wi th 
accom m od a t ion and conve r gence 

1 9 09 Magllot • p upil  cont raction works in 5 t h  foe tal mon t h ,  accomm o-
dation only months after birth 
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TABLE 9 ( C on t 1d )  

E xpe riments 
on Man 

.. ., c .. ;; .!!l ., E .s .. " .. .. .. .9 .. :§ .§ c -.: .. .§ g Year Autho r � D. G! !-< u � Find ings and Conclusions 

1 9 1 2  Hesse • cases with e x t raoc u l a r  paralysis could not couve r�: 
pupil  cont rac t ion w ith accommodat ion 

1 9 1 2  lsakowitz • c rit ique of H e s s e :  absence of conve rgence m oveme-nt 
does not prove absence of convergence imp ul s e  

1 9 2 0  Pick • 8 d iopte rs accommodat ion w i thout conv e rge nc e : p op 1 l 
imm obile;  p up i l  is syne rgic c o - movemen t 

1 9 2 0  Sattle r • in high, unco rrected myope a pupils cont rac t wben 
eyes conve rge without accom m od at ion 

1 9 2 2 Casp a ry  & Goe ritz • obt a ined change s in accommodation without p upil 
cont rac t ion; concl . :  p up i l  t ied to convergence,. not to 
acc omm od at ion ; n o rm a l ly, the three fun ctions occur 
toge ther 

1 9 2 6  Hollad ay • p up i l s  cont ract to forced conve rgence -: chief cause 
of near v i sion contraction 

1 9 2 8 - 2 9  Ke stenbaum & • • • d ive rse c a s e s ,  quoted second -hand: conc l . :  accom -
Eidelberg m od atlon and pupil work toge t he r  on ly in p resence o f 

c onve rgence; pupil = assoc iated move men t  (with 
conve rgen ce) 

1 9 30 , 3 1  Guald i • • accomm od at ion alone does not affect pupil,  conve r ·  
gence alone does 

1 9 3 6 Schubert & Bu rian • rind reflex to fusion, independent of c onve rgence or 
accom modation 

1 9 3 7  Hae s s l e r  • tested near vis ion in near -darkne ss ( lum inous dW): 
p up i l  cont racted 

1 9 4 3  Bend e r  &: Weinstein • obtained isolated cont raction inte rnal re c t u s .  miosis 
accom m od at ion by elect rical stimulation in th ird 
n e rv e  nuclear complex ( monkey) 

1 9 4 5  Fry • complex app a ratus , allowing independent control or 
conv e r gence and accommodation; concl . :  p upil.  ac-
commodat iv e  ve rgence and accommodation are asso 
c iated movem ents;  influe nce or fusional conve r gence 
que s tionable 

1 9 4 9  Kno l l  • complex apparatus; pupil  const ricted w itb accommo-
dation and accommodative ve rgen c e ;  in some aub.Jec 
pupil  also const ricted with fusional c onve rgence 

1 9 49 M a r g  & Morgan • complex app arat u s ;  round line a r  re lation between 
pupil d i amete r and ( 1 ) accom m od ation, ( 2 )  accommo 
d at ive ve rge n c e ,  and ( 3) flls ional conve r gence ; latter 
is m inor in som e s ubjects;  possib ly an infi uence or 
p sychic awarene ss of ne a rne s s ;  und e r  n o r m al cooc!i-
lions p up i l  re flex is e s sent ially elicited by accommo 
d at ion 

1 9 50a Marg & Morgan • p sychic p roxim ity !actor influenced p up i l  in only l o 
1 0  subje c t s ;  p upil  react ion e l ic ited by accommodatio o; 
v e r gence e l ic ited by accommcxlation.  does not occur 
alone under normal conditions 

1 9 50b Ma rg & Mo rgan • • no p up i l la ry effects or fu sion round , independent or 
conve rge nc e - accom modat ion 
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Year 

1 9 5 1  

1 9 56 

1 9 56 ,  60a 
6 1  

1 9 58 , 59 

1 9 6 1  

1 9 6 1  

1 9 2 4 - 6 5  

Autho r 

Ren a rd  & Masonn et ­

Naux 

Lowe n s t e in 

Shakhnovitcb 

J ampel 

Alpe rn, Mason , & 
J a rd lnico 

Samojlorf, Sokolova, 
& Sbakhnovitch 

Lowenstein 

7 3  

TABLE 9 (Cont 'd) 

E xperiments 
on Man 

: s s � w � .; :'! .!! ii ] 5 � �  
:1 � � f-o 0 U <: Find inl(s and Conc l us ions 

• • 

• • 

• 

• 

• pup i l contraction is not re fle x but associated m ove ­
ment (w ith conve rge nce ) 

• • obtained Isolated accomm odation , con t ract ion inte rnal 
rec tus,  m ios is by e l e c t rical stim ulat ion or 3rd nerve 
c ase w ith p re sent l ight re fle x ,  abse nt n e a r  vis ion 
contraction OD, abse nt l igh t re fle x ,  p re sent n e a r  
vis ion cont rac tion OS 

• 

• 

reco rd s  eye move m ents and pupil togethe r :  conve r ­
gence m ove m ent i s  complete before end ot late n t  
pe riod fo r pup i l  

stud ied s up ranuc lear con t rol of oc ula r movements in 
monkey 

complex appa ratus; found l inear r e l at ion between 
accommod ative ve rgence and p upil ,  c u rv i linear rela 
tion between accom m oda tion and pupil;  disc repancy 
thought to be d ue  to lim itations o r  amp litude o r  ac ­
commodation imposed by lens 

p up illa ry reaction sym met rical when on ly one eye 
conv e r ge s  ( unce nte red targe t )  

d ive rse c a s e s :  i solated accom m od ation p aralysis, 
A'iie ' s  syndrome w ith o r  w i thout tonic accom m od a ­
tion, loss of p up i l  cont raction w i t h  p rese rved accom 
modation and / o r  c on v e r gence 

repor t of a finding by MUller ( 1 8 54) is still soberly quoted today ( Smythe , 
1 9 58)  to the effect that in the dog, in contrast to other mammals , the 
pupil dilates upon near vision and contracts upon far vision . But the 
visual target provided for the dog was a piece of meat or sausage . 
Trautvetter ( 1 866) ,  who repeated the expe riment with similar re sults ,  
desc ribed how the dog, having been starved for two days , "followed the 
sausage with the most desirous of glance s " ro . Obviously, the dog must 
have been under  more than visual stimulation as the deliciously fragrant 

1 ° " . . .  Ich griff sogar zu  kiinstlichen Mitteln, um die Thie re zu zwingen, 
ihre Augen fur die Nihe und Ferne einzustellen ,  und liess  zu diesem 
Zwecke einen jungen Hund und eine Katze zwei Tage hunge rn; dann band 
ich den Hund auf das Brett und indem ich selbst die Linsenbilder beo­
bachtete , liess  ich einen Gehulfen nach Kommando ein Stuck Wurst der  
Nase des Hundes nihe rn und dann wieder  von de rselben entfernen . . . 
Das Thie r verfolgte die Wurst wihrend der ganzen Zeit des Versuches 
mit den lusternsten Blicken . . .  Bei der Katze , der zum Accommodations ­
gegenstand eine lebende Maus diente , misslang der Versuch, da sie , 
wohl ihrer tuckischen Natur wegen, sehr nachlassig accommodie rte . . .  " 
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TABLE 1 0  

More Elaborate Experimental Designs 

Year Aut ho r C hie f Purpose of D e s ign 

1 8 69 von Arlt  time p up illary l i ght re fle x charac te ristics 

1 8 8 0  An ge l uc c i  & Aube rt t ime m ovements o f  pupil and P u rkinje im age s 

1 89 3  Sac h s  t e s t  color sensitiv i ty 

1 89 4  Greeff & D u  Boi s - Reym ond relate pupil size to stim ulus luminance 

1 89 7  Ga rte n r e c o rd p up i l l a ry dilation aft e r  w it hd r a w al of light 

1 9 00b , c Abe l sd o rff test  color sensit iv ity 

1 9 00 Ve rvoo rt t e s t  re lations between p up il,  accom mod atio n ,  and 
c o nve rgence 

1 9 0 3  F r ibe rge r measure time c haracte ristics of p up illary movemen 

1 9 0 3  Schafe r t e s t  color sensitivity 

1 9 04 Abe l sd o rff & Feilchenfe ld t e s t  pupil re sponse to stimulus l u m inance and area 

1 9 0 5  Basle r t e s t  color s e n s it ivity 

1 9 0 7  He s s  e xp l o re retinal a r e a s  (pupil pe rim e t e r )  

1 9 0 7  Po lim anti test color s e n s itivity 

1 9 0 7  Schle s in ge r fine pup i l l a ry t h re s holds to white or c o l o red stimuli 
1 9 0 8 a  H e s s  t e st color sensitivity in bi rd s  

1 9 08b Hess find response t o  alte rn at e  s t im u l a tion o f  d i ffe rent 
retinal a re as 

1 9 1 0  H e s s  t e s t  color sensitivity i n  anim als 

1 9 1 3  Sch l e s inge r obje ctive p e r im e t ry ( p e r i - p up il lome t e r) 

1 9 1 4 - 1 6  Hess t e s t  d i ffe rence threshold ( white or colo red light) 

1 9 1 8  Blancha rd study r e t inal sensitivity ( b rightne s s , cont rast , etc . )  

1 9 1 9  E nge lk in g  t e s t  p upillary thres hold 

1 9 1 8 , 2 0  Reeve s study rat e ,  extent of pupil c ontraction and d i lation 

1 9 2 3  Lau r e n s  test  sp ect ral sensitivity ( p hotopic a n d  scotopic)  

1 9 2 3  Gradle & E i se nd raht study speed of p upillary contract ion to ligh t  

1 9 2 6  Hollad ay s tudy reactions to gla rin g light 

1 9 2 6 - 6 5  Lowe n s t e in s t udy e ffe c t s  of stimulus luminan c e ,  d u ration , 
frequency 

1 9 29 B a rbieri p e rim e t ry ( p upil  pe rimete r w it h  colors o r  white light 

1 9 2 9 ,  30 Stiles s tudy e ffe ct of glare on b right n e s s  d i ffe rence thresbo 
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T AB LE 1 0  ( Cont 'd) 

- Y e a r  Author Chief P u rpose o f  D e s i gn  

1 9 32 Grad 1 e  & Acke rman s tudy speed of pupillary redilation afte r light s t im u l i  

1 9 3 3 Fe rree , Rand & Harris dete rm ine e ffec t ivene s s  of v e ry large ad ap tin g  fields 

1 9 3 3 - 3 5 Macheme r s tudy dynam i c s  of pupillary re flexe s to b r ight light 

1 9 34 B i ffis t e s t  sens itivity of d iffe r e nt re tinal areas 

1 9 34 Luckiesh & M o s s  dete rm ine e ffe c t s  of s ti m u l u s  area a n d  l u m inance 

1 9  3 6 - 3 7 C r awfo rd d e t e rm ine e ffe c t s  of s t im u l u s  a re a  and l um inance 

1 9 3 8 , 4 3  Kapp auf s t ud y  b righ tne s s  se ns itivity in cat 

1 9 38 T albot find influence of s t i m u l u s  inte n s ity, area, d u ration 

1 9 39 B rown & Page r e c o rd  pupillary d i lation afte r withd rawal of l ight 

1 9 4 0 Fryd rychovicz & Harm s obje c t iv e  p e rim e t ry ( p up i l  p e rim e te r )  

1 9 39 - 4 0  H e c h t  & Pirenne d e t e rm ine s p e c t ra l  s e n sitivity in owl 

1 9 4 2 a  Bartley record reaction s to l i ght flashes at d i ffe rent rate s 

1 9 4 2  Wagman & Gulberg d e t e rm ine pupillary spe c t ral sensitivity ( scotop i c )  

1 9 4 2  Wagm an  & N athanson s t udy e ffe c t  of s tim u l u s  lum inan c e  in m an and rabbit  

1 9 4 3  Bartley t e s t  stimulus lumin ance , a r e a ,  binoc u l a r  inte rac tion 

1 9 4 5  F ry s tudy r e l at ion of p up i l ,  accom modation, c onve r ge nce 

1 9 4 8  Ba rany & Halld e n  s tudy re tinal riv a l ry 

1 9 4 8  Flam an t t e s t  e ffe ct of stimulus lum inance for ve ry l a rge field 

1 9 4 8  Sp ring & Stile s t e s t  e ffe c t  of light e n t e r i n g  t h e  e ye v ia d iffe rent area s 
of the p up i l  

1 9 49 De Launay s t udy effe ct  of s t i m u l u s  l um inance 

1 9 49 - 5 4  Harm s obje ctive pe rime t ry (pupil  p e r i m e t e r )  

1 9 49 K noll relate pupil  chan ge s, accom m od at ion , conve r gen c e  

1 9 49 , 5 0 M a r g  & Mo rga n t e s t  re l ations of p up i l ,  accommod ation , and 
c onve rge n c e  

1 9 50 C ampbe l l  & Wh ite side record pupillary oscil lations in s t e ady l ight 

1 9 5 1 - 54 Ci.ippe rs relate p up il l a ry  reactions to retinal sensitivity 

1 9 5 3 Alp e rn  & Benson show d i rectional s e n s itivity of pupil  receptors 

1 9 5 3  F ry  & Allen s t ud y  p up i l  re spon s e s  to light flashe s of d iffe rent 
l um inance , a re a ,  d u ration , re t inal  location 

1 9 5 4  Y o un g  & Bie rsd o r f  record p up i l l a ry re act ion s to l ight a n d  d a rkne s s  

1 9 5 4 DuBois - Poulsen & Lois illie r e xp l o re re tinal areas ( d a rk - ad ap ted eye) 
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TABLE 1 0  (Cont 'd) 

Y e a r  A u th o r  Chief P u rp o se o f  D e s ign 

1 9 5 5 , 5 6  Schweitz e r  s tudy p up i l  th re shold o f  d ark - ad apted eye ( v a rious 
a re a s ,  d u rat ion s ,  colo r s ,  retinal p o s itions of stimulil 

1 9 5 6  Fugate & F ry  s tudy p up i l l a ry move m e n t s  to glaring l i ght 

1 9 5 6 Hopk inson study p up i llary reactions t o  glar ing light 

1 9 5 6  Van d e r  Tweel  study e ffe c t s  of stimulus lum inanc e ,  rat e ,  w ave form 

1 9 5 7  Ble iche rt & Wagn e r  record pup i l  re sp onses to sinusoid a l  l i gh t  stimuli 

1 9 5 7  Shakhnov itch r e c o rd p up i l l a ry and eye mov e m e nt s  d u ring re action s 
to light and to n e a r  v is ion 

1 9 5 7  St a rk & She rman s e rvo - an a ly s i s  of p up i l l a ry re actions ( frequen c y) 

1 9 5 7  Ste ge m a nn s e rv o - an a ly s is ( s inusoid a l  l ight stimuli)  

1 9 5 8 Sam ojloff & Shakhnovitch e xp l ore d iffe re n t  retinal areas ( obje c t ive p e r ime t ry) 

1 9 5 8 - 60 Shakhnov i t c h  r e c o rd p up illary a n d  e ye movem ents d u r ing n e a r  
vision 

1 9 5 8  Sta rk & C ampbell s e rv o - analysis of p up i l  o s c i l lations in steady light 

1 9 5 8  St a rk & C o rn swee t s e rvo - analysis of pupil  o s c i llation s in steady light 

1 9 59 Alp e rn,  Kitai ,  & I s aacson s tud y d a rk - ad ap t at ion of pupillomot o r  receptors 

1 9 59 Lowenstein & Loe w e n fe ld s tudy p up i l  t h re s ho ld ( light - and d a rk - ad ap ted eye) 

1 9 5 9  Sam ojloff obj e c t ive p e r im e t ry 

1 9 59 Shakhnov i t c h  study color sensitivity in c a t  

1 9 5 9  St a rk s e rvo - an a ly s i s  of p up il reactions ( st imulus frequ enc y) 
1 9 59 St a rk & Bake r s e rv o - ana lys is of p upilla ry move m e n t s  in steady ligh 

1 9 60b Shakhnov i t c h  obj e c t ive pe r im e t ry 

1 9 6 1 A lpe r n ,  Mason , & J a rd inico test re lation s between p u p i l ,  accom m od at ion , 
conve rgence 

1 9 6 1  Samoj loff, Sokolov a ,  & r e c o rd  eye moveme n t s  and pupill ary change s  d uring 
Shakhnovitch n e a r  v i sion and other eye m ove m e n t s  

1 9 6 2 a  Alpe rn & C ampbe ll dete rm ine photopic p u p i l l a ry spe c t r a l  s e n s itiv i ty 

1 9 62 b  Alpe rn & C ampbe l l  s tudy pupil  d u ring d ark - ad ap t ation aft e r bright l ight 

1 9 6 2 Bouma dete rmine pupillary spect ral sen s itivity ( p hotopic)  

1 9 6 3 B u rke r e l ate visual and pupillary thre sh o ld s  

1 9 6 3  Fe inbe r g  & P odolak d e t e rm ine latent p e riods of light re fle x 

1 9 6 4  Lowe n s t e in , K aw abata,  & relate visual and pupil th re shold s ,  v is ual flicker 
Loewe nfe ld fusion, and pupillary incremental  be hav i o r  
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target  slowly approached his eyes . The importance of these mechanisms 
for work in which the pupil is used as an indicator , e specially when the 
e xper iments are time -consuming, cannot be stre ssed too much . 

As a diagnostic tool for the neurologist and ophthalmologist ,  the 
p upillary near -vision response is less  re liable than the light reflex be ­
c ause of its subjective features . When the pupillary near -vision contrac ­
tion i s  poor or absent it i s  often not possible t o  b e  sure that the patient 
ac tually made a satisfactory e ffort of near vision . The reaction is 
important d iagnostically when it is more extensive than the contr action 
to light , that is , in the Argyll Robertson syndrome and in "Adie ' s "  
syndrome . 

Conclusions 

The controver sies  that have c louded a clearer under standing of the 
p up illary receptor and near -vision mechanisms have had their origin 
mainly in (a) the difficultie s in observing an organ as small and as mobile 
as the ir is , especially in dim light; (b) difference s in experimental pro­
cedure , that is ,  the stimuli and state of adaptation used in different in­
ve stigations; and (c )  differences in cr iteria used to determine pupillary 
r e sponsiveness . De spite all these divergencie s ,  an impre s sive number 
of experimental facts now availab�e furnish convincing support for the 
assumption that , at the leve l of the retinal receptor s ,  pupillary and 
visual afferent impulse s ar ise from the same structures . The following 
are the most important findings: 

( 1 )  In the normal, dark-adapted human eye 

(a) small pupillary contractions can be obtained with stimulus 
intensities be low the photopic range; 

(b) the pupillary threshold is lower at the parafovea and the 
re tinal periphery than at the fovea; 

( c )  the pupillary thre shold is lowered ,  and the contractions en­
hanced, when a small stimulus field is enlarged , and also 
when an already large field is further increased in extent; 

(d ) the pupillomotor e ffectivenes s  of colored stimuli is related 
to their apparent brightnes s ,  with the peripheral re tina far 
more sensitive to white ,. green, or blue light than to red 
light; in other words ,  the pupillary spectral sensitivity 
curve for large fields resembles closely the human scotopic 
visibility curve . 

( 2 )  Totally color -blind patients , and patients who have lost all their 
visual field except for a small , per ipheral area may have extensive · 

pup illary reflexes . 
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( 3) Animals with predominantly rod re tinae , such as the owl and the 
rat .  have sensitive pupillary response s .  whel'eby the owl 's  pupillary 
spectral sensitivity curve is very similar to that of the human dark­
adapted eye . 

( 4 )  In the normal, light -adapted human eye 

(a) the pupillary thre shold is much higher than after dark adaptation; 

(b) the re tinal per iphery is no longer more sensitive than the fovea; 

( c )  compared to the conditions after dark adaptation. red light has 
gained in e ffectivene ss;  in other words ,  the Purkinje shift 
exists for the pupil; and for small, centr ally fixated fie lds . the 
pupillary spectral sensitivity curve agrees with the CIE photopic 
visibility curve and with the spectral sensitivity c urve obtained 
by flicker fusion photome try under the same experimental 
conditions . 1 1  

( 5) Animals with predominantly cone re tinae , such as the p igeon 
or chicken,  have vigorous pupillary reflexes .  and the se animals are 
more sensitive to red light and less  sensitive to blue light than is the owl . 

( 6 )  When the stimulus intensity is increased above threshold value s ,  
the pupillary reflexe s increase in amplitude . The reflex increments show 
behavior very similar to that of the incre ments in cr itical flicker fusion 
frequency: the pupillary and flicker fusion increment curve s run parallel 
for stimuli of the same color and re tinal location . 

In view of all the se many kinds of functional paralle lism be tween 
pupillary reflexes and subjective visual phenomena, i t  appears impossible , 
in the author 's  opinion , to uphold the theory of the existence of separate , 
specialized , pupillary receptors . This assumption would require the 
existence of a complex arr angement of at least two pairs of separate but 
c losely re lated retinal e lememts: a se t of ' 'visual rods " and ' 'visual cones", 
and a second set of "pupillary rods " and ' 'pupillary cone s " that would 
mirror accurate ly the foveal and peripheral thre shold s ,  the color sensi­
tivity, and the incremental behavior of the visual ce Us . In addition. there 
is no reason why one should assume a double set of sensory e lements in 
the eye . any more thali"Oiie assume s a double set of auditory receptors 
for the appreciation of sound and for reflex movements elicited by sound, 
or a double set of temperature -or pain -receptors for sensory perception 
and for reflex adjustments . 

11 In such experiments ,  the effect of stray light on the sensitive peripheral 
retina must be reduced by adaptation or by pre -adaptation to a back­
gr ound fie ld . 
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Pupillary reactions to light are very sensitive in the fovea as well 
a s  in the retinal pe riphery, even when small stimulus are as are used . 
In response to bright light , distinctive kind s of. pupillary behavior are 
found , according to the conditions of adaptation, and the intensity, dura­
t ion, wave form,  and frequency of the stimuli . 

Pupillary movements  can be measured accurately in intact ,  
conscious animals or man, without operative procedure of any kind . Be ­
cause of their objective and functionally unequivocal nature , it is hoped 
that they may become inc reasingly useful indicators of retinal activity, 
as more refined and re liable instrumentation becomes  available . 

As to the pupillary contraction to near vision, the pe rsistent que s ­
tions about its dep endence on accommodation o r  on convergence appear 
outdated, s ince it is cle ar that it can take place in the absence of eithe r 
of these functions . Normally, convergence,  accommodation, and pupil­
lary constric tion are associated movements,  brought into play by supra­
nuclear me chanisms . Details of their normal interrelation, and of devia­
tions from this norm al correlation in pathological cases ,  might be clari­
fied by simultaneous recording with the new e lectronic devices  now 
available . 
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THE FUSION RE FLEX 

Kenneth N .  Ogle 
Mayo C linic and Mayo Foundation 

From earlie st times,  man has been puzzled over one of the amazing 
facts of vision: namely, that whe reas he has two eyes he experiences 
generally only a single perception of space . Speculation as to the reason 
for this phenomenon had been made long before anything was known about 
the neuro-anatomical structures of the visual pathways . Most popular of 
these speculations was that one or the other of the uniocular images was 
alternate ly suppressed . This notion was thought to be reinforced to some 
extent by the experiments with retinal rivalry . 

Leaving aside these speculations,  howeve r, it is now usually said 
that the neural excitations from the images on the two retinas "fuse "­
the process involved is called fusion, and takes p lace in the occipital 
cortex of the brain . The te rm fusion sometimes carries other connota­
tions, but he re it is used only to convey the idea that when both eyes 
ente r the visual act with appropriate fixation of both eyes,  the observer 
perceives singly . (This te rminology will be used herein without implying 
any notions as to the exact nature of the process . )  

It is the neuro-anatomy of the visual p rocesses, of course, which 
makes this fusion possible and which provides the basis for it , but this 
cannot be the cause of fusion . Fusion cannot be just a comple te unifica­
tion of the excitations from the two eyes alone , either, for one must 
assume that the integrity of both images is always maintained . 

To provide for this sensory aspect of fusion all movements of the 
two eyes must be executed and coordinated in the inte rest of maintaining 
single vision, and especially for fusion of the images of the fixation ob· 
ject . Eye movements made to preserve single vision are known as 
fusional movements . To be p recise , therefore ,  the fusion reflex is 
actually a reflex concerned with the motor control of the eyes in order to 
preserve the inte rests of the fus ion of the images of the object fixated . 

At the outset, to understand the phenomenon of the fusion of the 
images from the two eyes, one must be familiar with the principles of 
corresponding retinal points and of Hering's  law of identical visual direc­
t ions ,  which define corresponding retinal points . Only through these can 
one have a similar topographical representation of visual space from the 
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optical images that fall on the two retinas . In this repre sentation there 
must be a common point of fixation of the two eyes,  the images of which 
fal l  on the foveas of the two eyes . The neural exc itations from any pair 
of these points give rise to the same subjective visual direction . 

The study of the fusion processe s  in general has p roven difficult . 
As in the study of any natural phenomenon , however,  insight is gained 
into the phenomenon only with re spect to those p rocedures with which it 
can be changed . Present knowledge of the fusion reflex has come through 
the following: 

1 .  forced changes in convergence of the eyes-horizontally and 
ve rtically, and changes in a cyclotorsion or "twisting" of the images 
about the anterior-poste rior axes of the eyes; 

2 .  studies of  the above changes with modificat ion of the vis ible 
patterns; 

3 .  anomalies of fus ion found in subjects with impaired binocular 
vision (most ly with strabismus) ;  

4 .  studies of physiologically ''perceived 1 1 double images . 

Consider  the following simple and perhaps trite experiment (Fig .  1 ) . 
While fixating a point on a chart across the room, suddenly inte rpose be ­
fore one eye an ophthalmic prism of, say, three prism diopters,  base -out . 

Fig . 1 .  

F i x a t i o n  
point  

Simple experiment to 
demonstrate phenom­
enon of compulsion to 
fusion . 

Instantly, one sees two charts which 
appear to move toward one anothe r, the 
speed of movement seeming to increase 
as the separation of the two decreases . 
Suddenly, the two charts appear to coa­
lesce-only one chart is seen . A person 
watching during this t ime can readily 
verify that the eye behind the p rism has 
turned inward-the conve rgence of the 
eyes has been increased . One eye st ill 
fixates the chart , but the other fixates the 
displaced image of the chart produced by 
the prism . This experiment demonstrates 
the phenomenon designated as the com­
pulsion- to- fusion reflex . If the images 
are widely separated immediately after 
the prism is inserted , the observer may 
be able to exert a certain degree of vol­
untary control over the movement of the 
two half- images . However ,  if the sepa­
ration is small the fusional movements 
under ordinary conditions are involuntary 
and compulsive , that is , can seldom be 
changed at will . 
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When the images come togetl)er at the end of a fusional movement, 
the sensation of the observer is that the two seem to lock together .  It is 
this sensation that probab ly gave rise to the term fusion . All subsequent 
fixation eye movements to different parts of the charts are precisely co­
ordinated movements ,  and bifoveal single vision is maintained . Coordi­
nated eye movements such as these are not , however , a property of fusion 
per  se . When an occluder is placed before one eye so that binocular per­
ception is prevented , the eye movements are still more or less coordi­
nated , that is , said to be concomitant , although , because of the usual ocu­
lomoter imbalance of the subject ,  both eyes are not directed to the same 
point on the chart . The fusion reflex, therefore, adds something new in 
that , in the inte re st of single vision ,  innervations to the extra-ocular 
muscles of the two eyes are directed to the same point, or nearly so . 

The phenomenon of the compulsion to fusion just demonstrated has 
led to many notions about fusion . Of particular interest is the strength 
of this compulsion for fusional eye movements , and even the speed with 
which the coordinated eye movements can lead to a resumption of single 
binocular vision (Brecher,  1 9 54) . One hopes for some kind of a measure 
of this reflex, for it probably varies among individuals and might serve 
a c linical purpose . Certainly the ophthalmologist often finds persons, 
many with strabismus, who have impediments to binocular vision of 
several types,  and also who, under suitable conditions,  can see both 
half-images . 

There are patients for whom the images in the two eyes cannot be 
made to appear superposed . As attempts are made to cause the image 
from one eye to pass over the image of the other eye in a stereoscope or 
haploscope by control of target positions , the two images first appear 
double - crossed and then double -uncrossed . The subject is unable to see 
both images at the same time in the same direction . In these instances 
there is almost a repulsion, or a negative compulsion reflex to fusional 
movements .  

There is also the baffling p roblem presented by the person with one 
eye habitually misdirected, the other eye being called the sighting eye . 
The misdirected eye sees the image of the object fixated by the sighting 
eye by periphe ral vision, but oddly perceives that object in the same or 
nearly the same visual direction as does the fovea of the fixating eye .  
Usually, but not in all instances,  the two eyes are relatively concomi­
tantly coordinated . Generally, there is reason to believe that , despite 
the fact that visual direction of the squinting eye is similar to that for the 
sighting eye , true fusional movements cannot usually be demonstrated . 

Finally, there are subjects whose ability to maintain binocular 
vision is very tenuous . Small changes  in convergences introduced by 
prisms of low deviating power before one eye cause a doubling of the 
images . Or small change s in ophthalmic lenses before the eyes may 
cause doubling . In these individuals fatigue may also readily give rise 
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to diplopia .  Can it be said that the strength of the compulsion for fusional 
movements in these individuals is weak ?  

The phenomenon found in the individuals with strabismus i s  evidence 
that a functioning of the normal neuro-anatomical structures of the visual 
p rocesses to the occipital cortex is a prerequisite for true fusion and 
fusional movements . 

To find a measure of the reflex compulsion for fusional eye move ­
ments, an attempt is usually made to force a change in the normal point­
ing of the eyes ,  that is , to force a change in the convergence of the eyes 
while keeping the stimulus to accommodation constant . These changes 
can be p roduced by artificial means, such as by ophthalmic prisms before 
the eye, or by the use of such instruments as the haploscope . Usually 
one seeks to find the greatest change in convergence ( the magnitude of 
prism power) that can be p roduced just before diplopia or double images 
are perceived . The larger the range of this convergence -divergence 
change ,  the greater is said to be the strength of the reflex compulsion for 
fusional eye movements . However, in this procedure one must consider 
the role played by an increasingly embarrassed relationship between the 
accommodation and convergence of the two eyes ,  which may be a govern­
ing factor . Perhaps,  mechanical limitations may also be imposed by the 
prope rt ies  of the extra-ocular muscles themselves .  

The essence of the sensory aspects of fusion lies in there being in 
the visual fie ld similar contours , for the fus ion compulsion strives to 
keep the cortical excitations arising from images of these contours unified 
by appropriate innervations to the extrinsic muscles of the two eyes . The 
importance of contours cannot be over-emphasized . In Fig . 2 are shown 
illustrations of certain kinds of contours that might be used in a stereo­
scope . Where contours are identical, fusion-unitary perception-of both 
images easily occurs . One can verify that both eyes are involved in the 
visual act by the use of check marks ( the dot and c ross) . 

In the third set, the line viewed by the. left eye is wider than that 
viewed by the right, but the contours of the edges are similar . When 
viewed in the haploscope it can be seen that the narrow line appears to 
"stick" to e ither the right edge or the len edge of the wider line; which 
edge it s ticks to depends on the direction of the oculomotor imbalance ,  
the heterophoria of the observer . Thus, one cannot say that the image 
of the thin line fuses with that of the wide, only that the images of one or 
the other of the similar contours fuse . 

If circles of unequal s ize are presented, again one edge of the 
smalle r circle usually appears lo "stick " to one edge of the large r .  Which 
side of the larger again depends on the direction of the oculomotor im­
balance under  the conditions of observation . 
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Defective but partially sim ­
ilar contours may also be suffi­
cient for fusion and for controlling 
the oculomotor adjustments of the 
eyes .  

However, if the contours 
are very dissimilar either the 
images appear to move randomly, 
or, as is more probable , to move 
to the phoria position, or there 
occurs the familiar phenomenon 
known as retinal rivalry . Even 
in these circumstances,  there 
tends to be a marked persistence 
of the visibility of the contours 
from both eyes,  or more often a 

. random alte rnation of perception 
of the dissimilar contours . 

Small wheel -like rotations 
of the eyes about their lines of 
fixation-anterior-posterior axes 
of the eyes-are called cyclotor­
sional movements . These move ­
ments can and do occur constantly 
in the normal use of the two eyes 
so as to maintain single binocular 
vision . These movements then 
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Fig . 2 .  Types of contours that do 
and do not provide fus ion . 

are called cyclofusional movements (Ogle & Ellerbrock, 1 946) . Cyclo­
fusional movements occur mo re readily when the visible contours are 
oriented more or less vertically than when the contours are oriented 
nearly horizontally . 

It can be said that the fusional movements of the two eyes p rovide 
bifoveal fixation on the object of inte rest . However ,  one must d istinguish 
be tween bifoveal fixation brought about by the fusion reflex and the so­
called fixation reflex, which is a monocular phenomenon . Bifoveal fixa­
tion with fusion is not the result of two monocular fixation reflexes acting 
at the same time , for it can be shown readily that images of contours that 
fall on the peripheral parts of the retinas of the two eyes are suffic ient 
to control the pointing of the eyes through the fusing of these images 
(Burian ,  1 9 39 ) . In the absence of foveal stimuli, prism vergences of the 
eyes wholly from peripheral stimuli can be demonstrated easily . Dis­
p laced peripheral contou rs , if sufficiently p lentiful, can cause a doubling 
of non -displaced contours seen only foveally . 

In most demonstrations of the compulsion for fusional movements, 
a large number of contours in a single vertical plane are commonly used . 
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When a p rism is placed before one eye large and equal disparities are 
introduced between the images of all the contours on the surface . The 
d isparities of the images of all the contours, therefore, p rovide the in ­
ne rvations for the fusional eye movements .  The characte r of the fusional 
movements in the sense of their compulsive attribute and the speed of the 
re covery will be influenced by the number and complexity of the contours 
on this screen . The strength of the fusion compulsion as measured by 
prisms certainly is less for a point of light in a dark room than for the 
details on a wall chart . 

In the binocular vision of one ' s  normal surroundings , however, the 
point of fixation may be in the midst of a larger number of objects in the 
fie ld of view at d ifferent distances ( Fig . 3) . The images in the two eyes 
of those objects more distant than the fixation point will be uncrossed and 
disparate; the images of those nearer than the fixation point will be 
c ro ssed and disparate . One would expect these disparities also to p ro­
vide stimuli for fusional movements . That these movements do not occur 
is usually attributed to the role of attention given to the point of inte rest . 
If the attention is suddenly given to a second object, it is thought that the 

I m a g e s  o r e D 
u n c r o s s e d  

Im a g e s 
o r e c r o s s e d  

p 

Fig . 3 .  

L . E .  R . E .  

When eyes fixate near ob­
ject ,  images of other ob­
jects at d ifferent d istances 
in fie ld of view will be dis ­
parate . 

fusional movements of the eyes 
necessary to fix bifoveally this 
second object then act as a reflex 
movement . These movements have 
been said to be initiated by psycho­
optical stimuli ( Hofmann, 1 9 25 ) . 

The fusional movements as ­
sociated with the vertical diplopia 
caused by the introduction of a 
vertical disparity by ophthalmic 
prisms p laced base -down or base ­
up before an eye are thought to be 
purely reflex movements . Cyclo­
fusional movements that occur 
naturally when objects fixated are 
inc lined to the visual plane are 
thought to be reflex movements 
also . Under these conditions it is 
thought that psycho-optical stimuli 
arise only from the horizontal d is ­
parities . 

The sensory aspects of fusion 
and the initiation of fusional move ­
ments for objects spatially distrib ­
uted involve another well -known 
phenomenon ( Fig . 4) . If two par­
allel horizontal lines are presented 
in a stereoscope to each of the eyes,  
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it is found that the separation of 
the lines on one of the targets can 
be increased or decreased by a 
small amount before the moved 
line is pe rceived double , that is, 
before three lines are perceived . 
The magnitude of the change in 
separation is greater  than the 
sum of the widths of the two lines ,  
and, hence, cannot be  a function 
only of visual resolution . The 
range in which this separation 
can be changed is a measure of 
Panum 's fusional area in the 
vertical meridian . The differ­
ence in separation just as dou­
bling appears is usually ex­
pressed as the angle subtended 
at the eye expressed in minutes 
of arc . Similarly, in the hori­
zontal meridian a range can be 
found within which single binoc ­
ular vision is reported . This 
range is a measure of Panum ' s  
fusional area in the horizontal 
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Fig . 4 .  Haploscopic figures used 
to demonstrate Panum 's 
areas of fusion in vertical 
and horizontal meridians . 

meridian . The expe riment is more difficult to perform in the horizontal 
me rid ian because the moved line with respect to its mate in the other 
eye will appear to move in stereoscopic depth . Within the ranges of 
separation described here , one may say the images are fused in spite of 
t he fact that , except for some one separation, the images must be dis­
parate . In the horizontal meridian the se disparate images can be not 
only the stimulus for stereoscopic depth perception but also potential 
stimuli for fusional movements . 

In normal surroundings, say, with a fixation on a near object (Fig .  
5) , because o f  Panum 's  fusional areas , only objects lying in a certain re­
gion would have images in the two eyes that would fall within the region of 
binocular single vision . All other objects that lie outside these areas 
would have disparate images and should be seen double . However, gen­
e rally one is unaware of this doubling, unless attention is called to it , 
because of a kind of suppression , although it is just as probable that the 
subject ignores the confusion of images . In spite of the fact that one is 
not consciously aware of the doubling, the question is whethe r the dis­
parities  between the images do not still act as potential st imuli for 
fusional movements when attention is directed to any other object . It is 
also true that for disparities within certain limits that are larger than 
the horizontal dimension of Panum 's area, stereoscopic depth of the 
images is readily pe rceived; this implies a similar type of in teraction 
between the excitat ions from the half-images in the visual cortex (Ogle, 
1 952a; 1 9 52b) . 
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According to p resently accepted notions, when the eyes first fixate 
a distant object and then a near object, a change in convergence of the 
eyes is necessary if there is to be bifoveal fixation . The question is : 
Where do the innervations arise for this change in convergence of the 
eyes ,  and how much of this convergence is due to the compulsion -to ­
fusion reflex ? Except in subjects with large oculomotor imbalances ,  
the part of the total convergence change due to fus ional movements may 
be quite small . This magnitude would vary among individuals . The 
greater part of the change in convergence comes from the accommodative ­
convergence synkinesis , together, perhaps,  with the somewhat controver­
sial p sychological influence o f  the awareness o f  d istance o f  the objects 
fixated . The so-called fusional convergence then makes up only for the 
residual convergence needed for fusion of the object fixated . One would 
expec t  that if the subject  were orthophoric, that is, had no motor imbal­
ance for objects at the two distances ,  no fusional convergence whatever 
would be needed, though sensory fusion of the images would,  of course , 
be maintained . The fusional conve rgence is needed , therefore , only 
where an oculomotor imbalance (or heterophoria) between the eyes exists . 
Why oculomotor imbalances  exist at all is not c lear . They may often be 
due in part to the so-called tonic factors , uncorrected refractive errors, 
low accommodative -convergence ranges,  perhaps psychological factors , 
et ce tera .  

When binocular vision i s  prevented by  a suitable occluder before 
one eye , for a given point of fixation by the other, and thus a given stimu­
lus to accommodation, the occluded eye turns to a posit ion such that no 
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imbalance exists between the tensions of the extra-ocular muscles ,  or 
better .  an equilibrium exists in those tensions . The angle through which 
the eye has turned from pointing to the fixation point can be measured, 
for example , by using a Maddox rod as the occ luder,  which at the same 
time forms a streak image of the fixation point . By also introducing 
p risms of various strengths before the eye,  the image of this streak can 
be made to appear in the same visual direction as the fixation point . The 
strength of the prisms used then measures the angle -the phoria . This 
angular deviation is said to be a measure of the heterophoria, and it is 
assumed also to be a measure of the oculomotor imbalance when fusion 
is maintained . 

At the reque st of the chairman of this symposium, a method is 
briefly described here for obtaining a measure of the oculomotor imbal ­
ance when fusion of the images and normal convergence are maintained, 
and when both eye s are under the same s timulus to accommodat ion . This 
method rests on the fact that, because of the existence of Panum 's fusional 
areas , it is not necessary that the centers of both foveas be directed 
exactly upon the point of fixation . Thus,  if an oculomotor imbalance exists 
for a given fixation on a given target, it is possib le for the eyes actually 
to overconverge ( Fig . 6) .  or underconverge by a very small angle in the 

T r u e  p o i n t  
o f  c o n v e r g e n c e  

D�.!._o!.._ _ � - - ��t- _ 
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,. Ta r g e t  

P r o x i m a l  - -
..... --

-

L . E .  

F 

l i m i t  
........ ...... ....... ....... 

F i x a t i o n d i s p a r i t y  

R. E. 

Fig . 6 .  Schematic illustration of how. under  influence of conve rgent 
oculomotor imbalance , eyes will actually overconverge by 
a small angle , and yet images of target fixated will be seen 
single . 
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direction of the oculomotor imbalance, namely, an esophoria, or an 
exophoria, respectively (Fig . 7) . This small angular error in conver­
gence is called fixation disparity, because , when first d iscovered in 
horopter experiments using the nonius technique , it was c lear that the 
images of the fixation point were actually disparate when the experi­
menter was he terophoric (Ogle , 1 9 58 ;  1 9 62 ) . 

D i s t a l  
- - - - - -

P r o x i m a l _ - ­
---

l i m i t  
- - - - - ­

_ _ _ _ _ _ _ _ _  ...-

T a r g e t  

- -

L . E.  R . E .  

Fig .  7 .  Schematic illustration of how, under influence of divergent 
oculomotor imbalance,  eyes  will actually underconverge by a 
small angle , and yet images of target fixated will be seen single . 

To perceive this small angle of overconve rgence or underconver ­
gence ,  i t  i s  necessary only t o  present details near o r  at the fixation 
point, the images of which cannot be fused, and each of which ,  therefore , 
would be perceived in the primary uniocular visual direction of each eye 
separate ly ( Fig . 8) . Experimen ts have shown that if an oculomotor im ­
balance is present these dissimilar details will appear displaced in spite 
of fusion , whether  these details are seen foveally with peripherally fused 
images,  or extrafoveally with fusion for the images of a fixation object . 
In a recent s tudy, the angle of fixation disparity has been demonstrated 
and m easured objective ly . 

To measure subjectively the small angle of fixation d isparity, it is 
necessary only to design an instrument so that one of the two nonius lines 
can be displaced late rally with respect to the other, until the subject re ­
ports that the two nonius lines appear in the same visual direction (Fig . 9 ) . 
The actual d isplacement is then expressed in minute s of arc corresponding 
to the angle subtended by the separation of the two lines at the eyes . 
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A p p e a r a n c e  
Fig . 8 .  Type of target  used to demonstrate fixation disparity . 

T a r q e t 

L . E .  

I 
L R . E. 

A p p e a r a n c e  
Fig . 9 .  Type of target,  in which lower nonius line can be displaced 

horizontally, used to measure fixation disparity . 

Of special interest are the studies that show the manner in which 
fixation disparity changes as the oculomotor imbalance between the two 
eyes is artificially changed by prisms or by ophthalmic lenses . In either 
case, the re lationship between the accommodation and the convergence is 
altered with prisms by changing the stimulus to convergence ( Fig . 1 0),  
with lenses by changing the stimulus to accommodation ( Fig . 1 1 ) .  The 
pattern of response of the fixation d isparity measurements to these 
changes varies among subjects . 
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Fig . 1 0 .  For target at given observation distance ,  p risms base -in before 
eyes  reduce angle of convergence of eyes ,  and thus alter status 
between accommodation and convergence . 

Figure 1 2  illustrates typical data for a subject measured for both 
distant vision and near vision (Ogle & Prangen, 1 9 51 ) .  The abscissa of 
this graph corresponds to the prismatic deviation (in prism diopters ) in­
troduced : ·to the right of the origin prisms base -out, which necessitates 
an increased convergence,  and to the left of the origin prisms base -in, 
which necessitates a decreased convergence of the eyes if  fusion is to be 
maintained . On the ordinate are p lotted the measured angles of fixation 
disparity: above the origin for an overconvergence of the eyes,  i . e . ,  an 
esodisparity ( crossed) ,  and below the origin for an underconvergence , an 
exodisparity (uncrossed )-all in minutes of arc . When p risms are placed 
before the eyes base -in to cause a decreased convergence an esodisparity 
is induced ,  as though the eyes resisted the forced decrease in conve r­
gence . When prisms are placed before the eyes base -out to necessitate 
an increased convergence an exodisparity is induced , as though the eyes 
resisted the forced increase in convergence . Using the technique of ob­
taining measurements of fixation disparity by alternate ly p lacing p risms 
of inc reasing powe r base -in and then base -out before the eyes ,  by short 
exposures of the movable nonius test line , .and by not prolonging the 
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l m o o e s  
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Fig . 1 1 . For target at a given observation distance ,  ophthalmic lenses 
of minus powe r before eyes cause increase in stimulus to 
accommodation, again altering status between accommodation 
and convergence . 

pe riod of time used for the measurement, one obtains data that can be 
fitted by a smooth curve . At certain limits of p rismatic power the dis­
parity becomes large , and diplopia results ,  usually dramatically, for 
any further increase in prismatic deviation . These limits correspond 
to the usual p rism vergences . 

For distant vision the subject whose data are shown here is virtually 
orthophoric , but for near vision the re is a large exodeviation of 1 6  min­
utes of arc . The point where the curve crosses the abscissa indicates 
the p rism power for which the oculomoto r imbalance has been reduced to 
zero .  This particular p rism powe r would be comparable to the measure­
ment of the heterophoria obtained with disassociated vision . In the near 
graph , then , the equivalent phoria is about 1 3  prism diopters base -in­
an exophoria . 

The fixation disparity will also change when lenses are introduced 
before the eyes to alter the stimulus to accommodation, and thus to alter 
the accommodation-convergence re lationship as shown in the central 
graph of Fig . 1 3 .  On this graph the abscissa corresponds to the lens 
power in diopters, minus lenses to the right (because there would then be 
an increased stimulus to accommodation) ,  and plus lenses to the left 
( there would be a decreased stimulus to accommodation) . The range of 
lens powers that can be used is usually more limited than for prisms . 

If one plots the prism power that produces the same fixation dis ­
parity as does a given change in the stimulus to accommodat ion, one 
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Fig . 1 2 . Two sets of data for distant and near observation distances . 
Near set shows equivalent phoria of - 1 3 prism diopters . 
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Fig . 1 3 .  Sets of data showing change in fixation d isparity with both prisms 
and lenses, and derived graph giving relation between change in 
prism vergence and change in stimulus to accommodation . 
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almost invariably obtains derived data that fall on a straight line . The 
slope of this line is the accommodative -convergence / accommodation 
ratio (Ogle & Martens, 1 9 5 7) . 

It is not des irable to go further here with the phenomenon of fixation 
disparity . However, on the basis of these s tudies it may be assumed that 
the fixation disparity is a measure of the oculomotor imbalance while 
sensory fusion is maintained and both eyes respond to the same stimulus 
to accommodat ion . This measure , then, tells how the oculomotor imbal­
ance changes when changes are made  either with p risms or with ophthalmic 
lenses .  It would be concomitantly a measure of the strength of the inner­
vations that must be supplied to the extra-ocular muscle s of the eyes to 
p rovide the fus ional convergence necessary for binocular vision to be 
maintained on the object fixated . 

One might consider the slope of the tangent to the curve at any point 
as an inve rse measure of the strength of the fusion compulsion reflex at 
that point . 

In conclusion, this pape r has presented an over-simplified discus ­
sion o f  these topics :  

1 . the difficulty of determining the exact nature of fusion; 

2 .  the relationship between the fact of sensory fusion and the reflex 
nature of the innervations to the extra-ocular muscles necessary to main­
tain sensory fusion; 

3 .  the demonstration of the reflex compulsion for fusional move ­
ments that will maintain sensory fusion, but that in normal surroundings 
may be due to psycho-optical stimuli; 

4 .  the role of sensory fusion of disparate re tinal images brought 
about by Panum 's areas; 

5 .  the difficulties of obtaining a measure of the reflex compulsion 
to fusional movements to p reserve sensory fusion; 

6 .  the role of fusional convergence to overcome oculomotor 
imbalances; 

7 .  finally, the phenomenon of fixation d isparity used as a method 
of measuring, on the one hand, the degree .of oculomotor imbalance with 
fusion maintained , and , on the other hand, the strength of the innervations 
to the fusional processes to maintain sensory fusion . 
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VESTIBULAR MECHANISMS AND VISION! 

Earl F .  Mille r II and Ashton Graybiel  
U .  S . Naval School of  Aviation Medicine , Pensacola 

This report summarizes briefly the results of some investigations 
carried out at the U. S .  Naval School of Aviation Medicine dealing with 
the vestibular and visual systems under the influence of unusual gravita­
tional - inertial force environments (GIFE) . The initial stimulus for these 
researches stemmed from the need to evaluate the role of the GIFE in 
causing disorientation in pilots; now. space flight has p rovided an added 
impetus . It was learned early that exposure to unusual force environ­
ments greatly affected the flyer through the sensory receptors in his 
vestibular organs . and through them visual mechanisms,  and that . in 
turn. vision and the visual environment also affected the re sponses to 
stimulation of the vestibular organs . Thus , exposure to angular acceler­
ation, a physiological stimulus to the semicircular canals , re sulted in 
apparent movement of an object which was fixed in re lation to the observer . 
This has been termed the oculogyral illusion, and its form bears a definite 
re lation to the pattern of angular acceleration . Unusual patterns evoked 
bizarre effects . The Coriolis phenomenon may be regarded as a special 
instance of the oculogyral illusion in response to simultaneous rotation of 
the head about two axes which generates a Coriolis acceleration . Ocular 
nystagmus may be an associated re sponse to angular and Coriolis acceler­
ations and, when prominent . contribute s to the illusion . 

When a person is exposed to linear acceleration with a change in 
direction of the resultant force relative to himse lf, he not only feels that 
he is being tilted , but he also perceives an apparent displacement of ob ­
jects in the visual field which tend to accord with the new direction of the 
mass acceleration . The visual component has been termed the oculo­
gravic illus ion which has quite different characteristics from the oculo­
gyral or Corio lis illusions . An associated phenomenon is ocular counter­
rolling which is manifested to a greate r rlegree than when a person simply 
tilts with respect to the gravitational upright . 

1 This research was conducted under the sponsorship of the Office of Life 
Science Programs ,  National Aeronautics and Space Administration 
( Grant R-47) . Opinions and conclusions contained in this report are 
those of the authors and do not necessarily reflect the views or endorse­
ment of the Navy Department . 

Copyright © National Academy of Sciences. All rights reserved.

Recent Developments in Vision Research
http://www.nap.edu/catalog.php?record_id=18667

http://www.nap.edu/catalog.php?record_id=18667


1 23 

Simultaneous exposure to linear and angular acceleration alters the 
response s in a characte ristic manne r, sugge sting a close functional rela­
tionship between the two vestibular organs . Positional nystagmus, and 
positional alcohol nystagmus may be dep endent on this relationship . 

In carrying out the expe riments , an attempt was made to simulate 
the unusual fo rce environments in the laboratory, but in the case of weight­
lessness it was necessary to go aloft . It  was relatively easy to control 
vision and the visual environment, and it was possible to control the in ­
puts from the semicircular canals and the otolith apparatus by the use of 
subjects who had lost the function of the canals and , probably, also of the 
otoliths . The inve stigations sought to exploit these vestibula-visual phe ­
nomena: (a) in testing the function of the semi-circular canals and the 
otolith organs; (b) in using these phenomena as indicators in the investiga­
tion of different psychophysiological mechanisms including adaptation; and 
(c )  in attemp ting to show how these mechanisms are affected under the 
unusual force environmen ts to which man may be subjected in an aircraft 
or space ve hicle . 

Otolith Organs and Vision 

Linear acceleration, considered the adequate s timulus to the macular 
end organs , can be varied to evoke changes in ove rt behavior by reposi­
tioning the head (actually the otolith organs themselves) with re spect to 
gravity, moving it in a circular path at a con stant rate , or in a rectilinear 
path at an accelerating rate . Direction of the stimulus force is cont rolled 
by orienting the head with respect to the resultant gravitational- ine rtial 
force , which varies in magnitude as a function of velocity . Normal gravi­
tational acceleration can be counteracted comple tely or partially within 
the earth 's  gravitational field by Keple rian trajectory flight maneuvers . 
The otolith organs of humans can be p robed remotely by linear accelera­
tion in a way analogous to the direct mechanical stimulation of these organs 
in animals . It is possible to app ly forces of various magnitudes in specific 
directions relative to the anatomical spatial arrangement of the otolith 
organs within the skull; the mode of action and role in perception of the 
otolith o rgans can then be determined indirectly by measuring external 
changes such as occur in ocular counterrolling and egocent ric visual local ­
ization . Subj ects with known labyrinthine defects offe r a means of evalu­
ating the extent to which extra- labyrinthine factors are involved in these 
external signs of inner ear function . 

Counterrol ling 

When ce rtain experimental procedures are followed , the conjugate 
rolling move ment of the eyes around their lines of sight opposite to the 
lateral inclination of the head is gene rally held to be a dire ct reflex origi­
nating in the otolith organ . The distinct advantage of having an external 
indicator of otolith activity which is not under voluntary cont rol has been 
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outweighed in the past by the great difficulty in obtaining p recise measure ­
ments o f  the rolling movements . Throughout the long colorful history of 
counterrolling studie s ,  several methods of measuration have been used 
( Mille r, 19 62) . All have as a common basis the selection of anatomical 
landmarks on the eye to establish a refe rence p lane containing the line of 
sight for spe cifying the rotation of the eye around its line of sight . The 
most accurate of these older me thods yie lded a measuring error which 
was large even in relation to the maximum amount of counterrolling, in 
some cases less  than six degrees (0 ) ,  that can be evoked by head incli­
nation . 

A method involving photography of natural landmarks on the iris 
was devised to me et the requirement of greater p recision in measure ­
ment . A solution to the p roblem of  measuring very small amounts of 
movement of these landmarks was found in simple magnification . In this 
procedure , the film image of the entire eye is enlarged over 300 times 
the actual eye size by projection onto a distant screen . Measureme nt of 
angula r torsional movement around the center of the pupil is then accom ­
plished by supe rimposing upon each test image in succession a second 
projected image of the subjec t ' s  eye se rving as a standard of comp arison .  
More complete de tails of this measuring technique have been published  
(Miller ,  1 9 62) . It i s  sufficien t for this discussion to  point out that a high 
degree of accuracy and reliability in measurements  ( = ± 5 minutes [ m in  1 
of arc) is possible with this procedu re .  

Normal subjects . Counte rrolling measurements using the photo­
graphic technique have been made on seve ral normal individuals tilted in 
25° steps up to ± 75° from the gravitational ve rtical ( Miller & Graybiel ,  
1 9 62a) . Each of  these subjects revealed a qualitatively similar counte r ­
rolling response ( Fig . 1 )  t o  head inclination, but quantitative ly there were 
inte rindividual differences .  There we re also s ignificant right-left d iffer­
ences in some individuals but not in  othe rs . A more extensive study 
( Mille r, 1 9 62 )  was also conducted in which measurements were made at 
eve ry 1 5° within the frontal, sagittal, and two inte rmediate plane s . 
Maximal compensatory torsional eye movement was found in the frontal 
plane , somewhat less  in the inte rmediate plane s ,  and none at all in the 
sagittal plane . 

The absence of appreciable counterrolling when the head is tilted 
in its sagittal p lane doe s not justify any infe rence that compensatory eye 
reflexes arising in the otolith organs do not exist when tilting in this 
p lane . On the contrary, the re is evidence that the eyes move reflexly 
in a ve rtical direction directly counter to the fore -and - aft tilting of the 
head . In the counterrolling experiments ,  inne rvation to elevate or de ­
p ress  the eyes was compensated by counter-fixational inne rvation . Coun­
terrolling was always found to occur ( Fig . 2 )  opposite to the lateral com­
ponent of head tilt and to increase fairly rapidly up to maximum at a head 
inclination between 60° and 9 0° . From this point on counte rrolling de ­
creased but at a lesser rate than it increased, reaching about zero when 
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defective ( L-D) subjects ; closed c ircles  average values in minutes 
of arc; open circles : values for different trials at given body 
position) . 
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the head was positioned ve rtically downward . The curve in Fig . 2 repre ­
sents the average of several values obtained at each position for each 
head position . A considerable amount of variability among individual 
measurements far greate r than the measuring e rror has been found in 
almost every subject te sted , ind icating that a certain amount of physio­
logical unrest also exists with respect to the antero-poste rior axis of the 
eye . This variability has been obse rved by seve ral authors using various 
me asuring techniques .  

By the use of counte rrolling and known anatomical data a theory 
( "inward shearing ") was developed in an attemp t to explain the mechanism 
of otolith stimulation . It was p roposed that each of the otolith organs 
(utric les and saccule s) can be stimulated physiologically only by a shearing 
force applied inwardly. i . e . • toward the median sagittal p lane . This uni­
directional response , furthe rmore , reache s its maximum when the direc­
tion of the force (gravity) is parallel to the individual macular p lane s .  In 
its active zone the re sponse of each otolith, as indicated by counte rrolling 
move ments ,  appe ars to vary as a cosine square function of the angular 
displacement of the inward direction of the macula from the force of 
gravity . If the re sponse were proportional

-
to the gravity component in 

the inward direction of the macula, then the re sponse would be p roportional 
to the cosine of this displacement . But this simple relationship did not 
conform to the findings . The structure of the otolith organ apparently is 
such as to dampen the effect of gravity ( G) in yielding the cosine square 

Copyright © National Academy of Sciences. All rights reserved.

Recent Developments in Vision Research
http://www.nap.edu/catalog.php?record_id=18667

http://www.nap.edu/catalog.php?record_id=18667


1 27 

function . A more comp lete discussion of these factors has been presented 
elsewhe re ( Mille r,  1 9 62) . An important aspect of the general theory is 
the assumption that the saccules ,  like the utric le s ,  act as gravireceptors 
and ,  when activated , contribute a smalle r ,  ye t s ignificant effect upon 
counterrolling . The re are several studies that would tend to support the 
supposition that the saccule functions as an equilibria! organ . 

Labyrinthine -defective subjects . The photographic technique is 
particularly useful in measuring smaller-than-normal amounts of counte r­
rolling that are found in individuals with disease or otherwise damaged 
vestibular organs . Investigators with less  sensitive measuring devices 
had the d ifficult task of  d ifferentiating between a relatively large measur­
ing error and a possible small residuum of otolith function . Information 
gained from p recise me asurements of otolith organ activity is needed to 
evaluate _completely the inner ear organ triad and would complement the 
now routine audiometric and caloric irrigation tests of the othe r two 
auricular organs . If counterrolling, as has been assumed , is a specific 
indicato r of otolith activity, then the level of function should be revealed 
in the character of the counterrolling re sponse . In orde r to examine this 
theory, ten deaf subjects with b ilate ral loss of the semicircular canals 
were used as subj ects for counterrolling measurements ( Miller & 
Graybie l ,  1 9 62 a) .  As can be seen in Fig . 1 ,  these labyrinthine -defective 
( L-D) subjects did not disc lose the characteristic pattern found in normal 
subjects in most instances . The magnitude of the response was in all 
cases les s  than in a comparable normal group . In some instances ,  there 
was no definite evidence of counterrolling; in othe rs , it was limited to 
one direction of tilt ;  and in still others there was a small but regular 
dependence of counte rroll with the successive incre ase in bodily tilt . 
The highly s ignific ant diffe rences  between the normal and L-D groups 
must have been due to loss of function of the auricular sensory organs . 
More specifically, since there is no evidence that the counterrolling re ­
flex is released by the organ of Corti, and insufficient evidence that it 
originates  in the semicircular canals , but good evidence that it is released 
by the otoliths, it was conc luded that the reduction in counterrolling in 
these case s was the result of injury to the otoliths . Inte rindividual dif­
ferences in the L-D group are best explained by the p resence of some 
residual otolith function . It was p roposed that a single index -counter­
rolling (CI) -calculated as  one -half of  the diffe rence between the  gre ate st 
maximum roll associated with leftward and rightward tilt be used to de ­
scribe the functional status of the otolith organs for a given individual . 

Effect of change in gravitational ine rtial force environments . 
Counterrolling can also se rve as an indicator of the e ffect of physiological 
deafferentation of the otolith organs b rought about by eliminating or re ­
ducing the gravitational inertial force environment . The counter rolling 
response of six normal and s ix L -D subje cts was measured at five dif­
ferent tilt positions under zero G, 1 / 2 G, and standard G conditions . 
The average results of the normal and L-D groups are portrayed in 
Fig . 3 .  In the case of the normal subjects otolith activity as indicated 
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Fig . 3 . Counterrolling as function of magnitude of gravitational force 
(zero G. 1 / 2 G. 1 G) and head (body) position with re spe ct to 
direction of force in no rmal and labyrinthine defective ( L-D) 
subjects . 

by counterrolling response decreased in a regular fashion as the force 
was reduced . In the weightless condition tilting the normal individual 
would appear to have little effect upon the output of the otolith organs 
under the condi tions of the test . The L-D subjects manifested a greatly 
reduced but similar pattern to the normals . This  could be accounted for 
either as a re siduum of otolith function in certain of the L-D subjects. 
or as an effect of stimulation to extra- labyrinthine source(s)  of tonic in­
nervation to the extraocular muscle s . The former explanation seems 
more reasonable based on the re su lts  of the oculogravic illusion test and 
the care exercised to eliminate cervical . fixational. or binocular sources 
of cyclorotational eye movement . Even if these factors were involved.  
their importance is not great . as  evidenced by the small maximum amount 
of counte rrolling in the L-D group; thus.  it seems more reasonable to 
assume that otolith function has been revealed . It is interesting to note 
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that , in the normal group of subjects,  the 1 / 2 G curve falls somewhat 
short of the midway points between zero G and 1 G as might be p redicted . 
The s ignificance of this finding is not known . 

10 

LATERAL FORCE (G) 

Fig . 4 .  Degree of counte rroll as function of magnitude of 
force acting late rally on body (head) . 

Information conce rning the effect upon otolith activity ( counter ­
rolling) of increased gravitational-ine rtial force is  p rovided b y  anothe r 
study (Woellne r & Graybiel ,  1 9 59) . As shown in Fig . 4, the counte rroll 
varies as a function of the magnitude of the late ral force , even beyond 
the standard level of 1 G .  This demonstrates the important fact that the 
counterrolling response is normally stimulus bound and its limit is not 
reached even with a late ral force of 2 .  25 G .  The function at this higher 
level, however ,  is no longer linear . 

Egocentric Visual Localization 

Aube rt 's phenomenon and its variants . Man 's absolute localization 
of objects in space is made with re spect to his egocentric frame of refer­
ence . This frame of  re ference in turn is influenced by the . action and 
interaction of certain body mechanisms p roviding visual , vestibular, 
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tactual, proprioceptive , and other cues . When adequate visual cues are 
visible , they normally dominate all others so that judgments of the 
principal axes of space are quite precise , stable , and easily rendered 
( Mille r & Graybiel ,  1 9 6 3a) . Removal of empirical visual cues .  on the 
othe r hand , reveals considerable errors in perception, plus loss of 
stability and ease in localization, e specially when the d ire ction of the 
gravitational ( ine rtial) force deviates app reciably from the longitudinal 
axis of the head (body) . In the upright position , judgment of horizontality 
in normal individuals is not app reciably affected by the removal of visual 
cues . When individuals are placed in a recumbent position ,  howeve r, 
and background cues are removed , suddenly they observe . afte r a brief 
lag pe riod , a gradual spontaneous rotation of the phenomenal horizontal 
up to a maximum displaceme nt typical for a given individual . Supe rim ­
posed upon these changes is the fluctuant movement of the apparent hori­
zontal -rotary autokinesis ( Mille r &Graybie l, 1 9 63a) . The time course 
of these illusions in four subjects is p re sented in Fig . 5 .  

1 1 1  • •  10 11 4I U1 14  . .. 1t . ..  IO I1 1 I 
T...a IN .... INUT C e  

Fig . 5 .  Time course of pe rception of horizontality for each of four sub­
jects in upright (b roken line) or recumbent ( continuous line) 
posture with (unshaded strips )  and without ( shaded strips) visual 
reference cues . 

In addition to these re latively small fluctuations about the consider­
able average deviation, the average level of deviation itse lf was found to 
vary from test pe riod to te st pe riod as illustrated in Fig . 6 (heavy l ines 
rep resent average of the seve ral daily curves [ thin lines ] ) .  The variance 
in magnitude  of deviation, howeve r, does  not appear to occur in a random 
manner  but shows a regular dependence on the position of the head (body) . 
It is ,  the refore , possible to desc ribe a characteristic qualitative pattern 
of re sponse , even though there are quantitative inte rtrial d ifferences . In 
the three subjects tested at 1 0° intervals throughout the range of head 
tilts within ± 90° from upright , the apparent visual horizontal tended to 
rotate in the same direction ( E -phenomenon) as head (body) t ilt in 
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tilt in degrees as tested in three subjects during each of seve ral 
sessions . (Heavy lines represent ave rage of individual session 
c urves [ thin lines ] . ) 

Copyright © National Academy of Sciences. All rights reserved.

Recent Developments in Vision Research
http://www.nap.edu/catalog.php?record_id=18667

http://www.nap.edu/catalog.php?record_id=18667


1 3 2  

moderate amounts from up right, reaching a peak bilate rally at approxi­
mately 40° to 50° . Then it reversed d irection ,  causing the magnitude 
of deviation to decrease until the subjective was coincident with the objec ­
tive horizontal . Tilting of the head beyond this point resulted in further 
displacement in the direction counter to head inclination (A-phenomenon) . 
In all cases the deviation in the Aubert d irection continued to inc rease on 
the average in proportion to head inclination beyond the "neutral" point, 
so that the greatest deviation occurred at the maximum positions of tilt 
(±90° ) used in this study . 

Considerable information about these curious illusions has appeared 
in the literature since Aube rt 's  original work, but quantitative data are 
scarce ,  especially in larger angles of head tilt . The underlying mecha­
nism s are s till not comp letely known . Counte rrolling, a plausible expla­
nation of the E -phenomenon involving the visual system only, has been 
cited by certain authors . If this be the sole or primary cause of this 
phenomenon , L-D subjects without this compensatory eye movement 
would be expected to manifest little or no E -phenomenon . A recent study 
(unpublished) p rovides quantitative proof that this theory is untenable . A 
group of L-D subj ects compared to a similar group of normals revealed 
significantly more deviation in the E direction in certain moderate angles 
of tilt . 

An experiment (Miller & Graybie l, 1 9 6 3b)  was also c onducted in 
which a group of subjects with known bilate ral labyrinthine defects was 
compared with a group of normal persons  with respect to ability to judge 
horizontality as a function of upright , recumbent, and inve rted posture . 
The fact that the Aube rt illus ion and its variants have been reportedly 
observed by certain deaf subjects by no means proves that the labyrinths 
do not influence this p erception . On the contrary, although similar quali­
tative response s we re found among all subjects , there we re significant 
quantitative intergroup differences . When upright, the normals were 
able on the ave rage to maintain their accuracy, while the L-D subjects 
deviated significantly in their  settings to the apparent visual horizontal 
when empirical visual cues were re moved . Both groups of subjects in 
the recumbent position pe rceived the Aubert illusion, but the magnitude 
of the illusion was considerably les s  in the normal group . When inverted, 
both groups were les s  accurate in their estimates in the dark, but no 
significant intergroup difference was found . In spite of the fact that 
the re was som e  overlap in the group distributions of settings obtained in 
the upright and re cumbent positions,  indicating extra-labyrinthine factors 
were involved, the intergroup perceptual differences are best explained 
as an effect of the loss of vestibular funotion in the L-D subjects . It was 
concluded that the otolith organs in man act to increase his accuracy in 
egocentric visual localization, at least in the upright and recumbent 
posit ions . This conclusion is in alignment with an earlier finding ( Miller 
& Graybiel ,  1 9 62b) in which a group of L-D subjects as compared to a 
group of normals pe rceived significantly greater amounts of autokinesis, 
another indicator of egocentric visual localization . 
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Oculogravic illusion-normal subjects . Man seated up right can in 
effect be tilted by generating, as in the human centrifuge , a cent rifugal 
force which is vectorially added to the standard gravitational force; as a 
result, upright is perceived in the direction of the resultant gravitational­
inertial force . T ilting the subject with respect to gravity d iffers in one 
important aspe ct from tilting the gravitational-ine rtial resultant force 
with respect to the subject . The magnitude of the resultant force is al ­
ways larger  in the latter situation and bears a fixed but nonlinear re lation 
to the angle phi . 

It has long been known that normal persons pe rceive the oculogravic 
illusion, and some of its characteristics have been systematically investi­
gated (Graybie l ,  1 9 5 2 ) . Recent evidence (Clark & Graybie l ,  1 9 62) would 
indicate that the oculogravic illusion, as was found for the Aubert illusion, 
is a function of a number of complex factors othe r than input from the 
otolith or�ans . For example . this illusion increases with a reduction in 
visual framework exposed p rior to the rende ring of a judgment of hori­
zontality . In making this judgment, however .  using the frame of refe rence 
there was no evidence of adaptation in subjects exposed to constant cen ­
tripetal force for four hours . 

Normal subjects have been found to judge the visual horizontal in a 
similar manner which is more or less  in accord with the resultant force 
environment (Graybiel ,  1 9 52 ) . The curve (Fig . 7) depicting the me an 
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Fig . 7 .  E stimates of oculogravic illusion (OGI) by normal 
subjects . Single settings of luminous line . 
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values obtained by discrete settings to the apparent horizontal is typical 
of normal s ubjects . When continuous adjustments of the visual horizontal 
are made ,  a long delay is regularly observed between the time of peak 
acceleration and the time of the subject 's  peak re sponse . This is  pe rhaps 
due in part to a respons e lag of the peripheral sense organ, but is thought 
to be p rimarily due to delay in central ne rvous system mechanisms . A 
delay of sim ilar character was seen in the static tilt studie s .  

Oculogravic illusion -labyrinthine defective subjects . Failure to 
perceive the oculogravic illus ion has been ascribed to loss  of function of 
the otolith apparatus , but few studies have been carried out on L-D sub ­
jects, and few quantitat ive data are available to validate this c laim . A 
study (Graybiel & Clark ,  1 9 62 )  was , therefore , conducted to dete rmine 
the valid ity of the oculogravic illusion as a spe cific indic ator of otolith 
function . A group of deaf subjects having comp lete functional loss  of 
their semicircular canals but with unknown functional loss of the otolith 
organ was comp ared with a group of normal subjects in regard to the 
oculogravic illusion . In select ing naturally occurring expe rimental sub ­
jects with labyrinthine defects , the usual procedure is to screen a group 
of deaf persons , selecting those who also have lost the function of the 
semicircular canals . In doing this ,  it was not assumed that loss of all 
canal function was a valid ind ication of the comp lete loss of otolith func ­
t ion . Indeed , evidence from counterrolling and the study just cited indi­
cates that this assumption may be e rroneous in some case s . The m ean 
discrete settings to the apparent horizontal of the L-D subjects,  in con ­
trast t o  the normal group , we re not characteristic for all membe rs of 
the group ( Fig . 8) . Indeed , the variability was so great that con side ra-
t ion of the results of individual subjects in this group was necessary . 
Differences among subjects in the L-D group are explicable on the assump ­
tion that in certain membe rs the re was a specific level of residual function 
of the otoliths , and in others it was lost completely . Unilateral labyrin­
thine loss does not abolish the illus ion ( Graybiel & Niven, 1 953) . 

Semicircular Canals and Vision 

Nystagmus, induced by thermal stimulation or in response to 
angular or Coriolis acceleration, se rves as an indicator of semicircular 
canal function, but its use in this regard is complicated by factors which 
may alte r or abolish it . For example , it can be inc reased by mental 
activity . On the other hand , it can be reduced by introducing a visual 
fixation field , or by requiring a subject to repeat a particular patte rn of 
vestibular stimulation . The reduction in nystagmic response through 
stimulus repetition may stem from a loss of arousal or drowsiness ,  but 
there is also evidence  to show that nystagmus may be actively suppressed . 
Restriction of head movements to certain patterns dim inished nystagmus 
during a 64-hour exposure to rotation at 5 . 4  RPM within a 1 5 -foot diam ­
eter rotating room (Guedry & Graybiel, 1 9 62) . E fforts to maintain ale rt­
nes s  by instructions did not re store nystagmus . Moreover ,  the nystagmus 
measured following the rotational period was opposite in direction to the 
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Fig . 8 .  E stimates of oculogravic illusion (OGI) by labyrin­
thine -defective subjects . Single settings of luminous 
line . 

response produced by the same head movement during rotation, indicating 
that it was a conditioned response inasmuch as the stimulus was no longer 
Coriolis accele ration . Similar evidence of habituation was obtained from 
the subjective reports of the apparent motion ( oculogyral illusion) of a 
target light in an otherwise dark room . For conditioning purpose s,  head 
movement was confined to one quadrant of the frontal p lane . Subsequent 
tests we re then made in this quadrant (practiced) and the opposite quad­
rant (unpracticed) . D ramatic reductions in response occurred in the 
practiced quadrant, but habituation was not transferred to the unpracticed 
quadrant ( Fig . 9 ) . 

Vestibular Organ Interaction and Vision 

It is obvious that, in many areas , research concerning the inter­
action between vision and the vestibular organs has  only begun . Differ­
entiating the function of  the otolith and cupula organs has occupied the 
interes t  of many investigato rs in the past , but the complete understanding 
of vestibular function seems dependent also on expe rimental programs 
which are directed at the physiological connections between the two types 
of vestibular organs and their combined influence upon vision . 
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Fig . 9 .  Comparative magnitude and dire ction of Coriolis 
illusion assoc iated with single head movements 
before , during, and after p rolon ged rotation at 5 .  4 
RPM . Tests carried out at 7 .  5 RPM . 

Based on ove rwhe lming evidence, the re c an  be little doubt that the 
so -called vestibular nystagmus is released by the act ion of the semi ­
c ircular canals and , as in the examp le s  cited above , is modified by the 
cent ral nervous system .  A basic question that now needs to be answe red 
is whether under special circ um stances the otolith organ may also either 
release it indep endently or contribute an essential element for its release 
by the canals . The fact that nystagmus can be elic ited in ce rtain indi­
viduals by simply changing the position of the head is strong evidence 
that the otolith organ is involved in this ocular response . 
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INT RODUCTORY RE MARKS BY THE CHAIRMAN 

Robe rt M .  Boynton 
Dep artment of Psychology 

Unive rsity of Roche ster 

1 4 1 

Progre ss in science depends to an important extent on the develop ­
ment of ne w expe rimental techniques .  In the inte rdiscip linary subject of 
visual science , such developments sometimes come from the work of 
those directly concerned with vision, and some time s from those whose 
interests are quite diffe rent . This fact is reflected in the four pape rs 
pre sented in this section . Two of the authors, Drs . Krauskopf and 
Comsweet,  are recognized as outstanding vision re se archers whose 
many contributions are we ll known . The othe r two authors , D rs . Blough 
and Stark,  are not p rimarily vis ion -orie nted , but have worked intensively 
on visual p roblems since such p roblems were amenable to attack by thei r  
methods . 

The oldest of the techniques reported he re , that of stabilized 
image s ,  is only about ten ye ars old . Since the first,  nearly s imultaneous , 
and independent reports of Riggs , Ratliff, Cornsweet, and Cornsweet and 
Ditchburn, in the early 1 9 5 0 ' s .  many expe riments have been devoted to 
this subject, whose importance seems to have been recogniz ed in stantly . 
The fac t  that the visual pe rcept fades out comp lete ly under some condi­
tions of retinal im age stabiliz ation serves to emphasize that the visual 
recep tors tend to re spond to change in illumination level ,  rathe r than to 
steady levels as such . Such effects are most e asily obse rved with low 
contrast objects ( or very small test obje cts) in pe ripheral vision, where 
the fading may be observed with careful fixation, even without the use of 
stabiliz ing optics ( the so-called T roxle r phenomenon) . But with large , 
high- contrast . centrally-viewed stimuli, it is sometime s obse rved that 
fading d oes not occur, even with stabilizing optic s ,  o r  that it is t ransitory, 
with vision returning unp redictably from time to time . D r . Cornsweet 
believes such results are artifacts , usually associated with slipp age be ­
tween the eye and the contact lens which supports a mirror that is part 
of the stabilizing optics used in many expe riments . He reviews some of 
the various methods and c omments p articularly upon the p roblem of 
artifact,  which is ve ry important for any theoretical inte rp retation of the 
results . 

The other full- time vision expert , Dr . Krauskopf, reports on 
methods which had their start with the work of Campbe ll , Rushton, 
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Brindley, and Hagins in Cambridge , England , and Flamant in Paris in 
the middle 1 9 5 0 ' s . Images upon the fundus of the eye have , of course , 
been observed ophthalmoscopically for more than one hund red years but, 
until recently ,  the se could not be easily measured due to the lack of 
suffic iently sensitive non-visual senso rs . Photomultipliers have p ro­
vided the needed detecto rs The mode rn  methods have been applied 
p rincipally to two p roblems:  ( a) the bleaching of retinal photopigme nts ,  
and (b) measurements  of the quality of  the re tinal image . Dr . Krauskopf, 
from his expert knowledge , explains the difficult technical problems in­
volved in making such important measurements . 

The use of animal subjects in sensory expe riments is necessary 
be cause many physiological expe riments can be pe rformed on animals 
which are not possible on human subjects . Psychologists for many years 
have used animals in a variety of expe riments in which visual discrimina­
tions we re involved The methods used have been gene rally very diffe r­
ent from those one would use with human subjects, because of a feel ing 
that it would be impossible to instruct animals to make the kinds of dis ­
criminations that human subjects make (and then only highly-trained 
ones) in the expe riments of classical visual psychophysics . The develop ­
ment of animal psychophysics , which began with the work of Blough and 
Ratliff at Harvard in the middle 1 9 5 0 ' s ,  is p redicated on the assumption 
that it is  possible to do classical psychophysical expe riments with 
animals ,  p rovided that one is c lever enough to succeed in "telling" the 
animal what he is to do . The p rocedures  that are proving effective are 
those of operant conditioning introduced originally by Profe ssor B .  F .  
Skinne r .  An important aspect of these p rocedures is that they are auto­
mated : it takes a ve ry long time to train an animal for some psycho­
physical problems and the patience of the expe rimente r is much les s 
s trained if he can put the animal in the box , turn on the automatic con­
t rols, and read a book, or even leave the laboratory . It should be men­
.tioned that the re is art as well as science involved in these t raining pro­
cedures . Dr . Blough, in addition to being a first -rate scientist , is one 
of the re al artists in this fie ld . 

A few years ago it would have seemed ridiculous to predict that 
electrical enginee rs would some day come to have an intense interest in 
human sensory processes . Now this is a commonly accepted fac t ,  and 
in a double sense . It is obvious that one 1 s conceptualization of the visual 
system may be improved by applying p rogre ssive ly more sophisticated 
models borrowed from other areas , provided that the models really seem 
to fit , s ince much , if not most,  theorizing about complex systems involves 
the use of models . It is perhap s le ss obvious that the study of biological 
systems may help to provide engineers with better solutions to their non­
biological problems,  but there is now a field of inquiry (bionic s) dedicated 
to that p roposition . 

To get work started in a new field often requires an unusual human 
being whose background and talents  spread beyond the usual boundaries 
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such a man-a physician turned electrical engineer  who has been able to 
bring the biological and engineering approache s togethe r .  Although 
classical physiologists recognized long ago that there are many servo­
systems and feedback loops in the nervous system , they did not use such 
terminology and they knew little about man-made servo devices,  many 
of which are very recent . Meanwhile, the electrical cont rol enginee rs 
have been develop ing some very sophisticated concepts,  devices ,  and 
mathematical techniques for the analysis of servomechanism s .  Dr . Stark 
describes how such methods may be applied to the study of such biological 
servosystem s as the pup illary control mechanism, and the system which 
controls eye movements . 

It is to be expected that fo r many readers one or more of  the four 
areas of methodology described here will be encountered for the first 
time , and it is  to be hoped that this encounte r will lead to furthe r reading 
and to the development of new experiments and app licat ions that might not 
otherwise have been forthcoming . For others , who may al ready have 
some knowledge about all four areas, up - to-date reviews by experts who 
are working with the methods should be useful . 
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VISUAL PSYCHOPHYSIC S WIT H ANIMALS 

Donald S .  Blough 
Department of Psychology 

Brown University 

The past few years have seen re newed inte re st in animal psycho­
physics . The impetus has come largely from the desire to obtain 
physiological and psychophysical data from the same or comparable 
species ,  rathe r than re lying on lower animals for the one and human 
observers for the othe r .  New behavioral techniques are making this 
conve rgence incre asingly practicable . 

In many respects, the new methods are similar to c lassical tech­
nique s in which the animal chooses one of two stimuli by running or 
jumping to it, and is rewarded for "correct " re sponses . The new methods, 
howeve r, are more efficie nt,  and, in some cases, more sensitive . The 
animal stays in one p lace and responds rapidly to keys or levers; it re ­
mains unhandled for long periods and makes a high number of discrimina­
tive re sponses per minute . 

Four illustrative techniques are cited he re . All of them use pigeons 
as subjects, but , though the p igeon is a highly visual animal, there is 
reason to believe that the methods are applicable generally . Variations 
with monkeys, rats ,  and othe r spe cies have been used successfully in 
visual and auditory work . Each procedure does two things : ( a) it presents 
stimuli and records responses to these stimuli, and (b) it sets up and 
maintains the discriminative behavior through reinforcement techniques . 
To do these things some rathe r complex manipulations  are necessary and 
they can be only roughly sketched here . ( See refe rences for more 
complete descriptions of some of the methods . ) 

The first method is a tracking technique for determining the absolute 
de tection threshold through time . The subject stays in a dark enclosure, 
and it responds to visual  stimuli by operating two keys . The essentials 
of the situation as used with the pigeon are shown in Fig . 1 . The bird is 
first trained to pe ck either key for food reward . Next, it is trained to 
peck Key A when the stimulus is visible, and Key B when the stimulus is 
off . If it perform s this task correctly it will "track " its absolute thresh­
old , for pecks on Key A automatically reduce the intensity of the stimulus, 
while pecks on Key B increase the intensity . The method is similar to, 
and derives from, Beke sy's technique (1 947) for determining the human 
auditory thre shold . 
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Central t o  the method i s  the p rocedure used t o  reward correct 
behavior . One cannot consistent ly reward with food all pecks on Key A 
given when the stimulus is visible and all pecks on B when the stimulus 
is not visible , since the threshold of visibility is not known in advance . 
Henc e ,  a "chain " is set up .  Pecks on Key A, instead of p roducing food 
reward , occasionally cause a shutter to close . (See Fig . 1 . ) Pecks on 
Key B are rewarded only when the shutter has been c losed in this way . 
Thus , the pigeon wo rks on Key A "to turn off the stimulus "; it works on 
Key B, when the stimulus is off. "to get food . " These reward contin­
gencies are intermittent; much of  the time , the pigeon 's  re sponses only 
vary stimulus intensity, and du ring these intervals the thre shold tracking 
data is collected . A complete desc ription of this me thod may be found 
in Blough, 1 9 5 8 . 

Thresholds dete rmined by this  tracking me thod have yie lded infor­
m ation on dark adaptation (Blough , 1 956) , spectral sensitivity ( Blough , 
19 5 7a;  Blough & Schrier, 1 9 63 ) ,  and drug effects (Blough, 1 9 5 7b) . The 
method has been applied to the dete rmination of critical flicke r frequency 
(CFF) in monkeys ( Symmes,  1 9 62 ) ,  and in a numbe r of auditory studies . 

A related technique has been applied to the dete rmination of wave 
length d ifference thresholds . The p igeon subjects view a c ircular split 
field p rojected upon one of two response keys . The fie ld is divided 
horizontal ly into half-circles of the same or s lightly different wave lengths . 
If the fields are of the same wave length, the bird is rewarded for pecking 
a dark key next to the spot . The number of successive pecks required 
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for reward can be varied independently for each key, allowing the expe ri­
me nte r to counte ract position p refe rences . A correct choice of the dark 
key, when the wave lengths diffe r, cause s the diffe rence to inc re ase 5 
millimic rons (m�J.) on the next trial . The difference level to which the 
bird adjusts the stimulus p rovides an index of its difference lime n .  

After con siderab le p re training, birds were run with seve ral basic 
wave lengths each day . Extens ive data on one bird suggest that the shape 
of the wave length diffe rence fun ction ove r the range from 49 0 m�J. to 
620 m�J. is similar to the human function . The absolute level of the differ­
ence limen- somewhat highe r than the values usually cited for human 
subjects-has litt le meaning because it depends on expe rimental pa­
rameters . 

An adjustment me thod has also been used to study brightne ss pe r ­
ception and con trast in the p ige on . He re the bird is "asked " to "report " 
which of two spots looks brighter . The spots appear on two keys s ide by 
side , ard the b ird is inte rmittently rewarded fo r pecking at the more 
intense spot . Pecking a given spot , however, causes the app aratus to 
dim that spot slightly and increase the intensity of the othe r .  The t rained 
bird switches from key to key, pecking at each spot in turn as it becomes 
the more intense . A st rip -chart continuously records the bird ' s adjust­
ments of  the spots . Contrast effects were recorded in one study by putting 
a bright surround around one of the spots . In almost all cases ,  the birds 
pecked in such a manne r as to increase the intensity of the spot on this 
b right fie ld . This is, of course , the reaction of the human subject when 
asked to p roduce a b rightness match in such a contrast situat ion . 

Carr and Guttman, at Duke Unive rsity, have p roduced impre ssive 
data on CFF (unpublished) , using a new variant of the two - choice p ro­
cedure . The pigeon faces two re sponse keys . The se keys are always 
identically illuminated at any given time . This stimulus illumination may 
vary from time to time with respect to intensity and flicke r rate . If the 
stimulus (both keys) is flickering, the bird is rewarded for pecking the 
left key; if it is steady, the bird is rewarded for pecking the right key . 
Figure 2 shows the percentage of left -key response s typical of one bird, 
as a function of flicke r rate . Carr and Guttman find a line ar relation be­
tween CFFs dete rmined in this manne r and intensity . They hope to use 
this relation to dete rmine equal b rightne ss functions for the pigeon, 
choosing a constant CFF as the c riterion . 

A final new deve lopment is represented by the wo rk of Herrnstein 
and van Sommers ( 1 9 62) . Using as their measure the response rate of an 
animal responding freely,  they have obtained data suggestive of "inten­
sity scal ing" data from human experiments . The pigeon subjects were 
rewarded for pecking at diffe rent rates to each of seve ral selected 
stimuli; the ir rate s to other intensitie s, not spe cifically assoc iated with 
reward,  we re recorded also . The re sults sugge st a powe r law relation 
between pecking rate and stimulus intensity . 
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The above summary indicates how new behavioral techniques may 
be used to attack with animal subjects some classical p roblems in vision . 
They show that the behavior of animal subjects can be closely controlled 
by stimuli- in some cases with a p recision rivaling that achieved in ex­
perime nts with human subjects . The new method s raise the e fficiency 
of animal work by the use of inte rmittent reward , free responding with 
the opportunity for many "c ritical re sponse s " per  minute ,  and "feed -back " 
in the form of stimulus adjustme nt dependent on re sponding . The funda­
mental training problem is the same as ever: to "tell " the animal what 
to discriminate . The solution to the training p roblem is to maximize 
reward for the desired discriminative behavior.  and to minimize reward 
for unwanted behavior .  
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MEASUREMENTS OF LIGHT RE FLECTED FROM THE RETINA 

John Krauskopf 
Unive rsity of Maryland 

and 
Walter Reed Army Institute of Research 

1 49 

When one looks into the eye using an ophthalmoscopic arrangement, 
reflections from the sclera, iris , cornea, lens surfaces ,  and retina may 
be observed . All of these reflections have been used to measure charac ­
teristics of the eye . This paper is concerned with three recent uses of 
light reflected from the retina: experiments on the spectral reflectivity 
of the retina; s tudies of photopigme nts in vivo; and measurements of 
retinal image formation . 

Retinal Reflectivity 

The first of the se expe riments may be considered as analogous to 
the test tube study of the absorption spectrum of p igments,  but is greatly 
complicated by the fact that the exp eriments are performed on the living 
eye . In the test tube case , monochromatic be ams,  weak enough not to 
bleach the p igments, are passed through test solutions and solvent con ­
trols and allowed to fall on a phototube . Comparison of the phototube 
output for test and control samples at various wave lengths throughout 
the spectrum yields the absorption or density spectrum fo r the pigment .  
The spectrum thus me asured is not necessarily related to visual function . 
Impurities may yield spurious absorption and the photopigment itself may 
absorb light in ce rtain spe ctral regions with the rmal but not photochemical 
effect and , therefore ,  has no visual effect . 

Alpern and Campbe ll ( 1 9 62 )  were not directly interested in photo­
chemistry . Rathe r, they were concerned with retinal reflect ion in the 
interpretat ion of the spectral sensitivities of the pupillary response . To 
this end ,  they comp ared the amount of light ente ring the eye at various 
wave lengths with that eme rging after reflection through the pupil . These 
measurements we re trans lated into retinal spectral reflectivities by cor­
rection from the transmission p rope rties of the ocular media . Both 
absolute and relative re flectivity data have been published . Interp retation 
of these expe riments is difficult . It seems quite like ly that the relative 
reflectivity of the retina may be measured with accuracy, but data to be 
presented later make it clear that it is quite difficult to measure the 
absolute reflectivity to a useful precision . 
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Measurement of Photopigments 

If the re is inte re st in photopigment s ,  it is obvious that retinal 
reflectivity per  se will not produce the information re quired . A variety 
of impuritie s is p re sent with an inhomogeneou s mixture of photopigments . 
In the study of photopigments , which in the main has been c onducted in 
England by Rushton and Weale and the ir  collabo rators,  primary int e rest  
has cente red on the d iffe rence spectrum . 

In the te st tube case , the diffe rence spectrum is measured by 
comp aring the phototube output at various wave lengths befo re and after 
bleaching . If the solut ion contained but one photop igment , and the photo­
p rod ucts did not s ignificantly absorb in the re gion of inte re st ,  the re sult 
might be simply inte rp reted as giving the e ffective absorption spectrum 
of the photopigme nt, but this is not usually the case Even in tho se cases 
whe re purified extracts are me asured , an inc re ase in absorption in cer­
tain parts of the spectrum is found following ble aching . This m eans that 
the photoproducts do significantly absorb visible light, and the d ifference 
spe ctrum must be inte rp re ted as yie lding the absorption spect rum of the 
photopigm ent minus the ab sorp tion spe ctrum of the photop roduct s . In the 
case of rhodop sin ,  the difference spectrum doe s agree rather we 11 with 
the psychophysically me asured scotopic spectral sensitivity curves ove r 
most of the sp e ctrum ,  excep t  in the short wave lengths where the photo­
p roduct absorbs . 

In extend ing the me asurement of photopigments to the living eye ,  
Rushton and Weale have followed somewhat diffe rent app roache s .  Weale 
( 1 9 59 )  has concentrated on getting data rapidly throughout the spe ctrum . 
Rushton ' s  me thod, while a good deal slower in p roducing data, mo re 
c losely fits the ideal of null measurement . This review is primarily 
concerned with Rushton ' s  exp eriments, as they are more extensive and 
typify what can be achieved . 

A rec ent ve rsion of the app aratus used by Rushton ( 1 9 5 8 a) is shown 
in Fig . 1 .  The main beam of the apparatus is a double monochromator . 
Slits in the spe ctrum plane Q • . .  Q allow the selection of diffe rent mono ­
chrom atic test band s . On the assumption that little bleaching takes p lace 
in the far red e nd of the spectrum , a long wave length refe rence light is 
selected by use of the uppermost slit which is cove red by a polaroid P1 
oriented in one direc tion . T e st light s may be s e le cted by uncove ring one 
of the other s lits which are cove red by a second polaroid P2 o riented at 
right angles to P1 . Polaroid P0 is rotated so that light alternate ly is 
pas sed by P1 and P2 . W is a neutral wed ge which is used to adj ust the 
output of the photoce 11 P .  C .  to a steady level when the two lights alter­
nately reflected from the retina are equal . s1 and s2 are b leaching 
sources which may be int roduced into the main beam . Suitable stop s 
are p resent to eliminate stray light from the iris , sc lera, and non - focal 
parts of the re tina . The corneal reflex is eliminated in this arrangement 
by being deflected to one side,  since the input beam ente rs one s ide of 

Copyright © National Academy of Sciences. All rights reserved.

Recent Developments in Vision Research
http://www.nap.edu/catalog.php?record_id=18667

http://www.nap.edu/catalog.php?record_id=18667


Fig . 1 . Rushton 's  refiection dens itometer . 
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the pupil and the recorded beam is taken out of the other side of the 
pupil . A suitable stop insures that the defiected beam does not enter 
the photomultiplie r .  

An examp le o f  measurements o f  bleaching and regeneration of 
rhodops in  by Campbell and Rushton (1 9 5 5 ) is given in Fig . 2 .  The ordi­
nate is  in  centimeters (em) of wedge d isplacement , which may be con­
verted to  pigment density i f  the wedge calibration i s  known . The three 
limbs of the bleaching curve (open circles) repre sent the effects of lights 
of different intensities in the ratios indicated . The time course of 
bleaching and regeneration ( solid circles)  are in accord with expectations 
from p sychophysics . A good deal of other supporting evidence just ifie s 
the conclus ion that a visual pigment was being measured . These results 
were obtained by recording with the light refiected from the periphe ral 
retina . 

When attacking the cone pigments ,  a much more difficult s ituation 
is encounte red . In order to e scape contamination by rhodopsin, meas ­
urements  must be made in the small,  rod free,  area of the fovea . Since 
efforts to extract cone p igments have been very dis appointing, it is 
reasonable to assume that litt le cone pigment is present . Furthermore , 
even in the te sttube , the situation become s much more difficult if more 
than one photopigment is  p resent in the solution . Rushton ( 1 9 58a) there ­
fore , began the study of cone p igments with color blind (protanopic and 
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Fig . 2 . Bleaching and regeneration curves for human 
periphe ral retina . 

deute ranopic) subjects . The protanope is of particular inte rest,  s ince it 
is gene rally agreed tha t he has but one pigment operating in the middle 
to long wave length portion of the spectrum . 

Figure 3 shows a regeneration curve for a protanopic subject 
( Rushton, 1 9 58a) . In gene ral form it is like the rhodopsin curve, but, 
as expe cted , the t ime course is speeded up . Difference spectra recorded 
with two protanopic subjects are illustrated in Fig . 4 .  The line and 
circles  are luminosity data . Considering the d ifficulties of the experi­
ments , the difference sp ectra data (the boxes) show remarkably good 
agreement with the luminosity data . A puzzling feature of these data is 
the absence of any evidence of a blue recepto r .  Three possible explana­
tions of this lack have been offered . One involve s the notion of foveal 
blue blindness . Perhaps the re are no blue receptors in the fove a .  
Secondly, the yellow macular pigment may absorb the blue light s o  strongly 
that too little remains to reveal the blue pigment . Finally, in agreement 
with the low contribution to luminosity of short wave length light, there 
may be little blue pigment pre sent . In any case , to date no evidence of 
a blue pigment has been obtained . 

The deute ranope is a less satisfactory subject since more doubt 
exists with regard to the number and nature of the p igments in his eye . 
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Willmer ( 1 9 55) presents data sugge sting that two classes of deute ranopes 
may exist : one m issing a green receptor. and the other a fusion type in 
accordance with the Fick - Leber hypothe sis . Rushton reported some data 
on one deute ranope which indicated two pigments , but recent p sycho ­
physical data sugge st that this is true for few it any deuteranopes 
(Speelman & Krauskopf. 1 9 63) . 
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The normal subject definitely presents the problem of measuring a 
mixed samp le of photopigments . In te st tube wo rk ,  one can test a s olution 
for homogeneity by b leaching with lights of diffe rent spe ct ral composition . 
If but one photopigment is p resent the diffe rence spectrum will be invari­
ant unde r diffe rent b leaching lights . If it is not it may be possible to  re ­
duce to insignificant concent rations all but one class of photopigments , 
and to demonstrate this by further homogeneity te sts , which at the s ame 
time will yie ld the difference spectrum of the re sidual component (Dartnell, 
1 9 57) . 

Re sults obtained by the me thod of partial b leaching on the normal 
subject are shown in Fig . 5 .  First ,  the retina was bleached with a long 
wave length light which had been shown to have no e ffect on the protanope . 
This produced the right hand difference spectrum . This was followed by 
furthe r bleaching with white light which p roduced the second d iffe rence 
spectrum . 

Dcublt Dmnf_y 
o-o� PS+ 

0.03 

0 02  

OoOI 

0.02 

0.01 

Fig .  5 .  Difference spectra for deuteranope by method of 
partial bleaching . 

Almost all p sychophysical sp ectral sensitivity curves are based on 
an equal response crite rion . Thus , it is advantageous to use the same 
approach in collecting data which are to be compared with psychophysical 
data . For example , it is now common practice in e lectroretinogram 
work to find the stimulus required to evoke a criterion e lectrical output 
rather than to measure the output for equal energy stimuli . The photo­
chem ical equivalent is  the action spectrum . In this case , a suitable 
measuring light is chosen, one for which the difference in density before 
and after bleaching is large . The bleaching effectiveness  of various 
spectral lights is then assessed by find ing that level of illumination re ­
quired to produce some criterion change in density for the test light . In 
the test tube case , colored impurities will d istort these measureme nts; 
where the impurities absorb strongly they rob light  from the photopig­
ments and make it appear that more light is required to bleach . Again, 
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the case in which two or more photopigments are present greatly compli­
cates matters . The partial b leaching technique can be used ,  but artifacts 
may be introduced if the photoproducts absorb significantly in the spec ral 
region of inte rest ,  since they would act in the same manne r as other im ­
purities . 

Action spectra we re me asured by Rushton ( 1 9 58b)  by determining 
the bleaching effect of lights which we re judged equal in brightness by his 
subjects . The tes t  light was always the same, while the spectral compo­
sition of the b leaching lights was varied . The expectation that lights which 
look equal in brightness should be the same in bleaching effect was sub ­
stantially confirmed in the case of rhodopsin and the cone pigme nt of the 
protanope .  Fairly good agreement was also obtained between the differ­
ence sp ectra and action spectra . A more complex analysis was involved 
in the dete rmination of action spectra in the case of two pigments of the 
normal obse rve r .  

In addition to the measurement of spectra, results have been pro­
duced which are designed to provide evidence on the amount of pigments 
present , their photosensitivity, density, and app arent density, and the 
kinetics of light and dark reactions . 

In this inte rpretation of the data, Rushton has assumed that the 
measuring light passes through the photopigments twice,  and that the 
density change s recorded are , therefore ,  double the changes in the photo­
pigme nt density . For this to be corre ct it would be necessary for all the 
light to p ass through the p igments . But it does not seem likely that such 
a perfect  arrangement exists . Lewis ( 1 9 56)  has p re sented data on the 
rat retina which suggests that some of the light passe s between the re ­
ceptors . Anothe r requirement for Rushton 's  inte rpretation is pe rfect 
elimination of stray light from othe r ocular surfaces .  In all probability, 
the quantitative inte rpretation of bleaching and regeneration will need 
revision as more is learned about the nature of reflection by the retina . 

In this review of the experiments no attempt has been made to go 
into the precise shape of the spectra obtained . The re is still a good deal 
of unce rtainty in these matters . Nor have the d ifferences between the 
findings of Weale and Rushton been discussed . There exists fairly good 
agreement in regard to the general spectral character of the pigments , 
but the two groups do disagree on details . Considering the comp lexities 
of the measurement p roblem and the low levels of light this is hardly 
surprising . Important work remains to be done on the se problems . Re ­
fining the measurements of the two cone pigments already identified and 
seeking the evasive blue p igment are two of the more important outstand ­
ing problem s .  
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Retinal Image Formation 

The light reflected from the re tina may also be analyzed to provide 
information about the quality of the optical system . Although this is  not 
a new idea, there has been a recent outbreak of  work on this p roblem . 
The pioneer work was done by Flamant ( 1 9 56) nearly ten years ago . She 
used a difficult bu t e legant technique which involved the photographing of 
the retina with an ophthalmoscopic arrangement while the s ubject viewed 
a vertical bar target . In more recent work ,  the sensitivity of the meas ­
urements has been greatly increased by the use of photomultiplie r tubes  
allowing more detailed quantification . This report, therefore , will con ­
cent rate on the later work . 

Work in this area has been stimulated by the recent burst of activity 
in optics in the applicat ion of s ine -wave -re sponse theory . An important 
event in this context was the appearance of Duffieux ' s  book ( 1 9 47) on the 
application of Fourie r analys is to optical systems, but , as is often the 
case, this was preceded by important work of some of  the luminaries of 
the 1 9 th century, notably Miche lson and Rayleigh . 

In using an ophthalmoscopic system to measure the light distribu ­
tion on the re tina, one is faced with the p rob lem that the retinal image 
cannot be examined directly . In animal eyes,  as in DeMott 's  experi­
ments ( 1 9 59 ) ,  i t  is  possible to remove the back of the eye and measure 
the light distribut ion after a single passage through the optics of the eye . 
Figure 6 illustrates an apparatus which has been used to make the ophthal­
moscopic type of measurement s (Krauskopf, 1 9 62 ) . The subject views a 
bright ve rtical bar target,  T ,  fo rming an image , T ' . The light , d iffusely 
reflected from the retina, passes out of the optics of the eye and is  imaged 
by them back in the target plane , but part of the light is reflected by a 
beam splitter Ml so that an image, T 1 � of the re tinal image, is formed 
in the plane of L4 . This is the image that is to be me asured, but in 
order to make provisions for controlling effective pupil size , a relay 
system L4 and L5 (which contributes negligible de gradation) is included 
so that a last image T 1 1 1  is formed . Anothe r ve rtical slit , located in 
this plane , provides a window for a photomultiplier . When the photo­
multiplier is moved horizontally, its output traces the light d istribution 
in the image of the target slit , doubly degraded by the eye optics . 

A second set of images may be traced through the system, starting 
with the source filament and p roceeding through Dl , the eye pupil plane , 
and 02 . Since the eye is dilated by instillation of cycloge l, the effective 
pupillary ape rature for the incoming beam is determined by the size of 
Dl and that for the outgoing beam by 02 . 

Westheime r and Campbell ( 1 9 62 )  used a s imilar but simpler  and 
apparently more efficient system in which the pupil s ize was controlled 
by a conventional artific ial pupil located near the eye . Ye t another 
comparable arrangement has been used by ROnler ( 1 9 62 ) . Happily, this 
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is one of tho se situations in which the results of all investigators are in 
accord in all but the most minor details . 

Once the light distribution of the doubly degraded target has been 
measured, the p roblem is to deduce the quality of the image on the 
retina . One way to look at the p roblem is to conside r the optics as con ­
sisting of two optical systems of identical characte r in tandem . On the 
hypothesis that rays trave lling in opposite d ire ctions along the same path 
behave in the s ame way, this is a reasonable model . In this model,  the 
image of the first system serve s as the object of the second system . One 
can make this ass umption since the light is diffused by the retina . A 
sche matic rep re sentation of the light distributions p roduced on the retina 
and in the p lane of the scanning slit is given in Fig . 7 .  The target,  the 
uppe rmost graph, is assumed to be an infinite simally narrow bright bar . 
On passing through the optical system once ,  the distribution becomes a 
roughly bell -shaped curve . This d istribution is known as the "line sp read 
function " of the system . If a point instead of a lin e t arget  had been used, 
one would ge t a similar radial d istribution known as the ''point spre ad 
func tion . "  On re -imaging the light diffusely re fle cted from the retina, 
the retinal image can be cons ide red as composed of an infinite .number of 
infinitesimally narrow line s  which vary in intensity in accordance with 
the line sp read function . Each of these e lements produces its own light 
distribution in the se cond image plane . All these dist ributions have the 
shape of the line sp read function, but their heights vary according to 
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Fig . 7 .  Schematic representation of imaging of 
narrow bright line target in ophthalmoscope . 

their locat ion in the first image . In all of this , it ·is assumed that the 
light is incoherent , and , thus , the contributions of the e lementary distri­
butions can be summed to compute the shape of the resultant distribution 
of light in the second image plane . 

The p roblem in the ophthalmoscopic case is that the initial and 
final distributions are known and one seeks to deduce the intervening, 
retinal light distribution . This might be done in a variety of ways, but 
it turns out to be most convenient to apply the techniques of Fourier 
analysis . This p rocedure is  not only simple but pays dividends in that 
it yields a sine -wave re sponse curve, ·characteristic of the optics,  which 
allows one to deduce the light distribution of the retinal image for any 
target . The use of Fourie r method s doe s  not necessarily imply any 
special p roperties of the optics other than supe rposition as discussed in 
the p receding paragraph, but , in fact ,  the eye, like many other optical 
systems , may be considered as a low pass filte r of spatial sinusoids . 
The use of filter theory in the case of e lectrical circuits is more familiar, 
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so it may be helpful to think in term s  of electrical analogs . In the analog, 
the target may be replaced by a temporal voltage pulse ,  the eye in the 
ophthalmoscop ic arrangement by two , equal, low pass filters in cascade . 
The retinal image is considered as analogous to the temporal voltage 
variation observed at the outp ut of the first filte r, and the second image 
as analogous to the voltage variation observed at the output of the second 
filter . 1 The input pulse can be decomposed into a series  of sine waves 
of varying frequency and amplitude, and the same can be done w ith the 
two later wave forms .  For the cascaded filter case , one finds that if the 
first filter reduces the amplitude of a particular component s inusoid , 
such that the output equals R times the input amplitude,  then the output 
of two filters in cascade is equal to R2 time s the input amplitude . In othe r 
words,  the response function of the cascaded system is equal to the square 
of the response curves for the individual filters . Thus, if a Fourier anal­
ysis of the output of the second . filter is performed and it is divided by a 
Fourier·  analysis of the input , the squared response curve of the compo­
nent filte rs is obtained , and by taking the square root the component 
response curves are attained . The inte rmediate wave shape can be de ­
duced by determining how the input pulse is transformed by a filter of 
this sort . With this method the bonus of learning the response function 
is obtained . This function, which is mathematically equivalent to the 
line spread function, may be used to derive the shape of the outputs at 
either te rminal for any input . 

In this form of analysis,  fine lines and points may be considered 
as high - frequency disturbances ,  broad areas are rich in low frequency . 
In order to resolve small objects good high- frequency response is needed . 
An illustrative application of this approach to optics is to be found in 
automatic star tracke rs . The problem of detecting a star may be trans ­
lated to finding a high-frequency disturbance against a low-frequency 
background of noise ( clouds and a light sky) . By use of approp riate 
chopping reticles and e lectronic filters it has been possible to develop 
high-performance star tracke rs that "see " stars in the daylight sky . 

Figures 8- 1 1 illustrate the application of this approach to the eye . 
Figure 8 shows the recorded output of the photomultiplier obtained with 
the apparatus described above . The abscissa is the horizontal scanning 
dimension, the height to the tops of each line gives the light level at that 
point . The target in this case is a bright vertical bar . By pe rforming 
the analysis discussed p reviously, the response function shown in Fig . 9 
is obtained . In this case, the abscissa is in terms of lines /minute (min) 
of visual angle and is logarithmic , while the ordinate is linear . The 
curves have been normalized by equating the D .  C .  levels of input and 

1 
In the electrical analog voltages varying in time are measured; in the 
optical case light distributions varying in space are of intere st . Thus , 
an electrical pulse is the analog of a narrow bright bar, a series of 
square waves the analog of a grid target . 
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Fig . 9 .  Response of eye to various spatial frequencies .  
Three experiments . Pupil diamete r-S mm .  
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output . The re sults of three experiments using a 5 millimete r  (mm) 
pupil are shown . The scattered points in the right -hand side of the 
figure may be disregarded as artifacts , due principally to the fact that 
the high frequencies are not well repre sented in the target . Figure 1 0  
shows re sponse functions for various pup ils from 3 to 8 mm in diameter . 

. 01 0.1 10 
SPATIAL FREQUENCY - LKSjtiNJTE OF ARC 

Fig . 1 0  Spatial frequency response curves for various 
pupil diameters . Pupil diamete rs - 3 ,  4, 5 ,  6, 7 ,  
and 8 mm from bottom to top . Ordinate s dis ­
placed . 

They were determined and plotted in the same way as the p revious one . 
For clarity the data points are eliminated and the ordinates displaced . 
Pupil size varies in steps of 1 mm downward from 8 mm to 3 mm . These 
curves reveal the variation of pe rformance of the eye with ape rature , 
showing that imagery is be st with moderate sized pupils ( 4 - 5  mm) and 
deteriorates considerably with larger pupils . Figure 1 1  shows the light 
distributions on the retina . Again, the 8 mm pupil is at the top , the 3 mm 
pupil at the bottom . The relative deterioration with large pup ils can be 
seen here also . 
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� � � 5 o 5 ro � � 
VISUAL ANGLE - MINUTES OF ARC 

Fig . 1 1  . Reconstructed re tinal images of 1 . 6 '  
bright vertical-line target . Pupil 
diameters 3, 4, 5, 6 ,  7, and 8 mm from 
bottom to top . Ordinates displaced . 

If it is assumed that the optic s of the eye are radially symmetrical 
these results could be used to compute the image of any object . (If the 
assumption p roves invalid, the calculations could still be made if the 
point sp read function we re known . )  The process of determining the image 
distribution is known as convoluting the object function by the spread func­
tion . The application of this procedure is illustrated in Fig . 1 2  taken 
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from Pe rrin ( 19 60) . Although the mathematical calculations are carried 
out in terms of the summation of sinusoids,  the process.  as illustrated 
here , is p re c isely equivalent to summing the sp re ad  functions appro­
priately weighted by the light distribution in the object.  in this case a 
knife edge . Comparison of this figure with Fig . 7 may be useful . 

The performance of the eye may be compared with theoretical ex­
pectation . A good model to use is the diffraction- limited lens . which is 
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assumed to be free of chromatic and spherical abberration and othe r 
defects . This is a condition which is often closely approached in good 
optics . Figure 1 3 , taken from an E astman Kodak publication ( 1 9 62) .  
shows the gene ral re sponse function for such a lens . The ordinate is  the 
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Fig . 1 3 .  Theore tical re sponse functions for 
aberration- free , diffraction -limited 
lenses .  Limit of resolution for par­
ticular lens is determined by its 
aperature and wave length of light 
employed . 

normalized response . The absc issa is in terms of line frequency . It is 
also normalized in terms of the cut -off frequency . The curve s  are 
modern representations of diffraction theory and, with a little mathe ­
matical manipulation. can be related to case s which are generally more 
familiar , such as the Airy diffraction pattern . The cut -off frequency is 
dete rmined by the wave length of the light used and th e  lens aperature . 
In angular terms. it is given by kd / �. whe re d is the diameter of the 
aperature , � is the wave length , and k is a constant to adjust for the units 
used . Some typical computed values for the eye are about 1 line /min 
with a 2 mm pupil , 2 lines /min with a 4 mm pupil. and 4 line s / min with 
an 8 mm pupil, when � = 550 millimic ron . These limits are never 
close ly approached experimentally . 

Of the probable causes for the failure to achieve maximal perform­
ance the principal ones appear to be chromatic and spherical aberration . 
Experiments have been recently performed using monochromatic light . 
The results at each wave length are essentially identical to those obtained 
with white light . This does not mean that there is no chromatic aberra­
tion . In fact ,  the existence of chromatic aberration was ve rified in the 
experime nts by the variation of the power of the auxiliary spectacle lenses 
which had to be placed before the subjects ' drugged eye to achieve best 
image ry . The re sults. however,  agree with the data which show that 
acuity is little effected by the spectral composition of the light when 
luminance is controlled . In the case of acuity, the spectral sensitivity 
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of the eye determines that the light derived from the center of  the visual 
spectrum predominates .  In the ophthalmoscopic studies ,  the spectral 
variation in the light source , eye media, retinal reflectivity, and photo ­
multiplie r  response combine to produce similar selectivity . Thus,  the 
white light measurements are not truly white , but , rathe r, give a good 
approximation of the effective pe rformance of the eye in white light . 

If the eye exhibited simple spherical aber ration it might be pos ­
sible to take corrective measures and achieve better than normal acuity . 
The older measurements of Ivanoff ( 1 953)  together with new detailed 
measurements by van den Brink ( 1 9 62)  and Smirnov ( 1 9 6 1 ) ,  demonstrate 
that the aberration is not simply spherical . While there is an overall 
radial variation, there is little radial symmetry . Nevertheless ,  experi­
ments with zonal or annular pupils were attempted . The decision to do 
this was abetted by the suggestion in the literature that better resolution 
of certain classes of targets, specifically points and grids ,  might be 
achieved through the use of such pupils (O'Neill, 1 956) . This idea has a 
considerable history in the literature of optics . Apparently, the first to 
use it was the gre at English astronomer He rschel,  who placed a central 
occluder in the plane of the objective of his te lescope ( Rayleigh, n . d . ) .  
The development of the mode rn sine -wave treatment of optics has allowed 
the detailed solution of such problems and a number of pape rs have ap­
peared in the last ten years or so . In Fig . 4, taken from O'Neill, are 
plotted a family of normalized response curves for abe rration -free lenses 
with varying degrees of central occlusion . It  can be seen that with a 
perfect lens a relative imp rovement in high-frequency performance is 
predicted with central occlusion . It is also app arent that a lens exhibiting 
simple spherical aberration ought to be improved in performance by using 

Fig . 1 4 .  Theoretical response functions for aberration­
free lense s with various degrees of central occlu­
sion . Parameter is relative diamete r of occluded 
region . 
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annular pupils . Thus,  double benefits might well be expected . The re is 
no need to dwell on this for the expe riments failed to support any of the 
expectations . A variety of annular pupils were tried with uniform result s :  
performance i s  always poorer than that achieved with circular pupils of 
the same outer diameter . He rsche l ' s  obse rvations are the only data  in 
which improvement with the eye is reported . The re is little information 
available about the precise conditions involved . Perhaps the imp rove ­
me nt he obtained involved the optics outside rather than inside the eye . 

Something of interest  did show up in these expe rim en ts .  In the 
course of performing the Fourie r analysis of the output light distribution . 
one gets ,  as a matter of course , a measure of the total light in the image . 
It was observed that the amount of light in the image s produced with 
annular pupils was le ss ,  in comparison with a circular pupil of equal 
outer diameter ,  than would be expected on considerations of area . That 
is,  there seem s to be an effect similar to the Stile s-C rawford effect  to 
the ut ilization of light from diffe rent p arts of the pupil ( Stiles & Crawford , 
1 9  33) . To investigate this furthe r,  the optics we re rearranged so that 
the photomultiplie r, supplied now with a small circular aperature , could 
be used to scan through an image of the pupil .  Referring to Fig . 6 ,  
ape rature 0 1  was opened up t o  fill the dilated pupil completely, the s lit 
T was removed providing a circular target about 2 - 1 / 2  degrees in d iam ­
eter, and the photomultiplier  was moved to the plane of 02 .  Figure 1 5  
shows the results of a horizontal pass through the pupil image . The 
horizontal axis is position, the ve rtical, light reflected from the eye 
pupil . It can be seen that the corneal reflex make s it impossible to 
measure throughout the whole of the diamete r .  This can be reduced . 
howeve r .  Figure 1 6  shows the effect of using crossed polaroids ,  one in 
the path before the eye ,  and the other in the return path . Comparison 
of these figures makes it c lear that this procedu re effectively removes 
the specular refle ction from the cornea without altering the shape of the 
distribut ion of the light due to the pupiL In Fig . 1 6 , one can identify the 
reflection due to the iris and discern the margin of the pupiL The ordi­
nate is linear . Comparing the height at the margin of the pupil to the 
maximum, the ratio is about 1 / 3 to 1 / 2 .  It should be pointed out that 
this is conside rably less  than the ratio obtained by Stiles and C rawford . 
This record was obtained from the subject ' s  right eye . The temporal 
margin is to the left . A similarly skewed distribution was obtained for 
the right eye of another subject . 

The similarity of these re sults with the psychophysical Stiles ­
Crawford effect  i s  suggestive , and experiments comparing these re sults 
with psychophysic al data on the same subjects are planned . In seeking 
an explanation of the finding, the idea of a light-trapping effect  is attrac­
t ive . This might be reinforced by studies of subjects with "tilted " retinas . 
Expe riments have been attempted with monochromatic light , but to d ate 
they are not sufficiently good to justify strong conclusions . It is reason­
ably sure , however, that there are no large variations in the shapes of 
the distributions with wave length . 
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Fig . 1 5 . Oscilloscope tracing of distribution in plane of 
pupil of light reflected by retina . No polaroids 
in beam . 
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The doubts exp ressed earlie r about the quantitative inte rpretation 
of the Alpern and Campbe ll expe rime nts should now be clearer . The 
light reflected from the retina is d irectional; that which is scattered as 
stray light is relative ly less  than would appear by examining the light 
which gets out of the pupil . Furthermore , the obviously complicated 
situation makes correct quantitative inte rpretation of the photopigment 
seem difficult . 

It may prove useful to employ Fourie r analysis to the processing 
of spatial patte rns by the nervous system . An example of this approach 
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Fig . 1 6 .  Oscilloscope tracing of distribution in plane of 
pupil of light reflected from retina . C rossed 
polaroids  in input and output beam s .  

is the inte rpretation by Lowry & D e  Palma ( 19 6 1 )  of the ir photometric 
studies of Mach band s .  Applying this approach t o  the ne rvous system 
raise s  tricky p rob lems of psychophysics and mathematics, particularly 
because of the non -linearities involved . Nevertheless , interesting things 
may be learned, particularly with .regard to the problems of summation 
and inhibition . 
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The re is a large amount of evidenc e ,  both phys iological and psycho ­
physical , to sugge s t  that the human ret ina t ransm its informa tion about 
change s .in retinal illuminat ion ve ry well,  but tran sm its  steady-state in ­
formation poorly, if at all . But so far there is almost no understand ing 
of the p roc e s se s  by which steady- state information is lost , and this lack 
of understand ing is due in part to the technical difficulties involved in 
p rod uc ing a t rue steady state of illuminat ion on the retinal elements . 
Fixate the dot numbered 1 in Fig . 1 as stead ily as pos s ible , occluding 
one eye . The blurred disk rapid ly disappears but the sharp one remains 

Fig . 1 . Demonstration of disappearance of steadily fixated object . 
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visible . If, after the blurred disk has disappeared , fixation is shifted to 
point 2 the disk will reappear and subsequently disappear again . 

The solid line in Fig . 2 is a p lot of the retinal illuminance at the 
edge of the retinal image of the sharp disk in Fig . 1 .  The ve rtic al 
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Fig . 2 .  Distributions of retinal illuminance at edges  of 
retinal images of disks in Fig . 1 .  Solid line rep re ­
sents sharp d isk, and dashed curve blurred disk . 
Rectangles on horizontal axis repre sent positions 
of receptor . 

rectangles on the horizontal axis represent a receptor .  During "steady" 
fixation, involuntary eye movements cause the receptor to "shift 1 1  in 
relation to the image over  a distance labeled 1 0 ' ( 1 0  minutes of arc ) . 
The actual displacement will depend on the exposure duration (Riggs ,  
Armington, & Ratliff, 1 9 54) . Such "shifts " o f  the recep tor cause the 
illuminance on it to change from level "a " to ''b " and back repeatedly 
d uring fixation . The dashed curve in Fig . 2 repre sents the retinal 
illuminance for the image of the edge of the blurred disk . Note that the 
s ame involuntary eye movements produce much sm aller changes in 
retinal i lluminance on receptors ne ar the edge of the blurred d isk ( from 
"c " to "d ") .  and the disk disappears . When fixation is shifted to the 
second fixation point , the receptors under the image of the blurred d isk 
undergo relatively large changes in illumination (the new fixation point 
is rep re sented in Fig . 2 by "X ' "> . and it reappears . Change in the illu­
mination on receptors seems to be a necessary condition for seeing 
patterns . Visibility depends on the size of the shifts of the retinal image 
relative to the steepnesses of the gradients of retinal illuminance . 
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Retinal Blood Vessel Patterns 

Light arriving at the receptors in the human retina passes first 
through a laye r of tissue containing blood vessels,  and the vessels cast 
shadows upon the receptors . If the eye is dark - adapted, and then a white 
field is suddenly turned on. a trained observe r can see this patte rn of 
shadows for a brief time , but the pattern rapidly disappears and the field 
looks homogeneous . The shadows c annot move with re spect to the retina, 
and there are thus no corresponding changes in retinal illuminance afte r 
the first change when the field is turned on . However. if the shadows 
are made to move with respect to the retina they appear again. but dis ­
appear as soon as they stop moving . Movement of the shadows may be 
produced by changing the direction of the light incident upon the retina . 
For example , Campbell and Robson ( 1 96 1 ) desc ribe a device in which the 
spot on the face of an oscilloscope is imaged in the plane of the obse rver ' s  
pupil. s o  that he s e e s  a uniform field in Maxwellian view . When the spot 
is moved , the blood vessel shadows move p roportionately . 

The blood vessel shadows can be experimentally manipulated to 
some extent . They can be moved as described above . Their contrast 
can be changed by changing the wave length composition of the incident 
light . The shadows are darkest relative to their background when the 
light is  monochromatic at 4 1 5 millimicrons (m�o&) . where there is a ve ry 
strong absorption band for blood (Glasser. 1 950) . Different mixture s of 
light at 4 1 5 m�o& and light at another wave length poorly absorbed by blood 
yield d ifferent amounts of contrast . Similarly. it should be possible to 
provide a visual field in which the only thing that is changing is the stimu­
lation of  re cep tors behind blood vessels . This may be accomplished by 
showing the observer a fie ld that is alternately lighted with 4 1 5 m�o& and 
then with a mixture of two other wave lengths each of which is absorbed 
less  strongly by blood. but so chosen that their mixture will match the 
41 5 m�o& light in re gions not lying behind vessels . 

A retinal image that doe s not move with respect to the retina can 
also be p rovided by a device that might be called an auto-ophthalmoscope 
(Cornsweet. 1 9 62) . This optical device forms an image of the observer 's  
periphe ral retina on the fovea of the same eye with a magnification of  xl 
and so arranged that it does not move with respect to the retina regard ­
less of  movements of the eye . The observer looking into the device sees 
at first  a sharp view of his own peripheral retina (with its blood vessels. 
optic d isk. etc . ) . but the detail rapidly fade s out and soon the field looks 
homogeneous. the detail reappearing only if the image is deliberately 
moved across the retina, for example. by jarring the apparatus . 

The salient aspect of the perception of each of the patterns discussed 
thus far is that detail rapidly fades out and disappears. the observe r being 
left viewing a field that is apparently homogeneous with respect to the 
patterns that have been made motionless . Any supe rimposed patterns 
that do move across the retina, such as a fixation point or dust in the 
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optic s ,  remain visible . The detail neve r reappears unle ss it is de libe r ­
ately moved ac ros s the ret ina o r  its contrast is de libe rate ly changed . In 
other word s ,  only change s in illumination result in seeing . 

Othe r Stabilized Image s 

Seve ral p roced ure s have been deve loped which allow the eye t o  
move normally and p rovide a retinal image that move s along with t h e  eye , 
so that the im age remains relatively stationary w ith re spe ct  to the r e c ep ­
tors . Change s  in illuminance are thus reduced . The se p rocedu re s  m ay 
be divided into two type s . In the first , a mirror is attached to the eye 
and the image to be viewed is reflected from the mirror in such a w ay that 
the retinal image move s with the eye ( Riggs , Ratliff, Cornsweet ,  & 
Cornswe et,  1 9 5 3 ; Ditchbu rn & Ginsborg, 1 9 52;  Yarbus,  1 9 56 ;  C lowe s & 
Ditchbu rn, 1 9 59 ) . In the second type , the object  to be viewed is itself  
attached to the eye so that i ts  image moves with the eye ( Yarbus , 1 9 5 7; 
Pritchard ,  He ron, & Hebb , 1 9 60) . The attachment to the eye can be 
either by a t ightly fittin g  contact lens or by a small cylind rical chamber 
attached by suc tion ( Yarbus,  1 9 5 7; Barlow , 1 9 63 ) . Retinal im age s 
rendered motionle ss with re spe ct to the retina in this way are called 
stopped or stabilized image s . 

Every report of image s thus stabilized state s that the stabilized 
aspects of the im age s disappe ar, and , in this way, the se image s are 
apparently identic al with the blood ve ssel  shadows and blurred image s 
discussed above . Howeve r ,  when images are stabilized using attachments 
to the eye , it is also almost always reported that the im age s reappe ar 
from time to time . Whe the r this re appearance is the re s ult of some 
artifactual movement of the retinal image, or is actually p roduced by an 
autonomous p roce ss in the visual ne rvous syste m ,  is a s ubje c t  of some 
debate,  and perhap s even of consequence (Hebb , 1 9 63) . 

It is obvious that the extent of stabiliz ation of an image dep end s  on 
the extent to which the attachments to the eye follow eye movem ent s . Any 
slippage of a contact lens , o r  any change in the shape of the eyeball which 
re sults in mot ion of the retina with re sp ect to the lens, will p rod uce some 
displacement of the image with re spect  to the retin a .  I t  is equally obvious 
that any attachment to the eye must slip a little . The important que stion 
is whethe r or not the slipp age that doe s occur is big enough to account for 
re appe arance . 

Barlow ( 1 9 6 3) has re cently reported his measure ments of the slip ­
p age o f  two type s  of attachments to the eye , using a ve ry sensit ive meas ­
u ring p rocedu re . According to that report,  what he calls a tightly fitting 
contact lens , fitted with a ve ry strong lens and a stalk holding a target  
at a position whe re the le ns and the optic s of the eye image the t arge t  on 
the retina, slip s  about 3 1 / 2 minute s ( m in) of arc between the beginning 
and the end of a 5 to 1 0  se cond ( sec) pe riod of time . This is the kind of 
lens used by Hebb et al ( 1 963 ) . Barlow also measured slippage for the 
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cylindrical attachment held on by suction, such as first desc ribed by 
Yarbus ( 1 9 5 6) . According to Barlow, this device slipped only 40  sec of 
arc between the beginning and e nd of a 5 to 1 0  sec pe riod . Barlow d id 
not te st the typ e of lens used by Riggs and many of his co-worke rs . Their 
lense s fit extremely tightly, and have only a ve ry small m irror attached 
to them . Riggs , using a p roc edure similar to Barlow ' s ,  reports that his 
lense s slip about 1 5  to 30 sec of arc dur ing 60 sec viewing periods and 
as a re s ult of voluntary s accadic movements of a few de gre e s  . 1 

Consequence s of Slippage 

The solid curve in Fig . 3a is the distribution of ret inal illuminance 
produced when a human with emmetropic vision views a bar 1 0  min of 
arc wide through a 6 m illimete r  (mm) pup il . The dashed curve in Fig . 3a 
is  the distribut ion for the same bar shifted sideways through 1 m in of arc . 

The solid curve in Fig . 3b is a p lot of the d ifference be tween the 
solid and dashed curve s in 3a . In other word s ,  it is a p lot of the change 
in illum inance produced when a bar 1 0  m in of arc wide is shifted 1 min of 
arc . The dashed line in 3b is a plot of the distribution of illuminance pro­
duced by a bar 1 m in of arc wide and having the same lum inance as the 
bar in Fig . 3a . Shifting a bar 1 0  min of arc w ide 1 min of arc sideways 
produc e s  an increase in illuminance that is almost  identical with the in­
crease produced by presenting a bar 1 min of arc wide of the same lumi­
nance . A bar 1 0  min of arc wide also produces a decrease in illuminance , 
so that the total change in illuminance is greater than that produced by the 
introduc t ion of a bar 1 m in of arc wide . 

Shifting a bar 1 0  m in of arc wide 1 0  sec of arc sideways produces 
an inc rease in illuminance almost  identic al to the increase produced by 
its initial presentation . In general , a small displacement of a w ide bar 
causes an inc rease in illum inance that is very nearly the same as that 
produced by pre senting a bar whose lum inance equals that of  the wide 
bar and whose width equals the extent of displacement . This is true for 
dark bars on a light ground as well as light bars on a dark one , except 
that the word "dec rease " must  be substituted for "inc rease . " 

The threshold for resolution of a dark line is about 1 / 2 sec of arc 
under optimal conditions ( Hall & M intz , 1 93 9) . A bright or a dark line 
10 s e c  of arc wide is easily seen unle s s  it has very low contrast . Ten 
sec of  arc is just 3 per cent of the median size of involuntary saccadic 
eye m ovements , and only one- half of 1 per cent of the 30 min of arc 
saccadic movements that occur occas ionally during fixation . Further ,  
if the eyeball changed its shape (because o f  muscular pulls or pulse 
pressure , for example) in such a way that the fovea was displaced 750 
� with respect to the optic axis , the target would shift 10 sec of arc . 
Therefore , it is quite likely that reappearance will occur during viewing 

1Riggs , L . A . , & Shick , A .  Personal communication . 
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(a) Distribution of retinal illuminance for bar 1 0  min 
of arc wide seen through 6 mm pupil . Dashed 
curve is distribution when bar has been shifted 
1 min of arc with respect to solid curve . Shaded 
area is change in illuminance produced by shift . 

(b)  Solid curve rep resents change in illuminance 
shown as shaded in ( a) .  Dotted curve is distri ­
bution of retinal illuminance produced by 
stationary bar 1 min of arc wide and having 
same luminance as 1 0 min wide bar . 

of an image stabilized with an attachment to the eye . ( The appearance 
of the re stored image may not be identical with that of the original image , 
e . g . , if the fie ld is a set of lines in haphazard directions, any slip would 
maximize the likelihood of the reappearance of lines perpendicular to the 
p lane of slippage , the resulting percep tions being "simple r" than the 
original one s . )  

Figure 4 shows distributions of retinal illuminance for bars of 
different s izes . As the width of the bar decreases ,  the maximum s lope 
of the illuminance distribution decreases,  and this trend continues for 
bars smalle r than those in the figure . As the s lope of the distribution 
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Fig . 4 .  Light distribution in retinal image of long bars for human eye ,  
best focus,  6 m m  pupil . 

dec re ase s ,  the d istance that the entire distribu tion must be shifted to 
achieve some fixed amount of change in illuminance inc reases . The re ­
fore , it is to be expected that , using a stabilization system that is short 
of pe rfect ,  very fine lines might never re appear while wider ones ( or 
ones with greater contrast) would reappear from time to time as a con­
sequence of slippage , and such findings are reported in the lite rature 
( Riggs et al . ,  1 9 5 3; Ditchburn & Ginsborg, 1 9 52 ) . In gene ral , the p ro ­
portion of time during which a bar i s  visible during fixation would in ­
crease as the width of the bar inc rease s ,  even if artifactual retinal 
image movement were the only cause of reappearance . 

To summarize ,  "spontaneous " reappe arance of stabilized patte rns 
has been reported only when the stabilization was produced by a system 
us ing an attachment to the eye . It is neve r reported for patterns of 
retinal illuminance which are known to be pe rfectly fixed to the retina . 
Slippage doe s occur in contact lense s and in devices attached to the eye 
by suction . While this slippage can be made ve ry sm all , it is not neg­
ligible in relation to the reappearance of many visual targets . 

A Device for Perfect  Stabilization 

To study the p rocesses that cause an image to disappear, and the 
other side of the coin -processes that render an image visible , it would 
be highly desirable to have a device which p roduced patterns of retinal 
illuminance which are perfectly stabilized and are manipulatable . The 
only perfectly stabilized patterns currently available , the retinal blood 
vessel  shadows and related entoptic phenomena ( Maxwell ' s  spot, 
Haidinge r 's  brushes,  etc . ) , can be manipulated only within ve ry restricted 
limits .  But it is theore tically possible to produce perfect stabilization of 
any desired image . 

When an observe r  looks at a target,  an image of his own retina is 
formed on the target . If it we re possible to know, at e ach instant , the 
exact  position of some landmark or set of landmarks in the image of the 
retina with respect to the p lane of the target,  and if the target it self were 
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then moved so as to be in a fixed position re lat ive to the image of the 
retina. then the im age of the target  would be pe rfectly stabilized on the 
retina (Cornsweet , 1 9 58 ) . In othe r word s ,  if a star we re moved con ­
tinuously so that it was always located in the exac t  c ente r of the image of 
the observe r ' s  fovea, the retinal image of the star would always be exactly 
at the cente r of the observe r ' s  fovea, and would thus be stabilized . So 
long as the re lat ionship between the star and the image of the ret ina were 
fixed , the image would remain stabilized re gardle ss of movement s  of the 
eye or the head , and re gardle s s  of d istortions of the shape of the eyeball 
or change s in the pos ition of the ret ina with respect  to the opt ic axis . 

A first.  and hardest,  stage in building such a device is to c onst ruct 
a system which will give an e lectric al output which s ignals the instanta­
neous posit ion of  the image of the retina, that is ,  a system to t rack the 
image of the retina . The output of such a t racker could then cont rol the 
position of a visual target . for e xample a patte rn disp layed on the face of 
a cathode - ray tube . 

In order to t rack the retina. light must be sent into the eye , and the 
light re flected back out must be p roce s sed to ext ract the information it 
contains about the position of the retina . Since light is quantal in nature . 
it is ne cessarily t rue that pe rfect  t racking c annot be achieved at all times . 
For example ,  there are time s when no quanta arrive at the sensing sys ­
tem . Such a small p roportion of the light incident on the retina is actually 
refle cted out of a human eye that quantal conside rations be come important . 
That is . a ve ry large amount of light m ust be put into the eye in order that 
enough quanta come back out to yield p re c ise information about the loca­
tion of the retina . For example , suppose that a point source were imaged 
on the ed ge of a blood ve ssel in the human retina . If the light were re ­
stricted to a wave length of 4 1 5  ± 2 1 / 2 mil (for optimal contrast between 
blood ve ssel  and background ) ,  the source must delive r app roximat e ly 90 x 
1 01 2 quanta pe r se c  per  mm2 to the pupil of the eye in orde r that the light 
reflected back out of the eye contain enough information to locate the 
horizontal position of the b lood vessel  within 1 sec of arc eve ry 1 0  milli­
seconds (ms) . That is roughly the intensity of a 500 watt high p re s s u re  
me rcu ry arc lamp . The intensity required i s  dire ctly p roportional to the 
precision in time . e . g  . • ten time s as many quanta are required for a 
p re cision of 1 sec of arc every millisecond , and p roportional to the square 
of the sp atial p recision, e . g  . • 1 o -2 times as many quanta are required 
for a p re cision of 1 0  sec of arc . The de rivation of the function relating 
incident intensity to  p re cision of  t racking is included as an appendix to  
this report . 2 In other words,  if  the  light sensing and tracking machine ry 
itself we re pe rfect , that is,  if the apparatus lost no information, tracking 
of this kind could be made j ust about p re c ise enough to p rovide good image 
stabiliz ation . This solution is marginal . With real apparatus .  it is pos­
sible that the intensitie s required would dam age the retina . 

2T he write r is indebted to Mr . Michae 1 David son, Department of Psychol­
ogy. Unive rsity of C alifornia, for the derivation . 
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The figure s discussed above are c alculated for an apparatus that 
images a s ingle point sou rce on the retina . If two sources we re imaged 
and the sensing system acted upon both of them , the intensity of each 
could be reduced by one -half . Thu s ,  it seems that the most p romising 
app roach to t racking of the human retina involves gathe ring light from a 
large region of the retina rathe r than from the image of a single point . 
If a section of the retina, say,  for instance , the entire optic d isk , we re 
scanned at a ve ry high rate , the intens ity at each point could be reduced 
to easily achieved value s ,  while exce llent tracking could st ill be accom ­
p lished . 

Appendix 

Michae 1 Davidson 
Department of Psychology 

Unive rsity of California 

Calculation of numbe r of quanta re qui red per unit time 
for eye - movement tracker . 

1 . Incident light , nom inal 

Let the line - sp read function for the optical system be a Gaussian 
function with variance a2 , and let a point source be such that Qs quanta 
pe r second (sec)  are imaged onto the retina . Then the density d ist ribution 
of inc ident light is 

( 1 )  

the units be ing those of Qs /0' 2 , e . g . ,  quanta · sec - 1  · ( minutes of arc) -2 . 
Note that the peak dens ity is given by 

( 2 ) 

2 .  Incident light , s tochastic 

As sumption: eve ry photon which trave rse s a particular path from 
the sou rce of the eye st rike s the retina at p recise ly the same point . Then 
the p robability d istribution of the density of inc ident light at the point (x,  y) 
on the retin a  is given by a Poisson distrib ution whose mean is the nominal 
intensity at the point , viz . 

P (q( x, y) = u } = [ qn (x , y) ] u 
· [ u ! J - l  · exp [ -qn ( x , y) ] , ( 3) 

where qn (x ,  y) is the nominal intensity, given by equation ( 1 ) . (Note : 
strictly speaking, one should use no . of quanta within a small time 6t ,  
and a small area 6x6y, but this would lead to the s ame res ult . ) Since the 
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emission from the source at a p articular angle is independent of that at 
othe r angle s ,  the distribut ion at e ach point is independent of that at e ach 
othe r point , under the assumption stated . 

3 .  Re fle c ted light,  loc al 

As long as the numbe r of quanta refle cted during the time inte rval 
of inte re st remains large , the p robability distribution of reflected light is  
also Poisson ,  with mean given by 

( 4) 

R ( x ,  y) being the reflectance of point (x,  y) . Now , assume that the retin a  
i s  divided into two regions:  l R1 , x � c , 

R ( x , y) = 
R2 , x > c .  

Then the density of refle cted light , r (x ,  y) , is given by 

P { r ( x , y) = v } = [ Rl qn ( x, y) J 11 
[ v !  r 1 · exp [ - Rt qn (x , y) ] , 

if X S C ,  

= [ R2 qn (x, y) ] 11 [ v ! ] - l · exp [ - R2 % (x, y) ] .  

if x >  c .  

4 .  Refle c ted light, total 

( 5) 

( 6) 

Since the sum of two indep endent Poisson -dist ributed random 
variables is also Poisson -distributed,  with mean equal to the sum of the 
separate me ans , the light re aching the detection device has a Poisson 
distribution with a mean given by the integral of the me an re flected d e nsity 
ove r the spot . Denot ing the total number of quanta per sec by T ,  and the 
mean value of the dist ribution of T by T n• one obtains 

CD CD 
+ Jc J_CD [ Q8 R2 / 2w a 2 J • exp [ -(x2 + y2 ) / 2 a 2 ] dxdy ( 7) 

= Qs [ Rt • <c /a) + R2 ( 1 - • <c /a) ) ] ,  

whe re the e rror integral •<x) is given by the usual re lation 

• ( x) = s_: [ 2w r 1 ' 2 exp [ -t2 / 2 ] dt . ( 8) 
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Then, since T is Poisson, 

5 .  Case of line close to center; normal approximation 

1 81 

(9 ) 

Letting C = a 6 ,  where 1 6 1  « 1 ; then the Taylor approximation may 
be used 

( 1 0 ) 

Further, if it is assumed that Qs will be quite large . the Poisson distri­
bution may be approximated with the appropriate normal distribution: 

P {T(c) = k} A:l [ 21J' Tn<c>r1 1 2 exp [ -(k-Tn(c) )2 / 2 " Tn(c) ] . ( 1 1 ) 

Substituting ( 1 0) into ( 7) gives 

( 1 2 )  

as the common value of the mean and variance of the distribution ( 1 1 ) , for 
the case where the edge is displaced by an amount 6 a from the incident 
distribution . One further approximation is made: since 6 « 1 ,  the var­
iance of the family of distributions under consideration may be approxi­
mated we 11 by 

whence , from ( 1 1 ) , 

P {T(c) = k }  = [1J' Qs ( R1 + �) J -1 1 2 exp [ -(k-Tn(c) )2 /Qs ( � + R2) J . 

( 1 3) 

6 . The estimation problem 

Assume that the task is to follow the eye movements with a tracking 
machine so that the line is within a specified distance ( of the center of 
the distribution a fraction (1 -« )  of the time . Let the machine be con­
structed so that it works as follows . 

a .  The time scale i s  broken into small intervals of T sec . 

b .  During each period of T sec, the machine counts the quanta 
incident upon it . Let the number be � .  

c .  The machine finds the value of 6 corresponding to �· by solving 
the equation: 
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i . e . '  

( 1 4) 

d .  The machine move s the spot by an amount 6 a (to the right or  to 
the left according as 6 is positive or negative) .  

Thus , this machine will move , at the end of a time interval, to the est i ­
mated average location of  the line during that inte rval . 

This movement will be correct ( 1 -o: )  of the time , to within e rror 
± ( , p rovided that the estimated value of 6 a is correct within a confidence 
interval of radius ( , confidence leve l  ( 1 -o: ) .  This means that <lo is the 
cente r  of a confidence interval for the numbe r of incoming quanta during 
the period T, the cente r and radius of which, from ( 1 4) ,  are found as 
fol lows:  

min q0 = T Qs ( ( R1 + R2) / 2 + ( R1 - R2) [ (6a - () / a) /J2i} ; 

q0 ± Aq = T Qs 
[ ( Rl + �) / 2 + ( Rl - R2) • 6 /./2i) 

± T QS ( ( Rl - �) /a./2i . 

But now this radius  is also given by the distribution ( 1 3) to be : 

( 1 -o: ) / 2 = J Aq Normal [ o,  T Qs ( R1 + R2 ) / 2 ) dx, 
0 

i . e . ,  that value of x for which a normal distribution with variance 

TQs ( R1 + � ) I  2 has ( 1 -o: )  of the area between -x and x .  

7 .  Calculat ion rule 

( 1 5) 

( 1 6) 

a .  Choose confidence leve 1 ( 1 -o: ) ,  allowable spatial error ( ,  time 
sampling interval T . 

b .  Find value of Zo: such that a normal distribution with mean 0 
and variance 1 has area ( 1 -o: )  between ( -Zo:) and Zo: . 

c .  Find : (a) standard deviation a of the line - spread function, 

(b)  reflectance R1 of lighter surface ( this = p robability 
that a quantum incident on the retina will enter the 
measuring instrument) , 

( c) reflectance � of darker surface ( similar) . 
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d .  Then the numbe r of quanta incident in the entire spot per unit 
time is given by the solution of 

TQs ( Rl - R2 ) f. / aJ2i = Zcx [ TQs ( R1 + R2 ) / 2 ) l / 2  

which is 

( 1 7) 
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PRINCIPLES  OF NEUROLOGICAL FEEDBACK 
CONT ROL SYSTE MS FOR EYE MUSC LES 

Lawrence Stark 
Neurology Section 

E lectronic Systems Laboratory and Biology Department 
Massachusetts Institute of Technology 
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A review of recent work on neurological control systems indicates 
that certain system-design properties  seem to be relatively widespread ,  
although individual systems may employ only one or  two examples  of 
such mechanisms . Stability of system performance may be provided by 
either adequate gain margin, or adequate phase margin, or both . How­
ever, in some cases. oscillations occur which may have a relationship 
to function . Non- linear properties such as scale compression or other 
types of saturation may permit the system simultaneous ly to maintain 
stability in one domain and oscillatory behavior in another .  ( Noise with 
various bandwidths and amplitude ranges may be present with or without 
a functional role . )  

Often. systems are composed of a symmetrical component whose 
interaction probably improves system performance at minimum cost . 
Even e rror signals are sometimes employed . Discontinuous control 
computations result in sample data properties with attendant character­
istic features . These are often accompanied by prediction operators to 
enable c loser following of repetitive signals . Inte raction between differ­
ent systems and time -varying characteristics,  such as adaptation, extend 
the repertoire of design principles found in the se biological feedback con­
trol mechanism s . 

In order to study and analyze biological servomechanisms  graphic 
displays such as Bode, Nyquist, and Phase p lane diagrams are supple ­
mented by analytic descriptions such as linear transfer functions.  non­
linear describing functions, and higher order functional analysis . 

Simulation by analog models . special digital computer programs 
which simulate analog computers,  and most recently. hybrid models 
have been employed . The hybrid models use analog elements for dynamics 
and time delays . Nonlinearitie s are obtained from the digital compute r .  
An online digital computer is now being used t o  contain models and adjust 
parameters in real time during the course of an experiment as identifica­
tion and matching becomes possible . 
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A number of different approaches have enabled dissection into the 
black box defined by the above input -output experimental analytic tech­
nique . These app roaches include the use of dissected invertebrate 
preparations; ste reotac tic , e lectrophysiological experiments on cats ;  
and the use of  pharmacological agents on normal subjects . Neurological 
patient material has been extremely valuable in p roviding subjects with 
altered control systems . Utilization of c lassical physiological literature 
has sometimes proven to be of great value for modelling, and conve rse ly, 
the black -box analyses have often suggested crucial physiological expe ri­
ments to be done . Chronic experiments in conditioned animals with im­
planted e lectrodes are now being planned since it is deemed most impor­
tant to identify the physical behavior of the physiological elements which 
togethe r comprise any control system . 

The linear and nonlinear properties of the pupil servomechanism 
were reviewed in 1 9 59 ( Stark) . Since then material on the pulse response 
of the pupil ( Stark , Van der Tweel, & Redhead, 1 9 62 ) ,  rapid dark adapta­
tion measured by means of a null pupil-response technique ( Stark,  1 9 62a) ,  
and environmental clamping o f  the pup il ( Stack, 1 9 62b) has been published . 
Current work on pupillary noise , nonlinear modeling with analog-digital 
hybrid computers , stereotactic e lectrode stud ies ,  higher order kernel 
approximation, and d rug experiments has as ye t appeared only in progress 
report form . 

The human accommodation system is a most interesting example of 
a complex biological control system . A nonlinear servoanalytic treatment 
of expe rimental steady state data ( Stark ,  Takahashi , & Zames,  in press) 
and a special examination of the evidence for the absence of an odd error 
signal mechanism (Stark & Takahashi, in press) have been reported 
recently . 

The eye target  tracking system has been studied using electronic 
means to measure horizontal eye movements .  It is important to eliminate 
the e ffect of the ''prediction operator" by using unpredictable signals 
( Stark , Young, & Vossius , 1 9 62 ;  Stark & Young, in press-a) . Then the 
discre te or sampled-data nature of the position ( saccadic) and velocity 
(pursuit) dual control system operating together ( Stark & Young, 1 9 62; 
Stark & Young, in press-b) becomes apparent . A model formulated in 
engineering terms shows remarkable agreement with the real behavior 
of the system under variable feedback experimental operating conditions . 

Studying inte ractions between various loops of a single control sys­
tem and between different control systems operating upon the same final 
effector is being continued . The classification of many previous ly unex­
plained phenomena, and the prediction of novel phenomena as , for example , 
a high-gain oscillation, strongly justifies the e ffort required to apply the 
essentially mathematical concepts of servoanalysis to the motor control 
systems of the intra-ocular and extra-ocular muscles . 
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THE E FFECTS OF D RUGS ON VISION 
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INTRODUCTORY RE MARKS BY THE CHAIRMAN 

Arthur Jampolsky 
Eye Research Institute 

Presbyterian Medical Center 

1 9 1  

It i s  the purpose of this symposium to review the direction and 
results of some previous investigations. and to point out the probable 
directions for best future potential in solving some of the practical p rob­
lems.  and acquiring more fundamental knowledge in this field . 

There is a large body of lite rature pertaining to drug effects on 
visual percept ion ,  behavior, and performance . There is a paucity of 
informat ion on the specific sites and modes of action of drugs on the 
visual apparatus . It seems appropriate to examine the tools available 
to the p sychophysicist . the electrophysiologist. and the biochemist to see 
what information may be derived from different approaches . 

The format has been organized to bring out the sites and modes of 
drug act ion on the visual apparatus; to assess the sensory input in electro­
physiological te rms; to discuss the drug effects on the extraocular muscles 
and on the accommodative -convergence mechanism; to relate these find ­
ings to psychophysical parameters . and to the more general topics  of 
performance and behavior; and to point out the potentials , limitations ,  
and blind spots requiring future examination . 

In the sixteen years since lysergic acid diethylamide ( LSD) entered 
the scene , there have been thousands of descriptive reports vividly de ­
picting such visual experiences  as the pristine beauty of the pearl-covered 
mountains described by a variety of laymen and scientists . An attempt 
will now be made to examine the pearls more critically. and to determine 
from the point of view of visual scientists how on earth they reached this 
unlikely perch . 
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OCULAR PHARMACODYNAMICS 

Albert M .  Potts 
Department of Ophthalmology 

University of Chicago 

Although the desirability of obtaining drugs that influence the visual 
process favorably is perfectly evident ,  most of the actual effects here 
reported deal with deleterious influences of drugs . Investigation in this 
area is , however, by no means an exclusively rear-guard action, for the 
knowledge that is gained of the functioning of the visual system under  the 
influence of delete rious drugs leads to a knowledge of normal function and 
how to modify it in both directions . 

The action of drugs on the eye is specifically conditioned by a num­
ber of factors which are unique to the eye . One of these has to do with 
the way ocular anatomy and physiology determine the access of drugs to 
the intraocular structures where their actions are exerted . The ioniz ­
ability of a drug, the pH and tonicity of the solution carrying it determine 
how much will penetrate the multiple - layered cornea and reach the interior 
of the eye . To get beyond the anterior chamber, the drug must resist the 
sluggish but real current of aqueous humor which tends  to wash it out once 
more . Furthermore , the location of the end -organ, whether in the ante ­
rior chamber as with the iris , or in the posterior chamber as with the 
ciliary body, will determine what effective concentration of locally applied 

, drug will reach its destination . 

Systemically administered medications have different but equally 
stringent conditions laid upon them . They must either diffuse into the eye 
from the vessels of choroid ,  iris , and ciliary body, or they must be ac ­
tively secreted with the aqueous humor. or they must diffuse from the 
limbal vessels into the avascular cornea . Which of these occurs will 
largely be determined by the chemical nature of the substance in question, 
and one may find selective secretion into the eye of substances like ascor­
bic acid , or se lective exclusion from the eye as in the case of urea, or  
even extrusion from the eye as  in  the case of  certain iodinated contrast 
media . The breathtakingly rapid advances in biochemistry have been re ­
fleeted in changing concepts of mechanisms of drug action . Now, when 
the actual three -dimensional structure of protein molecules ,  as in the 
case of myoglobin , can actually be diagrammed, the concept of molecular 
site of drug action can rapidly pass the stage of theorizing . The work of 
Wilson on the nature of the s ite for anticholinesterase activity, and the 
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work of Belleau on the nature of the ad renergic receptor site deal with the 
bonding of functional groups of the sort that occur in known prote in struc ­
ture s . and the day in which stoichiometric pharmacology reaches its 
ascendency may be very near. indeed . With pharmacology at the molecu­
lar level in this way. the unique advantage that the iris offered as a test  
object behind a transparent window is no longe r as all- absorbing as it 
once was . However. the new work in molecula r pharmacology will con ­
trib ute t o  the knowledge o f  how ocular autonomic structu re s  operate.  but 
a number of problems in the area still remain to be solved . This is par­
ticularly true in the area of the control of intraocular p ressure . Despite 
the possibility of dual control of rate of aqueous formation and rate of 
aqueous outflow. it is not complete ly understandable why a parasympa­
thet ic stimulator such as pilocarpine can lower the intraocular pressure . 
and a sympathetic stimulator such as epinephrine can accomplish the same 
effec t . This is  all the more curious when certain adrenergic inhibitors . 
given locally. can once again cause decrease of intraocular pressure . 

With the inc re asingly rapid rate of appearance of new drugs on the 
scene . the advent of some with unique actions on the eye is apparently 
increasing in frequency . Explaining these unique actions is a fascinating 
occupation . Witnes s  one of the studie s in p rogress  in the author 's  own 
laboratory . Some years ago it was found that certain phenothiazine 
tranquilize rs cause a pigmented choroidopathy in humans . Subsequent 
investigations revealed the curious phenomenon that phenothiazines and 
other polycyclic compounds store in the pigment of the uveal t ract in 
highe r concentration than anywhere else in the body . This storage . which 
also occurs with synthetic melanin. may well be attributable to the charge 
transfe r  reaction which is only now being stud ied intensive ly by biologists .  
It has been recently shown in the laboratories of the National Institutes of 
He alth that the antimalarial drugs which exhibit a different type of ocular 
toxicity are also stored in the uveal tract . This is c ited simply as an 
unsuspected and new aspect of the ocular toxicity of chemical compounds.  
and how knowledge of dynamics in  this case may lead to prevention of  
damage from futu re similar compounds. and may also p rove an e ffective 
w ay of d irecting desirable substances into the eye . 

Thus. preoccupat ion with the pharmacodynamics of harmful com ­
pounds is largely a measure of relative ignorance . As this ignorance is 
d ispelled by increasing knowledge in the area. toxicity can be avoided 
and beneficial effects can be controlled . 

Copyright © National Academy of Sciences. All rights reserved.

Recent Developments in Vision Research
http://www.nap.edu/catalog.php?record_id=18667

http://www.nap.edu/catalog.php?record_id=18667


1 9 4  

THE SENSORY E FFECTS OF DRUGS: 
E LECT ROPHYSIOLOGICAL INVESTIGATIONS OF THE MECHANISM 

OF THE ACTION OF DRUGS ON T HE EYE 

Geoffrey B .  Arden 
Department of Physiology 

Unive rsity of California Medical Cente r1 
San Francisco 

Since only about six of the many thousands of references in each 
volume of ophthalmic literature deal with the e lectrophysiological investi­
gation of the action of drugs , this review is in one sense easy to write . 
Howeve r, the fact that so little work is being done makes it impossible to 
cover the pharmacology of the retina in any comprehensive fashion . The re ­
fore , this report discusse s the methods available t o  the electrophysiolo­
gist,  and how they may be used to investigate the mechanism of drug 
action . Illustrations mainly from the author 's  own work are used since 
several of the most prominent workers in this field have recently given 
their own reviews of their experiments (Noell, 1 9 5 8; Potts , 1 9 62 ) . 

The great advantage of electrophysiological techniques is that one 
can use them to dete rmine the precise level in the retina that is affected 
by a particular drug . Perhaps the most intere sting observations concern 
the steady potential of the eye , which is produced not in the retina proper, 
but in the pigment eipthelium which lies behind it . Since the rods and 
cones have no blood supply, their metabolic requirements must be met 
by the pigment epithelium cells . In particular, it has been shown that the 
pigment epithelium is concerned in the synthesis of visual purple . Vita­
min A, liberated by the photolysis of rhodopsin, actually travels out of 
the rods into pigment epithelium cells . The re it is modified before being 
transported back into the receptors (Dowling & Gibbons , 1 9 60) . 

These obse rvations form the background of work undertaken (Arden 
& Fojas , 1 9 62a) to e lucidate the mode of action of diarninophenoxyalkanes . 
The se compounds have a schistosomiacidal action, and we re at first thought 
to be non-toxic . Indeed, it was only when the research chemists concerned 
took the drugs themselves ,  that a retinotoxic activity was disconvered . Sub­
sequently, it was found that cats  and frogs too cou ld develop a diarnino­
phenoxyalkane retinopathy, and histological studies in cats  showed that the 

1 
Current address :  Institute of Ophthalmology, Judd Street,  London W . c  . 1 , 
England . 
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outer part of the retina is affected ( Ashton, 1 9 57) . With this in mind, a 
method for the assay of the retinotoxicity was developed , based on the 
decre ase in the concentration of visual purple in the frog retina after 
administ ration of the drug (Goodwin, 1 9 5 7) . Of course . any chemical 
which kills retinal receptors will stop the accumulation of visual purple . 
but it s eemed like ly that the assay method was doing more than causing 
the death of rods:  perhaps the diaminophenoxyalkane was affecting the 
visual purple cyc le ,  possibly via the pigment epithelium . 
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Fig . 1 .  Action of phenoxyalkane de rivative on 
rabbit eye . Note increase of D .  C .  eye 
potential , and c -wave , while b -wave 
unaffected . (Arden & Fojas . 1 9 62a) 

Figure 1 shows the e ffect of an intravenous dose of a modified 
phenoxyalkane in a rabbit . The steady potential of the eye increases very 
greatly, and at the same time , the c -wave amplitude also increase s . This 
action is exactly the same as that caused by small doses of sodium azide , 
another drug which selectively damages the pigment epithelium (Noell, 
1 9 5 3 ) . It will be noted, however, that the b -wave of the e lectroretinogram 
(E RG) is unaffected by the injection . This is not surprising because the 
rabb it does  not suffer from a retinopathy after injection of phenoxyalkanes 
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( there is a m arked specie s  specificity) , and the amount of the injection is 
smaller than would cause a retinopathy, even in a susceptible cat . It 
seems, therefore , that this class of d rugs inte rfere s  with the pigment 
epithelium in smalle r doses than are required to p roduce a retinopathy . 
This deduction has recently been confirmed . It has been shown that the 
P 32 uptake of pigment epithelium is abolished by diaminophenoxyalkane # 
but the uptake of retina is not affected (Glocklin & Potts ,  1 9 62 ) . 

Of course , there was conside rable intere st in discovering what 
functional disturbance, if any, resulted from sub-toxic doses of diamino ­
phenoxyalkane . The author and his associates found it possible to give 
cats  a small dose of a phenoxyalkane derivative which produced no 
ophthalmoscopic or long-term electrophysiological abnormality . How­
ever,  the drug had an effect on the retina, as was d iscove red when the 
E RG dark adaptation cu rve was measured . This is shown in Fig . 2 .  

Fig . 2 .  E RG dark adaptation curves before (•)  
and after (x)  administration of phenoxy­
alkane derivative . Drug did not affect 
waveform or sensitivity of dark-adapted 
E RG .  (Arden & Fojas , 1 9 62a) 

E ach point represents the intensity of light required to e licit a b -wave of 
constant amplitude at various times after the end of moderate light ad ap ­
tation . After administration of  the drug, the eat ' s  eye dark - adapts more 
slowly than normal , The final dark -adapted threshold of the retina is 
unaffected by the drug .  Also, the early part of dark adaptation is not 
really altered . This early part is predominantly "neural, " while the later 
part of dark adaptation may, in part , reflect the accumulation of rhodopsin . 

Copyright © National Academy of Sciences. All rights reserved.

Recent Developments in Vision Research
http://www.nap.edu/catalog.php?record_id=18667

http://www.nap.edu/catalog.php?record_id=18667


1 9 7  

Interpretation o f  this result was, therefore , that the drug had affected the 
rate of synthes is of visual purple ,  but the retinal neurones we re unaffected , 
and it was speculated that the diaminophenoxyalkanes might be specific 
poisons for some part of the rhodopsin cycle . 

That suggestion will remain a speculation until the photochemists 
and biochemists attack the problem, but it is reasonable . It is interesting 
that many compounds which are relatively inactive in other sites in the 
body spe cifically affect the pigment epithelium . For example , the pheno­
thiazine& are specifically concentrated in the uveal tract , and although 
this has not been p roven to be the mechanism of the retinotoxic effect , it 
seems likely . If one is looking for a difference between pigment epithelium 
metabolism and the metabolism of othe r structures in the body, the visual 
purple cycle , with its unique use of vitamin A, springs instantly to mind . 
Of all the ill effects p roduced . by phenothiazine retinopathy, the impair­
ment of dark adaptation is most striking (Burian & Fletcher.  1 9 5 8) . 

The c linical effects of the drugs mentioned to date are negligible . 
However .  one occasionally retinotoxic compound , chloroquin, is in common 
use , and clinical accounts of chloroquin retinopathy are becoming more 
and more common . So far.  the disease has not been reproduced in any 
animal, and experimental pathology is not available . In man, the symp ­
toms and signs of the retinopathy are variable . It is striking that the 
onset of the condition is quite sudden and occurs after many years of drug 
administrat ion, during which the re have been no obvious ill effects . Even 
though the drug is then withdrawn, the retinopathy may progress ,  so that 
though there may be some slight recove ry from the acute phase , progres ­
sive deteriorat ion o f  visual function follows . This i s  paralleled b y  a slow 
appearance of pigment in the fundus . 

It is possible to investigate pigment epithelium function in man . 
The steady potential of the eye cannot be measured dire ct ly, but,  since 
it gives rise to the eye movement potential, a method based on the e lectro ­
oculogram can be devised t o  test the functional capability of the p igment 
epithelium (Arden, Barrada, & Kelsey, 1 9 62 ) . The technique is explained 
in Fig . 3 .  Owing to the geometry of the globe , the potential difference 
recorded between electrodes placed near the medial and lateral canthi 
varies with eye position, and a sudden standard eye movement can be 
recorded as an artifact-free voltage change . The magnitude of the voltage 
varies from pe rson to person ,  and depends on the shape of the orbit and 
the position of the electrodes . Howeve r.  if the eye movement potential 
alters in the same person from minute to minute , this reflects a change 
in the magnitude of the gene rator of the potential . It has been found that 
alteration of retinal illumination affects the steady potential in a character­
istic way . It falls to  a minimum in dark adaptation and rises to  a peak in 
subsequent light adaptation . The pe rcentage change in potential is rela­
tively constant in normal eyes,  and is decreased in disease . The se find ­
ings have been elaborated into a clinical test , the e lectrooculogram (EOG) .  
Since analogous experiments have not been performed in animals,  the re 
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Fig . 3 .  Use of corneo- fundal potential as index of retinal function . 
Left - schematic cross section of eye with skin electrodes show ­
ing how rotation of eye alters p .  d .  between e lectrodes . If eye 
movements are standard,  observed p . d .  is constant fraction of 
corneo-fundal potentiaL Right -observed changes in corneo­
fundal potential with change of retinal illumination . Sequence 
is that adopted in clinical testing, and more prolonged complex 
potential oscillations occur . (Arden, Friedman, & Kolb,  1 9 62 ) 

is no absolute proof that the EOG potential is generated in the pigment 
epithelium . However.  it is easy to show in man that the EOG is affected 
in retinal detachments and in choroiditis where the neuroretina is still 
functioning . The se observations are analogous to the animal experiments 
which established the site of origin of the steady potential in animals , so 
the evidence is fairly compelling . Again, it is not unde rstood why the 
potential changes are related to retinal illumination . It is easy to show 
that they are linked to the rhodopsin cycle , but this merely means that 
light has no direct action on the pigment epithelium and has no further 
localizing value (Arden & Kelsey. 1 9 62a; 1 9 62b) . The potential is cer­
tainly maintained by active metabolism -it is ve ry sensitive to anoxia­
and it is convenient to think of the EOG as testing the maximum working 
rate of some metabolic proce ss within the pigment epithelium . 

In chloroquin retinopathy. the EOG is abnormal ( Fig . 4) . The figure 
summarizes some of the results obtained in a severely affected patient . 
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Fig . 4 . Some electrophysiological and c linical abnormalities in chloroquin 
retinopathy . Upper R-visual field . Upper L-dark adaptation 
curve s ,  showing progressive deterioration . Lower L-E RG 
A & B-moderately light -adapted; C ,  fully dark-adapted; lower 
R-EOG . ( Arden & Fojas, 1 9 62b) 

There is great fie ld loss, dark adaptation is incomplete , and the E RG is 
abnormal . The b -wave is tiny, and it is followed by an unusually large 
c-wave , which in this case is not a pupillary artifact . It recalls the large 
c -waves found in az ide -poisoned rabbits . The EOG, lower right, is 
grossly abnormal and , though there are large "spontaneous 1 1  fluctuations 
in potential, the normal response to illumination is completely absent . 
In other cases of this condition that have been encountered by the author, 
even in mild ones where fie ld loss  was minimal and the E RG normal, 
the re has always been a depression of the EOG .  Even in patients taking 
chloroquin, in whom there are no signs of a retinopathy, and in whom the 
E RG and subjective tests are absolute ly normal, the EOG may be de ­
pressed (Arden, Friedman, & Kolb ,  1 9 62 ) . 

Since it has p roved possible to use E RG and EOG to distinguish be ­
tween diffe rent sorts of drug action , it might be thought possible to use 
the various components of the E RG in the same way .  This is especially 
true since the demonstration (Brown & Wie sel,  1 9 6 1 a, 1 9 61b)  that the 
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negative component of the mammalian E RG. Pill, is produced by the 
receptors. and the positive components are p roduced by ce lls in the 
inner  nuclear laye r .  While this work will certainly be applied to unde r ­
standing the mechanism o f  drug action, it i s  not easy t o  d o  so, particu­
larly in man. and the re are right and wrong ways of going about this 
task . For example. in the investigation of the diaminophenoxyalkanes .  
Fojas and the author naturally gave larger doses than those mentioned 
above . When this is done . the E RG waveform changes considerably 
( Fig . 5 ) . Immediate ly afte r the administration the E RG gets bigger; 
and then it declines in amplitude until the b -wave has vanished and only 
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Fig . 5 .  Effect on cat ERG of toxic dose of modified phenoxyalkane . Left ­
hand column: 1 . control record; 2 .  immediately subsequent to 
injection; 3 .  2 min later;  4 .  1 0  min; 5 .  20  min; 6 .  40 min . Right­
hand column: e ffect of smaller dose : 1 and 2 as before; 3 .  1 hr 
later; 4 .  1 wk later ; 5 .  4 wks later . ( Arden & Fojas . 1 9 62a) 
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the a-wave is left . Such a seque nce of events has often been observed , 
and equally often it has been assumed that the b -wave is selectively 
damaged by the drug . This assumption is quite unwarr anted , as subse ­
quent results showed . Any and every toxic agent , from nembutal to 
anoxia, can produce this serie s  of change s ,  so it is entirely non - specific . 

The trouble is that the ERG is the algebraic summation of two po­
tentials of opposite sign (Granit & Riddel, 1 9 34 ) ,  and each in isolation is 
much bigger than the entire combined ERG . Therefore , a change like 
that shown in Fig . 5 could also be due to an increase in the size of the 
a-wave component . Another difficulty facing the interpretation of the 
ERG abnormalitie s is the fact that it is produced by the entire re tina, 
mainly by light scattered in the fundus . A localized le sion will not affect 
the ERG and if in the presence of a lar ge area of re tinal damage the ERG 
is abnormal, it is not possible to decide , in any one case, what fraction 
of the recorded ERG is derived from the small area of normal retina, and 
how much represents the diminished re sponse of the diseased tissue . 
Even if a microelectrode is thrust into the retina, as can be done in 
animals,  it still records the ERG of the entire eye , unle ss special pre ­
cautions are taken . In clinical practice i t  i s  hoped that the use of weak, 
localized re tinal illumination, and computer techniques will enable the 
response of small areas of retina to be distinguished . The microelectrode 
experiments referred to are not entire ly convincing: but if the computers  
succeed, this will be  obvious . The true focal ERG has a waveform which 
is in many respects dissimilar to that seen with conventional recording . 
Another reason for mistrust of ERG analysis is that alterations in the 
ERG amplitude may be due to non -visual factor s ,  e . g .  , an alteration in 
the distribution of the recording re sistance . Finally, in clinical practice, 
the technique is very difficult, so that although many workers have pub ­
lished very handsome individual records ,  the incidence of unrepeatable 
results is high . For these reasons , it is necessary to be extremely cir ­
cumspect in attemp ting to relate ERG and psychophysical data . One way 
in which this may be attempted is the analysis of dark adaptation, as 
shown in Fig . 2 . However ,  even here caution is necessary . The dark 
adaptation curves in the figure extend over a small sensitivity range of 
only 3 log units . This implies that the light adaptation used was fairly 
weak, as was the case . It is possible to do better than this but then the 
ERG waveform changes  considerably, and there seems to be no valid 
reason for relating the sensitivity of the eye to a constant voltage of ERG 
if, early in the experiment the response is a sharp spike , superimposed 
on a continuous ne gative drift, while later it is a gently rising positive 
wave . 

A good example of the potentialities and the limits of the ERG is 
provided by a recent investigation by Dr . Ikeda, in the clinic in London 
( Institute of Ophthalmology) on the effect  of alcohol on vision and the 
ERG . When the fully dark -adapted subject takes alcohol by mouth, the 
flicker - fusion frequency decreases and the visual threshold decreases 
slightly, i . e . ,  the visual system becomes more sensitive as though dark ­
adaptation had progressed fur ther than is normally possible ( Fig . 6) . 
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Fig . 6 .  Effect  of alcohol on flicker fusion rate of human subject . Ordi ­
nate -flashe s / sec . Abscissa-time . Note time course o f  e ffect . 
(Ikeda, 1 9 63) 

The effect on the intoxicated subject ( in this case Dr . Ikeda her self) is  
small, and runs a peculiar time course . When lovely woman stoops  to 
folly to the extent of 1 00 milliliter s of brandy, the e ffect is not maximal 
after 1 5  minute s,  nor is it over at about an hour . The ERG ( Fig . 7) also 
increase s and decrease s in amplitude along the same time course , and 
the corre spond ence is  so good that it is possible to state that alcohol has 
an effect on the receptors or on the inner nuclear layer . The change in 
amplitude in the ERG is rather striking, much more so than the actual 
change in sensitivity, but if one carrie s  the analysis a little further , it 
can be seen that this is not really the case .  In the fully dark-adapted eye, 
a large increase in b -wave amplitude re sults from a small change in light 
intensity . In addition ( Fig . 8 ) ,  the ac tion of alcohol varies with the light 
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Fig . 7 .  Effect of alcohol on dark-adapted ERG . 
Note similarity in time course between 
ERG and psychophysical changes of 
Fig .  6 .  (Ikeda, 1 9 63)  
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intensity used to evoke the ERG .  When the b-wave is small the alcohol 
has little effect ,  while intense lights cause a proportionate ly greater in ­
crease . Since all the stimuli needed to evoke ERG 's  were much more 
intense than those used in the psychophysical experiments , it is impos ­
sible to relate the b-wave to the subjective thre shold,  and only the corre ­
spondence of the time cour ses enable s  one to be sure this is the same 
phenomenon .  

Or . Ikeda 's  ERGs are possibly the best ever recorded from a human 
subject . The contact lens electrode was individually fitted, and the sub ­
ject  selected . As a consequence , the ERGs are large and artifact-free . 
They were recorded on a distortion -free system, and Or . Ikeda has been 
able to sup erimpose ERGs taken before and after the administration of 
alcohol . It can be seen that it is the latter part of the b -wave that has 
been affected . In view of the fact that the spike s in the eat ' s  optic nerve 
have a shorter latency than the conventionally recorded ERG, it seems 
most unlikely that the observed alteration in b-wave amplitude can have 
any bearing whatsoever on what the cat actually sees,  or that it is pos ­
sible to extrapolate such results to human thresholds ;  yet this is commonly 
done by electrophysiologists . This is not to imply that e lectrophysiological 
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results cannot be used to infer anything about the mechanism of vision. 
but of course this must be done in terms relevant to electrophysiology . 
It is interesting to speculate a little on how one may interpret Dr . Ikeda 's  
results . 

First of all .  how do the se exp er iments comp are with others  in which 
the eye has been treated with alcohol ? The increase in amplitude of the 
b-wave was fir st demonstrated by Bernhard and Skoglund ( 19 4 1 ) .  but they 
also observed that as the b -wave increased in s ize.  the a-wave disappe ared . 
Their interpretation was that alcohol selectively reduced Pill. the negative 
component of the ERG . They were quite aware that the a-wave might 
merely be hidden in the enlarged b -wave . but other observations made 
them reject this idea . Now that it is known that the a-wave is the leading 
edge of a much larger receptor potential. it seems les s  likely that the 
interpretation of Bernhard and Skoglund was corre ct. and it seems pos ­
s ible to explain their results in another way .  For the moment.  however . 
it should be pointed out that in Dr . Ikeda ' s  experiments. the a -wave is 
unaffected by alcohol so that reinterpretation is necessary . There is a 
discrepancy here . which may be due to the different concentration of 
alcohol. or to the different stimulus conditions in the two series  of experi ­
ments . This naturally brings to mind the question of under just what con­
ditions can the b-wave be shown to be increased after alcohol administra­
tion . In the human experiments.  the dosage of alcohol is limited . A 
1 20 -pound woman can take 1 00 ml of brandy on an empty stomach. but not 
much more . Therefore . other stimulus parameters had to be altered . 
Chief  of these was the intensity. and rate of repetition of the stimulus . 
When this was done it was found that the re sults after alcohol could be 
quite different . With a moderate repe tition rate -say. 1 nash per second ­
the ERG was smaller.  not bigger in amplitude . This is shown in Fig . 9 • 

There is a curve relating ERG amplitude and stimulus-repetition rate . 
which to a first approximation is an exponential . What alcohol has done 
is to change the time constant of the exponential . This correlates with 
the fact that alcohol decreases the flicker fusion rate . 

With this finding. the effect of alcohol on the ERG is more under ­
standable .  for it is exactly the same as the effect  of anaesthetics .  like 
nembutal. which also have the twin e ffects of making the single flash E RG 
bigger . but decreasing the amplitude of the responses to a serie s  of flashes . 
This phenomenon has been analyzed in the cat ( Arden. Granit, & Ponte . 
1 9 60) ;  in man it appears quite similar . During retinal illumination. some 
proce ss builds  up in the retina with apparently the same time course as 
retinal excitation itself. and has the property of suppressing the response 
to a subsequent stimulus . For this reason, the process was called 
"suppression . " It outlasts the stimulus.  and decays exponentially after 
the end of the stimulus . The effect of alcohol and anaesthetic agents can 
be  described by saying that they increase the amplitude of  the b -wave. and 
increase the time constant of suppre ssion . 
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Fig . 9 .  Amplitude of b -wave as function of flicker 
frequency . Administration of alcohol in­
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The next step is to find some electrical expression of this process ,  
and i t  is  possible that this has been achieved . In some recent experiments, 
Dr . Brown, Dr . Murakami, and the author have been inve stigating the 
effect of nembutal on the isolated receptor potential of mammalian retina . 
When the stimulus begins, there is an abrupt change in potential, cornea 
negative , and the potential is maintained throughout the subsequent illumi­
nation . When the stimulus ends, the potential gradually re turns to its 
previous resting level . The action of light seems to be merely to change 
the receptor potential to a new level, from which it recovers  exponentially 
with a time course which approximates the ERG suppression; the action 
of nembutal is to increase greatly the size of the change in receptor po­
tential produced by any light stimulus,  as can be seen in the fast sweeps 
of Fig . 1 0 .  In addition, the recovery of the receptor potential is delayed . 
It is difficult to see this , for though it is easy to eliminate the b -wave 
(Brown & Watanabe, 1 9 62 ) ,  the receptor potential cannot be obtained 
without an interfering c -wave . However , by illuminating the retina, and 
temporarily interrup ting the light- stimulating, as it were , by brief flashes 
of darkness-one can see the recovery proce ss, and this is so slowed by 
nembutal that in some experiments no return of the receptor potential 
toward the base line level can be seen for as long as a second . 

So, although none of these electrical phenomena can be seen in the 
intact eye, there is a plausible explanation for the e ffect of nembutal on 
the normal E RG, and, extrapolating boldly, for the effect of alcohol on 
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Fig . 1 0 . "Recep tor potentials " of mammalian retinas . Records obtained 
with electrodes in vitreous and on sclera, after selective block ­
ing of retinal circulation . 

A .  Waveform obtained from night monkey in which c -wave is 
very smalL Two sweeps superimposed . At beginning of stimu ­
lus (downward pip) cornea-negative potential develops,  and is 
maintained through 5 . 2  sec illumination . When stimulus ends ,  
potential s lowly returns to  base line (caL 500  ,.,.v, 0 .  5 sec) . 

B,  C ,  D .  Effect of injecting 5 mg nembutal i .v .  on cat receptor 
potential . Only initial deve lopme nt of potential shown on these 
fast sweeps ( caL 500 ,.,.v , 20  ms) . B -control . C - following in ­
jection . D -recovery . Note great tr ansient increase in effect 
of light . 

E ,  F, G, H .  Recovery of  cat "receptor potential" in d ifferent 
stages of anaesthesia . E , G-lightly; F, H-deeply anae sthetised . 
Receptor potentials E & F are of equal amplitude , but recovery 
phase cannot be seen due to large positive C -wave . In G & H, 
retina constantly illuminated and signals show short periods 
( 280 ms) of darkness . In this way, C -wave is eliminated and it 
can be seen that rate of recovery of receptor potential in G, 
lightly anaesthetised, is greater than in H .  Calibrations,  500  
IJ.V and 500  ms for E and G;  200 ms for F and H .  
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v1s1on . It seems likely that both these drugs affect the receptors.  so 
that a given quantity of light causes a greater depolarization of their 
terminals ,  but the repolarization in the dark is slower . A second stimu­
lus,  following close on the fir st, will now depolarize the receptors to the 
active level .  but because recovery has been delayed , the change in ob ­
served potentials as normally seen ( the a- and b-wave . and subsequent 
d ischarge of nerve impulse s) will be smaller than usual . In psychophys ­
ical term s,  one would predict that the dark - adapted threshold would de ­
crease . and that the flicker fusion frequency would also decrease . This 
is just what occur s . One is also in a position to explain Bernhard 's  in­
terpretation of the effect  of alcohol on the frog eye . Observing a diminish ­
ing a-wave and an enlarging b -wave , he suggested that alcohol depressed 
Pill-the negative component of the ERG .  This interpretation was strongly 
supported by experiments in which the eye was reilluminated at the time 
of the "off response . " In the frog, this lead s to the produc tion of a large 
a-wave and the appearance of pre -excitatory inhibition . After treatment 
with alcohol , the a-wave is not seen, and this suggests that Pill is sup ­
pressed . Bernhard was unable to obtain either Pill or Pll in a pure form 
and ,  therefore,  his results can be equally well explained by supposing 
that Pill was in fact increased, but its recovery delayed . 

These observations , then, may not only explain an old and puzzling 
ERG phenomenon, but may aid in understanding the effects of drugs on 
vision . The most interesting point to notice is the progress made from 
the observation of an incre ased b -wave amplitude to an increased sensi­
tivity and delayed recovery of  a receptor potential . How far from the 
truth would have been merely an attemp t to relate crude e lectrophysio­
logical and psychophysical data . 
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STUDIE S IN T HE  PHARMACOLOGY 
OF E XTRAOCULAR MUSCLESl 

G .  M . Breinin and J . H .  Perryman 

The liter ature has suggested that extraocular muscle is a primitive 
type intermediate be tween striated muscle of mammals and lower forms,  
and that i t  demonstrate s an affinity with smooth muscle . These unusual 
features have been linked to the pe culiar nerve supply and highly special­
ized functions of extraocular muscle . The anatomical and his tological 
distinction of extraocular muscle , its low innervation ratio ,  variety of 
nerve and nerve endings , and membrane -permeability characteristics 
have been adduced in explanation of certain aspects of ocular motility . 
Studies of the author s ,  however . te nd to show that differences between 
eye muscles and limb muscles  are quantitative rather than qualitative , 
and may be considered modifications re lated to the highly specialized 
nature of eye movements . 

This paper summarizes a series  of experimental observations on 
the pharmacology of extraocular muscles  in cat and dog. primarily 
addre ssed to the question of whether the postulated uniqueness  of extra­
ocular muscle actually exists and, if  so,  to  what extent . The failure of 
epinephrine to elicit muscle contraction was seen . Epinephrine in mas ­
sive dosage injected directly into the carotid artery produced no meas ­
urable change in the rest tension of the inferior oblique , later al, or 
medial rectus, while change s  in the epinephrine -sensitive structures in 
the orbit (nictitating membrane and pupil) were readily observable . A 
gross compar ison was made between the effect of ace tylcholine in the 
extraocular muscle and that in the limb muscle . An injection of 80 micro ­
grams (#£g) of acetylcholine into the carotid regularly produced maximal 
contraction of extraocular muscle s . The drug was administered with a 
hypodermic syringe through a polyethelene cannula tied into the stump 
of the lingual artery . Eighty l'g of acetylcholine injected into the popliteal 
artery also produced a strong contraction of the anterior tibial muscle . 
With intracarotid injection, it required about 30 to 50 l'g of acetylcholine 
to produce a significant ocular muscle contraction. while anterior tibial 
contraction could be produced with as litt le as 2 to 5 l'g of acetylcholine . 
It is difficult to draw conclusions  as to the relative sensitivity of ocular 
and limb muscles  to acetylcholine since the response s are so largely 
affected by the technique employed . It is clear .  however.  that both type s  

l in  M .  B .  Bender (Ed . ) .  In the oculomotor system symposium, in pre ss . 
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of muscle respond briskly to minute amounts of acetylcholine . Choline 
is said to produce a slow, tonic contraction of extraocular muscle and 
to be without effect  on innervated skeletal muscle . Although large amounts 
are required to evoke a response , a definite contractile effect (with about 
1 00 time s concentration of acetylcholine) was seen in both extraocular 
muscle and anterior tibial muscle with close arterial injection . Nicotine 
was also te sted . It was found that with close arterial injection as pre ­
viously explained, s trong contr action could be e lic ited from the extr a­
ocular muscle with the intracarotid injection of 1 cubic centimeter of 
nicotine in a 0 . 1 per cent solution of saline , and with one -half of this 
amount in the normal anterior tibial muscle . Topical application of 
atropine in vivo was ineffective , while close arter ial injection would pro­
duce a short-term block in both sets  of muscle . Intravenous or intra­
carotid injection of  succinylcholine produced a strong, sustained extra­
ocular muscle contraction . Close arterial injection of the anterior tibial 
muscle , however , produced a compar able result . 

Differences in the route and technique of drug administration can 
produce marked differences in result . An intracarotid injection is in 
reality a close arterial injection of extraocular muscle . A comparison 
of effect in other muscles can be made only when they also receive a 
close arterial injection,  especially when a drug is quickly inactivated in 
the blood as in the case of acetylcholine . The amount of drug, the rate 
of injection, and the volume of diluent are interrelated factors in making 
a compar ison of drug effect in different muscle s .  The effector site is 
the motor endplate . The per ipheral ske letal muscle has proportionally 
fewer effector site s than the extraocular muscle , and these are spread 
out be cause of  larger mass . The flow velocity and percentage satura-
tion of blood is higher in extraocular muscle and low�;r in peripher al 
skeletal muscle . Taking many of these factors into consideration, much 
of the so -called uniquenes s  based on intrinsic physical or chemical factors 
falls away, and many of the reactions attributed to the peculiar physiology 
of eye muscles become under standable in terms of ordinary skeletal 
muscle behavior . The distinctions that exist are quantitative rather than 
qualitative . 
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DRUGS AND EYE MOVEMENT RESPONSES IN MAN 

Gerald Westheimer 
School of Optometry 

University of California 

2 1 5  

Barbiturate nystagmus, a well -known clinical phenomenon, was 
shown by Rashbass ( 1 9 59 )  to be tied in with the observation that barbitu­
rates selectively abolish the smooth pursuit eye movements while leaving 
saccadic movements unaffected . Barbiturates also interfere with dis ­
junctive eye movements: vergence movements are appreciably reduced 
in speed and amplitude . Under the influence of barbiturates, the near 
point of convergence recedes ,  the distance phoria changes in the dir ection 
of esophoria, and the near phoria changes to exophoria . Accommodation 
remains unaffected . These changes are found with moderate therapeutic 
doses and have a time course that suggests that they are good indicator s 
of the level of intoxication . 

A study of the accommodation -convergence synkinesis reveals that 
it is quite drastically reduced by barbiturates .  On the other hand, 
amphetamines enhance it while leaving all other oculo -motor responses 
substantially unchanged . 
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THE E FFECTS OF DRUGS ON VISION 

Leon s .  Otis 
Stanford Research Institute 

The excellent papers presented by Dr s .  Potts , Arden, and Breinin 
illustrate how drugs may be used as tools to explore the physiology and 
structural characteristics of the visual apparatus . The emphasis , how ­
ever , has been on the peripher al organ - the eye . To a behavioral 
psychologist,  the eye is part of a larger system -the individual . When 
drugs are used , it is the possible alteration of the information -gathering 
function of the eye and the behavioral consequences that may attend such 
alteration that are of primary interest . That is , the psychologis t would 
like to know to what degree drugs change how well the eye can see,  what 
it sees ,  and the adequacy of the individual 's  performance within his visual 
world . 

These comments in no way detract from the importance of the 
excellent work reported by the previous author s . They are meant, how ­
ever , to point up the vastness  of the chasm that exists between knowledge 
of how the eye works,  and knowledge of how the individual processes and 
utilizes  visual information in performance .  The problem is difficult 
enough in its own right; it is e specially complicated when drugs are 
introduced . 

A literature relating drugs to changes in visually dependent behav ­
ior is practically non-existent; a brief  review of some recent paper s 
illustrates the paucity of good experimental data . The articles are dis ­
cussed in terms of five categories that reflect , in descending order , the 
degree to which the experimental design included attemp ts to correlate 
performance with visual functions , or with underlying neural or chemical 
mechanisms . 

The first  and by far the mo st voluminous category (also the least 
satisfying from the point of view of controlled observation) consists of 
clinical repor ts of side effects when drugs are used in medical practice . 
Illustrative of such reports is the following excerpt from a recent paper 
( Murray, 1 9 61 ) . 

A patient, de scr ibed by the author as "a man who 
had a previously unblemished record of over 20 years 1 
driving connected with his work . . . " (p . 1 68)  w al:i 
involved in a series  of relatively serious automobile 
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collisions during a 90 -day per iod following h�.s re lease 
from the hospital . During this period he was on a main­
tenance dosage of 75 mg . of Librium daily . As a con­
sequence of the accidents , ophthalmological evaluation 
was performed and the patient was diagnosed to be suf­
fer ing "from a mild anisome tropia unequal accomoda­
tion, esophoria for d istance , and exophoria for near 
vision and poor depth perception . " Librium was d is ­
continued for seven days and he was again te sted for 
ocular function , using the Maddox-Rod muscle balance 
test ,  and the Howard -Dolman depth perception test . With­
out the drug , the patient ' s  re sponses were comple te ly 
normal . The medication had affected his depth percep ­
tion as well as his eye muscle balance . ( This occurred 
in 2 other patients who showed sim ilar rever sible 
changes . One of them was on a 30 mg . daily dosage and 
the other on a 50 mg . daily maintenance dosage . Ten 
other patients who complained of visual difficulty and 
found to require new lens pre scr ip tiona • ) Mr . L .  K • ' s 
daily dosage of Librium was reduced to 25  mg.  daily 
and on retesting, his vision was within normal limits . 
Since then he has had no further automobile accidents 
or driving offense s . (p . 1 69 ) . 

2 1 7  

Clear ly ,  this report  leave s much to be de sired . One wonders to 
what degree the deterioration in driving skill was due to postdrug alter ­
ation of visual functioning. and to what degree it was due to other causes 
-- for example . change s in motor functioning. emotional reac tivity , 
judgement processes . and the like . 

Be that as it may. the clinical literature has implicated a number 
of drugs as causing altered visual functioning, with attendant behavioral 
impairment . Among those most frequently mentioned are the pheno ­
thiazines , certain o f  the monoamineoxidase ( MAO) inhibitors ,  and the 
psychotomimetic drugs . Chlorpromazine and related phenothiazine a are 
frequently reported to precipitate oculogyric crises and blurred vision 
(Affleck, Booth, Forrest. & Mackay. 1 9 62; Apt.  1 9 60 ;  Kozinn & Weiner , 
19 60) . Structural change s have also been reported . One phenothiazine 
(NP-207) ,  that happily did not reach the marke t, has caused impaired 
dark adaptation, loss of acuity, and retinal pigmentary degeneration 
(Apt,  1 9 60) ;  damage to retinal e lements has also been reported after 
thioridazine ( Weekley, Potts·, Reboton, & May.  1 9 60) . Pheniprazine , 
an MAO inhibitor recently removed from the market, has been reported 
to induce toxic amblyopia, decreased ability to discriminate colors 
(especially reds and greens) . blurred vision, and impaired depth per ­
ception (Jone s ,  1 9 61 ;  Lear . Browne , & Greeves ,  1 9 62; Palmer , 1 9 63) . 
Perphenazine has also been reported to produce transient blindness (Apt ,  
1960; Johnson, 1 9 60) , and disturbance of  color vision may occur after 
tridione (Cox , 1 9 61 ) .  Mescaline , lysergic acid die thylamide ( LSD) .  and 
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psilocybin have been implicated in impaired color discrimination, b lurred 
vision, and, of cour se ,  visual hallucinations (Hollister & Hartman,  1 9 62) ;  
LSD also caused overestimation of the apparent horizon (Wapner & Krus , 
1 9 59 )  and increased var iability of s ize consistancy judgements ( Weckowicz , 
1 9 59 ) . Acute myopia has been repor ted for prochlorper azine ( Yasuna, 
1 9 62) ;  and altered depth perception , poorer accomodation, and blurred 
vision have been reported after chloriazepoxide therapy ( Murray,  1 9 61 ) .  
Amitriptyline causes disturbance s in accomodation ( Lambert ,  Charriot, 
VuDinh , & Versm�e . 1 9 62) . The wide ly used compound , imipramine , 
may re sult in poorer accomodation, blurred vision, and hallucinatory 
dis turbance s ( Fleming & Groden, 1 9 62 ;  Friedman, De Mowbray, & 
Hamilton , 1 9 61 ; HlShn , Gross,  Gross, & Lasagna, 1 9 61 ;  Pollack, 1 9 62 ) . 

As these drugs have a potent effect  on the central nervous sys tem , 
it is , perhaps ,  not surprising that the visual system is so vulnerable , 
inc luding, as it doe s ,  about 1 2  per cent of the cerebral cor tex . 

Little can be said for the remaining categor ies . Too few research 
paper s exist to justify more than a passing recognition of p ioneering 
efforts in a neglected field . 

The second category inc lude s paper s that report the effects of drugs 
on visual (or perceptual) functions , per se , using relative ly simple indi­
cator re sponses as  performance measure s .  Postdrug impairment of  
dark adaptation (Apt ,  1 9 60) ,  size constancy, depth perception, apparent 
motion, spiral after -effect and after -images (Costello, 1 9 60a; 1 9 60b; 
1 9 60c ) ,  br ightne ss  percep tion (Weiner & Ross,  1 9 62) ,  visual d iscrimina­
tion ( Fuster , 1 9 59 ) ,  and visual thre sholds ( Blough, 1 9 5 7; Car lson ,  1 9 58 ;  
Kr ill .. Wieland , & Ostfie ld , 1 9 59 )  have been reported in  both man and 
animal . 

The third category involve s studie s  that measure drug effects on 
relative ly complex visuo-motor performance . The classic studies of 
Payne & Hauty ( 1 9 55; 1 9 58) on the facilitating e ffects of amphetamine 
and other stimulants on visual monitoring, and those of Mackworth ( 1 9 50 ) ,  
Korne tsky (Kornetsky, Mirsky, Kessler ,  & Dorff, 1 9 59 ) ,  and others on 
vigilance , practically exhaust this category.  

Papers comprising category 4 attempt to  re late postdrug changes 
in visual response to higher order theorie s of  behavior or brain func ­
tioning . Costello ( 1 9 60a; 1 9 60b; 1 9 60c) has reported change s  in apparent 
movement, after - image s ,  and spiral after -effects following clinical doses ,  
400 -600 milligrams (mg) , o f  meprobamate which have n o  e ffect o n  visual 
threshold ( Melikian, 1 9 61 ) .  He relates these changes to Eysenck 's 
general theory of brain functioning which states that depressant drugs 
decrease brain excitability potential and increase inhibitory potential; 
stimulus drugs are presumed to have the opposite effect (Eysenck, 1 9 5 7) .  
Unfortunate ly, meprobamate was the only drug inve stigated . It would 
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have been desirable to include other depressant-type drugs , e . g . , 
chlorpromazine and pentobarbital . in the design as well as a stimulant 
for comparative purposes .  

Hollister and Hartman ( 1 9 62 ) ,  using a Latin square design, reported 
that LSD -2 5 ,  psilocybin. and me scaline reduced color d iscrimination of 
normal subjects and increased the frequency of reports of color exper ­
ience s after non-adequate stimuli. i . e . ,  tones and / or an anchromatic 
visual flicker stimulus . These findings tend to support the ir hypothesis 
that the heightened and unusual perception of colors following psychotomi­
metic s  may be due to excitation of the central "color re sponse " by non­
adequate stimuli . The mechanism, however , remains to be specified . 

Studies by Krill e t  al ( 1 9 59 ) ,  Fuster ( 1 9 59 ) ,  and by Carlson ( 1 959 )  
are illustr ative of  paper sthat attempt to  re late changes in visual per­
formance to under lying mechanisms (Category 5) . 

Kr ill e t  al studied the e lectroretinogram ( ERG) and dark adaptation 
after low and high dose s of two hallucinogens , LSD-25  and JB-31 8 . 1 Con­
trol drugs were nonhallucinogenic analogue s ,  Methysergide ( UML) and 
JB-808 . 1 Fifteen subjects hallucinated after 75 micrograms (IJg) LSD and 
7 .  5 - 1 5 mg JB- 31 8 ,  and significant changes in ERG, increase in scotopic 
b -wave amplitude . or in dark adaptation. e levation of the entire rod thresh­
old and a delay in rod -cone break .  were observed . The analogues had no 
discernible effect on vision . The authors suggest that the visual dis turb­
ances  associated with the hallucinogens may have been due to the hypoxia 
or to toxic re tinal effects ,  possibly induced by LSD and JB - 31 8 .  

Fuster trained five monkeys in the WGTA to discriminate visually 
a cone from a 1 2 -sided pyramid . LSD at 2 -8 /Jg decreased the accuracy 
of dis crimination and increased the latency or response -findings that 
are at variance with Blough 's  repor t that LSD improved visual dis ­
crimination in the pigeon ( 1 9 5 7) .  Fuster ( 1 9 59 )  corre lates these findings 
with known excitatory effects of LSD on axosomatic fiber s , i . e  . •  sensory 
fibers or fiber s that carry information to the brain, and inhibitory effects 
on axodendritic fiber s ,  i . e  . • fibe�s which emanate from the d iffuse 
thalamic system and reticular formation and which control "activation " 
of the brain . 

Carlson ( 1 9 58) repor ted that photopic threshold was raised more 
than scotopic thre shold after non-hallucinatory doses of LSD-findings 
that are consistent with the occurrence of inhibitory effects on cortical 
proce sses as reported by Purpura ( 1 9 56);  e levation in threshold was 
shown to be unrelated to possible inattention and inability to concentrate . 

This then, is the present state of the art; a fair number of clinical 
repor ts implicate at least some drugs in the de ter ioration in visual 
proce sses and performance , but few "hard " experimental studies have 
been done . The challenge should and, hopefully, will be met .  

1 JB compounds are exper imental drugs of Lake side Company . 
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The author 's  interest  in the effects of drugs on vision goes back to 
some experiences of the early 1 9 50 ' s  while testing anti -seasickness  drugs . 
A number of the more promising, based on laboratory studies ,  were 
take n to sea in a "double blind " evaluation in the oper ational situation . 
They were standard compounds,  available to the public . Troop trans ­
ports with 1 0 , 000 subjects available provided an ideal situation . 

Although anyone would expect individual differences to appear in 
response to the drugs and their effectiveness ,  it was surprising to find 
that the range reported ran from decrement to actual improvement in 
vision . One man apologized for not filling out the questionnaire card 
because he couldn 't read the print . Indeed, his pupils were so dilated 
that "sack- time " was his only occupation . Others commented on ability 
to see farther and more clear ly . Similar comments were made about 
improved auditory function . 

This situation necessitated checking the literature to see just what 
history had to offer ( Trumbull & Maag, 1 9 5 8) . There are the rather 
dramatic instances where mescaline has produced artistic products 
judged by experts to be far superior to thos e normally produced . Cer ­
tainly, anecdotal claims of this  typ e are well known, as are those related 
to contrast enhancement . The improved sense of timing gained has been 
one reason for drummers,  and others seeking exotic off-beats or new 
rhythms becoming addicts . Then there are more reliable data where the 
laboratory and control are found . It is surprising how many times re ­
searchers have repor ted improvem ents in sensory modalities r esulting 
from drugs . The author 's  intere st was purely on the positive side,  
where performance was improved, maintained, or  restored from deficit 
by ingestion of some biochemical . Here ar e a few examples of what 
were found . 

1 .  1 1(0 . 6  - 1 . ) mgm . of carcholin was administered to human sub ­
jects with a resultant lower ing of dark adaptation threshold and improved 
dark adaptability corresponding to the dosage . 11 ( Fang, Hwang, & Hall, 
1953) 

2 .  A s tudy of caffeine influence on color naming- 1 1 • • •  stimulation 
at all dose s but be tter at lower . " (Hollingworth,  1 9 1 2 ) 

Copyright © National Academy of Sciences. All rights reserved.

Recent Developments in Vision Research
http://www.nap.edu/catalog.php?record_id=18667

http://www.nap.edu/catalog.php?record_id=18667


ZZ4 

3 .  "It can be concluded that the decline of important elements of 
pilot skill can be delayed for at  least four hours by pharmacological 
techniques . " ( Payne & Hauty, 1 9 53)  

4 .  Mescaline and lysergic acid produced " . . .  greater sensitivity 
to sounds and mos t striking effects of visual stimuli . Colors had added 
'purity, ' 'vividne s s '  and 'brilliance ' . " (Berlin et al . ,  1 9 50) 

There are many additional items (Trumbull & Maag, 1 9 58) where 
ther e is direct reference to the sensory modalities .  If one consider s 
the multitude of performance studies where separation of sensory, 
central ,  and motor aspects is impossible , one is impre ssed with the 
potential of this area of research .  By that is  meant the large number of 
sttdies in which ability in mathematics , coordination, and complex reac ­
t ion time m ight have improved as much from a simple visual improve ­
ment as it would from a central or motor one . Color naming, where 
time is not an eleme nt, is easier to claim . In studies of stress  or 
fatigue, ther e is a major requirement for more knowledge as to just 
what influence these conditions have on sensory systems -the base from 
which it is desired to produce improvement . 

This experience caused the authors to try to induce the Navy and 
the Departme nt of Defense to concern themselves with ''positive psycho­
pharmacology, " seeking some fraction of the money now spent to degrade 
or destroy man for purposes of realizing the full potential of his systems . 
The Stanford Research Institute became a keystone in this effort by doing 
a critical review of various scientific discip lines which had relevance to 
the problem . Leon Otis 1 presence in this effor t has been a vital factor 
in seeking the mor e promising technique s and researcher s ,  and develop ­
ing a sensitivity to the problems and holes in present knowledge . His 
paper presented in this se ction has highlighted much of what has been 
lear ned . There is no reason, after this review, (Plotnikoff, Birzes ,  
Mitoma, Otis, Weiss,  & Laties ,  1 9 60) to  be any less  enthusiastic about 
the potential that can be made available by this means . 

The three papers and two discussions preceding this presentation 
serve to under score the fact of this potential while warning of the demand 
for improved methodology, adequate control, and more basic work on 
the biochemistry operating at every point in the human system involved . 
Research on drugs and the muscle system of the eye has also been 
presented . Obviously, anything which influences ocular shape, motion, 
transmission, or other functions can be used to further the knowledge 
and use of vision . Thus, the his tory and potential of drugs that produce 
these effects mer it s imilar consideration as those to which reference 
has been made . It is hoped that pharmacologists will turn some attention 
to sensory modalitie s . It is urged that those interested in sensory and 
perceptual capabilities of man can broaden their research approach, or 
seek pharmacological co-investigators to answer some of the challenge 
and seek realization of som e  of the potential of this area . 
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CONC LUDING RE MARKS BY THE CHAIRMAN 

Arthur Jampolsky 
Eye Research Institute 

Presbyter ian Medical Center 

Dr s . Potts and Arden have pointed out how the biochemist and the 
electrophysiologist seek to determine the sites and modes of action of 
drugs on the visual apparatus . Toxic effects,  and the consequent visual 
decrements , are valuable ways to get at the sensory side of the picture . 
This information is basic to the problem of maintenance and enhancement 
of visual performance . The different electrophysiological tools tap off 
different parts of the visual input system . 

Dr . Breinin has emphasized the similarity in drug effects on the 
extraocular muscle s  and other skeletal muscle s, and indicated the mode 
of action of drugs on the accommodative -convergence relationship . 

Dr . We stheimer has re lated some of the examples of the visual 
psychophysical inve stigations in this field , an area in which there is a 
relative paucity of work . 

Dr . Otis has stated that de spite the large literature  on the behav ­
ioral aspects o f  the problem, there i s  a lack o f  acceptable experimental 
evidence to elucidate specifically the per formance changes . The factors 
of inattention, excitation by non -adequate stimuli, and the multiple site s 
of drug action .• make it a difficult task to unscramble the variables . 

Dr . Trumbull has presented a background picture of the past 
history, the present status,  and the future potential of research seeking 
to answer some of the specific problems in practical terms, especially 
the maintenance and enhancement of man ' s  system s .  Some important 
monographs in this fie ld have been brought to the attention of this group: 
they relate and coordinate different disciplinary approache s that point 
out some of the basic needs and practical problems . 

From the above discussions it appears  that the psychophysicist and 
the behavioral scientists will have difficulty in evaluating the response 
effects,  judgmental changes , and performance results . Controls are 
difficult to e stablish, since drugs may decalibrate the subject for visual 
psychophysical determinations . It is often difficult to determine whether 
one is affecting the visual apparatus,  per se , or the subject generally in 
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his response to the visual performance task . Double blind studie s do not 
avoid the effect of a drug or placebo administration . 

The biochemist and electrophysiologist have the unique oppor tunity 
of assessing nervous -tissue function in term s of the eye as a peripheral 
brain . 

Computer technique s materially aid the detection of faint signals 
that are all but lost in the roar of biological noise . Multiple stimuli add 
another analytical dimension . 

E lectrophysiological techniques do not always avoid the limitation 
of drug-altered neurophysiological recording, which may be monitored 
by polarographic electrodes to asse ss blood flow and metabolic effects . 

More must be known about the specific drug alterations of neuronal 
conduction time . neuronal recovery time . synapse blocking. shuttling. 
myoneural junction, storage -resynthe sis, etc . 

' There is a unique opportunity to asse ss the retina as a plug of 
c entral nervous system tissue , with blood ve ssels and human response s 
attached . There is a need to know much more specifically how drugs 
affect the visual apparatus , per se , especially with respect to the s�nsory 
input and motor output visual systems, which lend themselve s to easier 
d ir ect analysis than doe s "that messy. rave led knot of pinkish jelly . " 
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