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FOREWORD

In the Spring of 1965 a two-day meeting was held under the aus-
pices of the AF-NRC Committee on Vision. The papers presented
at this meeting were concerned with ideal and practical techniques
for the measurement of each of the selected visual functions.
The interest shown in these papers by visual scientists and by
practicing ophthalmologists and optometrists prompted the Ex-
ecutive Council of the Committee on Vision to provide for their
publication .
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GENERAL INTRODUCTORY RE MARKS
by the
Chairman of the Symposium

A r t h u r  Jampol sky
Institute ’ of Visual Sciences. Presbyter ian Medical Center
San Francisco

The purpose of th i s  meet ing is to provide a basi s for re— e va lua t -
ing the testing procedures for each of the different  visual p a ra in  —

(‘ters useful in visual classif icat ions.
The laboratory methods of assessing each visual fun ct ion  are

presented in orde r to update the awareness of all possible tes t in g
t ( -chn iques  available in assessing the considered visual  l) ar aI1~et ei~.

The c l in i ca l  presentations are directed toward assessing those
techniques best suited for pract ical  ut i l iza t ion in measuring the
considered visual  paramete r by (a) Pr ofessional personnel.  (h )
non—professional  ( technical)  personnel , and (c) machine or semi —

automated methods. Special reference is made to up dating t ech -
niques such as the ut i l izat ion of electrodes, mac hines (or thor a-
tor types), and other semi-automated techniques capable of
quantifying or scaling the test scores.

Where appropriate , comments  are made re la t ive  to t r a in in g
of the visual function , and predictabil i ty of change wi th  age.

The mater ia l  presented provides a basis for making j u d g m en t s
relative to the preferred testing techniques best suited for the
needs of the different  agencies and services requi r ing  v i sua l
classif icat ion and testing. These conclusion s are der ived  t r o n i
or compared with , the a r r ay  of laboratory techniques  a v a i l a b l e .

It is realized that the division into the laboratory and c l i n i c a l
presentation aspects is purely a rb i t ra ry .  All authors have been
judiciously selected because each possesses all  of the d i s t i l  led
virtues of both clinical scientists and scient i f ic  c l i n i c I a n s .  Th v
have been asked merely to assume some biases for purposes ul
their presentations.

The present goal is not concerned w i t h  needs, uses or pu r —



poses , limits , standard setting, or necessity for validation of
standards , or whether vision is important or unimportant to any
specific simple or complex performance task . The concern is
w i th the test ing techniques most suitable for scoring and class!-
fication.

A few words about the background of the problem seem appro-
priate . Working Group 20 of the Armed Forces-NRC Committee
on Vision re-evaluated some of the aspects of the visual require-
ments for flying and made some general conclusions and recom-
mendations regarding visual requirements , visual standards for
performance tasks in general , and the role of the visual scien-
tists in assessing visual capabilities , and in assisting the agen-
cies and serv ices with their needs for visual classification sys-
tems. This report is available (Jampolsky & Morris , 1964).

Some of the main recommendations which are of relevance to
this symposium were as follows :

1. To state the capabilities in each of the major visual param-
eters (acuity, heterophoria , color vision , etc.) in grades of visual
fitness in order to augment and amplify the usefulness of present
visual classification systems. Such grades and grade decrements
could serve as a basis on which a flexible, dynamic system of
visual standards could be constructed and appropriately adjusted
to meet changing needs.

2. To create a “core team ” composed of (a) operational-visual
specialists, each representing various Armed Service and civil-
ian agencies, who are concerned with visual requirements for
flying , and (b) visual scientists, expert in a particular visual
parameter , selected to join the team at the time their specialty
is being graded. The grades of visual fitness concept could best
be executed by such a “core Team. ”

3. To define “perfecti on ” in each of the visual parameters.
Ten graded decrements signifying fitness less than perfect could
be specified below the top grade level. Upon thi s matrix, the dif-
ferent criteria of selection and retention could be clearly speci-
fied , or a visual profile could be constructed for any individual.

4. To assign to the team grading each visual parameter the
task of evaluating the present tests employed by the services and
agencies , and to recommend improved testing techniques for
both machine and non-machine methods.

This report was accepted by the Executive Council of the
Committee on Vision , and after due consideration , it was decided
that It would be appropriate to devote a Committee meeting to
the specific purpose of evaluating the present tests employed ,
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and to re-examine the visual parameters to be tested and graded
in order to aid the core team , augmented by experts in each
considered parameter , to establish the grades of vi sual fitness.
The numbers attached to the test results are numbers per se
wi thout any relevance necessarily to their use. These should be
considered labels , and the way in which they are determined
should not necessarily be specifically related to the use to which
they may be put.

Visual acuity should be assessed for visual acuity’s sake. Re-
fractive error should be assessed in order to detect and grade
the refractive error. Although one can seldom c.scape judgmental
factors which enter into the decisions relative to tests and grad-
ing, such factors should be selected with an eye toward as uni-
versal use as possible for classification in static , dynamic, and
unknown stress conditions.

How does one test or measure the overall visual capability in
order to predict visual performance ? Historically, the following
visual parameters have been tested in order to satisfy the need :
1. visual acuity; 2. refractive error; 3. heterophoria; 4. ocular
rotations; 5. color vision; 6. distance judgment; 7. accommoda-
tive amplitude; 8. visual fields; 9. night vision; and 10. intra-
ocular tension.

A disproportion of inattention apparently has been given to
other more dynamic condi tions, more difficult to test and assess,
such as dynamic visual acuity , glare resistance or recovery,
photo-stress, detection , tracking, etc. Little or no utilization
has been made of electrophysiological methods in applied visual
testing techniques , perhaps for good reasons.

By way of comparison , a cardiovascular testing profile is of
interest. This battery of tests under dynamic conditions makes
extensive utilization of electrophysiological testing techniques
and provocative stress states , and consists of the following :
1. ballistocardiogram ; 2. vectorcar diogram; 3. stress-provoc a-
tive test exercise; 4. prone-supine position; 5. hyperventilation
followed by maximal breath-holding; 6. carotid sinus massage;
7. 100 per cent oxygen; and 8. tilt table , etc .

The task should begin with the question of how well do the pres-
ent visual tests of the selected visual parameters assess over-
all visual capability , i. e., continued health and integrity of the
visual apparatus under normal , dynamic , and stress conditions.

The request to make such practically useful but compromised
judgments , derived from scientific laboratory methods, some-
times elicits a sudden conditi oned reaction in a certai n segment
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the pract ica l  needs of the agen cies and services based upon both
laboratory and c l in ica l  experiences. This symposium re f lec t s
these purposes and goals.

Example of the Proposed Sy s t em f , r  Grades of V isual Fitness

Grades
Visua l parameters Perfect

_ _ _ _ _ _ _ _ _ _ _  
I II lu IX X

I —.— 1
Is

Vis ual acu ity 1S IR
S

Refractive error I ‘S ~ft
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Ocular rotat ion I 
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Color vision ‘S R R

ft I
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-

Int raocu lar tens ion I :  S ~ .a
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1
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Glenn Fry, Chairman



PRE LIMINARY COMMENTS ON VISUAL ACUIT Y
Introductory Statement by the
Chairman of the Section

Glenn A. Fry
School of Optometry -

The Ohio State University

The Armed Forces-NRC Committee on Vision has already adopted
the test charts for visual acuity involving the Sloan letters and
has also approved the Bausch and Lomb Ortho-Rater as a ma-
chine method of making acuity measurements. Under the circum-
stances, it does not appear to be appropriate to propose alternate
methods of making acuity measurements.

It may be desirable to reformulate the standards in more
general terms without reference to a specific device. The Sloan
letters could be designated. One could then specify the arrange-
ment into lines with each line containing a specified number of
letters and a specified spacing, contrast and luminance level. It
may be that the Ortho-Rater may be the only instrument that
meets the standards in mind , but the standards themselves should
be capable of being specified without reference to a trade name.

In accordance with the recommendation made by Dr. Ogle and
his committee , (Ogle , 1953) it is recommended that the size of
the letters on the test char t be specified in terms of the visual
angle subtended by the critical detai l , which in the case of the
Sloan letters is the width of the strokes. The total height of each
letter is five times the width of the stroke. The visual angle is
specified in minutes. An alternative way is to specify the size
of the letter in terms of the distance at which it will subtend five
minutes of arc. Still a third way of specifying the size of the
letters is in terms of the Snellen fraction in which the numerator
represents the distance at which the test is made, and the denom-
inator the distance at which the letters subtend at five minutes
of arc .

The sizes of the letters included on the chart are graded in
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terms of uniform steps on a log scale . Dr. Ogle considered
three things in connection with his justification of the use of the
logarithmic scale for grading the letter sizes on the visual -
acuity chart. The first of these considerations is that if the area
of the letter is specified as opposed to the height of the letter ,
the steps in area as well as the steps in height are linear on a
logarithmic scale.

Dr. Ogle also considered the experimental evidence in support
of the notion that there is a logarithmic relationship between
diopters of myopia and the logarithm of the visual angle which
can just be resolved. On the basis of blur-theory, however , one
must expect that the visual acuity varies inversely with the
amount of blur , and the discrepancy reported by Dr. Ogle needs
further study.

The third consideration is the most important and , all by it-
self , can constitute the basis for the choice of a logarithmic
scale. In connecti on with the smaller letters where ten different
letters are presented for each letter size , one can think of the
use of the chart as a constant stimulus technique. The percentage
of the number of letters on each line which can be correctly
named constitutes a specification of frequency of seeing. 11 these
frequency-of-seeing scores for the various lines are plotted on
a sheet of graph paper in which a logarithmic scale is used for
letter size , and a probability scale is used for frequency of see-
ing (percentage), the line connecting the points turns out to be
straight. When the data are analyzed in this way one obtains a
true psychophysical function. One can specify the point on the
letter-size scale at which the frequency of seeing is 50 per cent.
even though this size falls between the sizes for the rows of
letters. When one specifies a score for a given individual in
terms of a letter size at which he has a 70 per cent frequency of
seeing, this represents a meaningful point on the curve giving
the psychophysical function .

When visual acuity is specified in terms of a logarithmic scale
two individuals having different visual acuity scores will have
the same standard deviation for the psychophysical function in
terms of logarithmic units. This principle has also been demon-
strated for a given Individual made myopic to various degrees
with plus lenses.

The checkerboard patterns normally used in the Ortho-Rater
are graded so that there is only one checkerboard pattern for
each of the checkerboard spacings. The criterion in this kind of
situation is the level at which two items are missed in sequence.
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Someone ought to analyze the statistics involved in this situation
to relate the findings to findings based on the constant stimulus
approach.

Although a logarithmic scale is used for the purpose of arriv-
ing at a specific and meaningful specification of the visual acuity ,
it is recognized that the visual acuity scores for different people
do not indicate their relative capacities for performing a task .
However , visual acuity scores have to be used for the purpose
of selecting people for a given task, or for assigning people with
different tasks. Consequently, it must be recognized that equal
steps on a logarithmic scale of visual acuity do not represent
equal steps in terms of performance of a task. However , the
performance of a task is the basic underlying concept for grading
the parameter for visual fitness. It may be argued , however , that
if one wants the parameter of visual acuity graded into ten steps ,
or a greater number of steps , the steps could be uniform on a
log scale , and the person who has to use the scale for selecting
or assigning people will have to reinterpret the scale for his
purpose . The range should extend from 20/10 to 20/400.

The question can be raised whether any suggestions can be
made to help a person reinterpret a logarithmic scale of visual
acuity in terms of vi sual fi tness. One simple approac h to the
matter would be to use the AMA scale of visual efficiency which
is designed for the purpose of meting out compensation in the
case of loss of vision through accident. The general underlying
concept here is that the loss in acuity will impai r the capacity
of the person to earn a living .

Another approach to the matter is to use the Sloan letters , or
equivalent characters , in the design of a task in which perform-
ance can be studied. Consider , for example , the case of Lan-
dolt Rings. One can make up a visual acuity chart , as Dr. Sloan
has done , in which Landolt Rings are used as substitutes for the
Sloan letters. This Is necessary in the case of illiterate people
who need to be tested for visual acuity . Attention is called to a
paper prepared by the writer and called “Assessment of Visual
Performance ,” in which two different examples of tasks are
described which involve the Landolt Ring, and wh~~h can be used
in the study of the performance of a task.

One of these tasks is the task set up by Weston and used In
the study of performance. He studied not only the effect of the
size of the letter but also the contrast and the level of luminance.
The subject has to scan 16 rows of 16 Landolt rings in each row
and to mark the rings in which the gaps are pointing in a sped 
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fied direction , whi ch may be one out of eight possible directions.
The result is scored in terms of measurements which are char-
acteristic of performance , such as speed and accuracy. In thi s
kind of study it is possible to relate performance to the size of
the letter , and , in this way , obtain a relationship between per-
formance and letter size.

Another type of task , described in the paper referred to above ,
is one in which a single Landolt ring is presented to the subject
at a given time. The size , the duration of exposure , the contrast ,
and the luminance level can all be varied. If the interval between
the presentation of one letter and the next is slow enough this
kind of manipulation can be regarded as a way of measuring
acuity . The thing that converts it from a measurement of acuity
to a measurement of performance is the use of rates of presen-
tation which are so rapid that the cortical processes involved in
handling the information fed in through the eye become time-
litnited , and the only meaningful way to interpret the results is
in terms of speed and accuracy. One can , of course still use
Landolt rings and design a task which is infinitely more complex.
Data of the type just described can be used only as a general
guide in trying to relate letter size to performance.

In dealing with the problem of visual acuity , it must be recog-
nized that each observer has two eyes , and the visual acuity in
each of the two eyes may not be the same. Consequently , when
rating people in terms of visual fitness it is necessary to come
up with a rating which represents some kind of weighted average
of the visual acuity In the two eyes.

This merely serves to indicate the complexity of the problem
of specifying cutoff points for selecting and assigning personnel ,
and for retaining personnel. Anothe r aspect of the problem is
that in most cases the personnel involved will be permitted to
wear their glasses. Hence , in such cases , the measurement of
visual acuity should be made with the glasses to be worn. In
some instances , where the work involves near vision , the visual
acuity should be measured at the distance at which the eyes will
be used , and , If a reading aid Is to be prescribed , it should be
used during the test. The general concept of visual fi tness in-
volves not only visual fitness at the moment , but the retention
of visual fitness over a period of time , and hence things other
than the visual acuity measurement itself must be taken into
consideration.

It was pointed out at the meeting, for example , that if you
want a man to have good distance vision without glasses at the

10



age of 25 when you select him at 20 , the obvious thing to do is to
take a hyperope who will be able to accommodate for the required
distance at the age of 25. On the other hand , if you want a man
to be able , without glasses , to see near-point objects at the age
of 45 as well as at 35, you would have to avoid picking hyperopes
who might be too presbyopic at the age of 45 to perform the task.

The problem of the presbyope is not swept away merely by
saying that proper glasses will be prescribed, because a pres-
byope wearing bifocals (or even trifocals) is faced with handicaps
by way of flexibility in his focus which would not plague a younger
person . For example , he might have to have a special pai r of
glasses in order to pick splinters out of his fingers.

The di fference between a screening test and a qual ifying test
should be easy to visualize , bu.~t the distinction , in some instances,
is hard to make . For example , one can give a visual acuity test
without glasses for the purpose of determining if the person
needs to be wearing glasses. One can also test visual acuity with
the old correction to determine if the glasses need changi ng .
Measurements of this kind need not have any bearing on his abil-
ity to qualify for a given task if he can get good visual acuity with
the proper pair of glasses. It is assumed that the refractive
errors are measured directly, and there is no need to use visual
acuity scores without glasses to assess the refractive error .

On the other hand , if a person fails to get 20/20 vision at dis-
tance with his best correction one should not immediately set
out to find a j ob requiring low-grade vision which he can perform.
An ophthalmologist or optometrist , or a team Involving both ,
should further examine such a person to determine the cause of
the reduced acuity .

An examination may indicate that he has a condition which
may become worse and , therefore , he may be disqualified for a
given job on the basis of the prognosis , even though his visual
acuity per se would not , at the moment , di squalify him for per-
forming the task.

After it has been determined that no active pathology is in-
volved , and that the condition is not likely to get better or worse,
then , and then only, can the person be assigned to a job for which
he is qualified by virtue of his acui ty measurement.

Fig. 1, in the report of Working Group 20 “Visual Require-
ments for Flying ,” i mplies that the different parameters should
be graded In such a way that the same cut-off point should be
used for each of the parameters for a given task. In the opinion
of the author , the cut-off points are going to differ on different

11



Ex~ mpte of the Proposed System for Grades of Visua l Fitne•s

Grades
Visual parameters Pe rfect 1.01

_ _ _ _ _ _ _ _ _ _  1 11 III Ix x
-~~~

Is
Visua l acuity P (K £

Refractive error i R R I
IS 1* ~ I

Heterophorta I 1s -I ‘s 
Ocular rotation t s ’ H .

i ~s :
Color vision 1S H R  1

I is~~~ ~ I
Distanc e judgment S H

Is ‘ .~~R R I
Accommodati ve amplitude I 1S 1 -

I ‘S
Visual f ields I IS ~~ R H R  

~I i~ 
1 •

Night vision IS R R R atH I 

Intraocular tension i S H
$ I

Visual tole rance to atr eas jS ‘H H It

Etc. . i . _  i
Note : SSSSS selection requirement s for serv ice X

RRRRR retention requirements for job X
visual profile of subject Z

1” IG. 1..

parameters for different tasks, not only for the purpose of re -
tention but also for the purpose of selection .

In this connection , it may be noted that a paramete r like ac-
commodative amplitude , which is graded in terms of diopters of
amplitude , will classify different individuals by age , where as a
parameter like visual acuity with the best correction is not a
respecter of age . If , therefore , old people are selected for one
job and young people for another , diff erent relative weighting
will have to be given to amplitude of accommodation and visual
acuity in the two groups.

If one of the purposes of the testing program is to provide
flexibility in which the cut-off point can be manipulated to In-
crease the available manpower , there could be provided , ahead
of time , information on how the grades for the different param-
eters divide the population . The author has not attempted to do
thi s for visual acuity, although It Is suspected that all the neces-
sary data are avai lable to accomplish this objective.

In the report of Working Group 20 It was pointed out that It Is

12



desir able to have the cut-off point for retention flexible. This
m a y  turn out to be the hardest of all the problems. Grades of
visual fitness would have no meaning if one used grade 4 for a
cut-off point In Denver one day, a grade of 2 for cut-off point in
Washington on the next , and then to switch back and forth. The
implication in the report is that it is better to have a flexible
cut-off point rather than to handle the situation by Issuing waivers.
It appears that the most efficient system would be to recognize
that issuing waivers is a perfectly respectable precedure. The
importan t thing is that the person who makes the decision use
his best possible judgment in the interests of all coAlcerned , and
most of all , he must thoroughly understand the risk involved
when a waiver is issued. It seems , therefore , that the essential
problem is that people who have to make the decision about
waivers be fully informed about the nature of the parameters and
the risk involved in failing to take a man off a task when his
scores indicate that he is not qualified.

REFERENCE

Ogle , K. N . Report on international nomenclature for designating visual
acuity. Armed Forces-NRC Comm. on Vision , 1953.
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VISUAL ACUITY RELATIVE TO PRESENT VISION
COMMITTEE EFFORTS

Ailene Morris
Institute of Visual Sciences , Presbyterian Medical Cente r
San Francisco

A review of the historical developments of the efforts of the
Armed Forces-NRC Committee on Vision relative to visual acu-
ity was published in 1962 (Morri s, 1962). Briefly, that review
covered the areas of visual standards for acuity , phoria , and
depth perception , as well as test devices and visual performance
related to job success. The appc~intment In 1945 of the Subcom-
mittee on Procedures and Standards for Visual Examination ini-
tiated an extensive and continuing program which has resulted
in specific progress toward developing adequate and reliable
tests , standardization of procedures and conditi ons , and the ef-
fective carrying-out of established visual screening and qualifi-
cation criteria. Visual acuity wall-charts have been devised and
validated, screening instruments have been developed and evalu-
ated , and clinical testing procedures for acuity and phoria mea-
surement have been specified. Job analyses have been carried
out , visual requirements defined for job success , and visual
standard selection levels recommended.

Working Group 20 in its recent report to the Committee on
Vision (Jampolsky & Morris , 1962) recommended that grades
of visual fitness be established for the variou s parameters of
vision. Such grades, or grade decrements, could serve as a
basis on which a flexible , dynamic system of visual standards
could be constructed and appropriately adjusted to meet changing
needs. This recommendation is, in fact , the reason for the cur-
rent meeting on the Measurement of Visual Function.

In a supplement to the Working Group 20 repor t , a plan was
proposed for organizing and handling the vast amount of data on
vision. It was recommended that the methods and principles of

14
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ta .xonomic classification be applied to human visual data. One
aspect of this system involves establishing hierarchical categories ,
each embracing one or more lower categories. As applied to the
measurement of visual functions , the sequence of categories
could be based upon relative importance. The various visual
functions could be arranged accordingly, and from this sequence
the priority of testing orde r could be established. Not only
should the most important ~.iisual functions be evaluated first ,
but the earlier tests should screen effectively and should provide
maximum information , thereby conserving time in subsequent
assessment , or eliminating it altogether. For example , if there
is evidence of high photopic acuity and normal color vision , a
good , central visual field can certainly be assumed without mea-
suring It.

In considering the measurement of visual functions , this group
would do well to take full advantage of the time , talent , and effort
already invested by the Armed Forces-NRC Committee on Vision.
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CLINICAL MEASUREMENT OF VISUAL ACUITY

Louise L. Sloan
Wilmer Ophthalmological Institute
The Johns Hopkins University

Clinical tests of acuity are expected to meet at least three dif-
ferent needs : (a) they provide qualifying tests to determine , for
example , fitness for a job , eligibility for admission to a “Sight-
Saving ” Class, or some financial compensation; (b) they are
needed in the diagnosis and follow-up of eye disease; (c) they
are used in the subjective determination of errors of refraction.

Of the three types of equipment commonly employed , wall-
charts , projected charts , and machine tests , the last is seldom
used by the ophthalmologist because lens corrections cannot
easily be varied while the patient is viewing the chart. Projected
test letters are convenient but must be viewed In an otherwise
dark room to prevent reduction of contrast by an unknown amount.
In patients with opacities of the media , wall-charts viewed in
illuminated surroundings give a more realistic measure of the
degree of impaired vision. One patient with corneal scarring
after an automobile accident had 20/80 vIsion when shown a sin-
gle line on a Project-O-Chart . Using the wall chart , illuminated
in accordance with Vision Committee recommendations , her
vision was only 9/ 100.

There is agreement as to the need for standardization , or at
least for specification , of such factors as contrast between test
target and background , lumin ance of the background , type of
test target , and gradation in size of target. Recent studies indi-
cate that it may also be desirable to pay attention to the spacing
between individual letters , and between the successive rows of
letters.

High contrast optotypes , for example , black letters on a
white background , are used for two reasons: (a) slight variations
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in the reflectances of the black and white areas have no signifi-
cant effect on acuity if the contrast is 85 per cent or more; (h)
the test situation duplicates that of ordinary reading of black
letters on a white background.

A supplementary test of the effect of lowering the contrast
on acuity could be useful in selection for special tasks and might
also be of value in differential diagnosis of eye diseases. Titmus
Optical Company has special slides for use in their Vision Tester
consisting of a series of Landolt rings of fixed size and of varying
degrees of low contrast. If contrast can be adequately controlled
in mass production , these slides could provide a useful supple-
mentary test.

To the author ’s knowledge , ophthalmologists have never offi-
cially recommended any particular level of illumination on their
test charts but accept whatever the manufacturer provides in the
lighting cabinets and projected charts. If the same reasoning
used in support of high contrast targets is adopted , a very high
Illumination could be recommended so that acuity will be un-
changed with moderate deviations from the standard. A high
illumination is usually considered undesirable for subjective de-
terminations of refractive error because the associated pupil
contraction reduces the size of the blur circles., and makes the
test insensitive. Some unpublished data of the author raises a
questi on as to the correctness of this view. Fig. 1 shows that the
well-known linear relation between decimal acuity and logarithm
of illumination intensity holds also when there are uncorrected
errors of refrac tion. These data are for the natural pupil and
for an emmetropic observer with si mulated , mixed astigmatisms
of the amounts indicated in the graph. According to these data ,
there should be a greater difference in acuity wi th the right and
with the wrong correction when the test letters are viewed in
high illumination. This could mean greater sensitivity in the
subjective determination of refractive error , even though the
pupil is smaller. This chart , however , shows acuity in decimal
units. The change in the threshold visual angle with increased
blurring and the percentage of the change in acuity might show
different relationships to illumination. Until it is known what
units of change In letter size correspond to equally perceptible
changes in legibility , one cannot decide what luminance level
is best for. subjective refractions. In studying eye diseases , it
may be best to test several different levels. As evidence for
this , figures are presented from a current study of the acuity -
log I relationship In patients with various forms of eye di sease.
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FIG. 1. Relationship between acuity and luminance in
simulated errors of refraction.

These three patients with macular lesions all have a slower than
normal rate of increase in acuity . Thi s test is of practical im-
portance in patients like Case C. His acuity is less than 20/200
at 10 ml but continues to improve with Increasing luminance.
At 1000 ml It is 20/50. This patient and several others whose
graphs are similar read ordinary newsprint with the assistance
of one of the new portable high intensity light sources. Fig. 3
illustrates a quite different form of graph in which acuity reaches
Its maximum at an intensity of 10 ml or less. Here , high inten-
sity Is of no benefit. It Is obviously essential to specify the back-

18

S S -~



— No md Lys

1-2. 20/il

‘0’ 20/20

A
20/25~ ‘ oe~‘1 II ,U

__________________ 
20/33

04. 20/50

06~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
. 20,~~o

02.

0-

I 2

Log I, ml.

1’IG. 2 . AcuIty-luminance relationship in three patients with
macular disease .

12— — 20/il

- 20/20

A
‘3 08- - 20/25
U

B — 20/33U

- 20/ 50::~~~~~~~~~~
—

~~~
--

~ — 20/100

0 I 2
Log I . .,W .
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ground luminance used in any test of acuity. A possible need for
different levels of testing to meet different requirements should
also be kept in mind.
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Another question which needs consideration is that of the best
gradation of steps on a clinical acuity chart. This could he , for
example , equal steps in visual angle , equal steps in decimal acu-
ity (reciprocal of visual angle), or equal steps on a log scale
(geometric progression).

Many widely -used charts do not follow any consistent principle
of gradation. Exceptions are the Ortho-Rater Checkerboard
Slide , which provides 15 equal steps of decimal acuity f rom 0.1
to 1.5 , and several charts graduated in equal steps on a log scale.
These include the Lancaster chart , and a Good-Lite Chart. The
American Optical Company has recently duplicated the latter in
a Project-O-Chart Slide. No commercially available charts
with equal steps of visual angle are known to the author.

In 1953, a committee with Dr. Ogle as chairman (Drs. Byrnes ,
Cowan , Farnsworth , Fonda, Lancaster , Lebensohn , and Sloan as
members), recommended a log gradation , although they recog-
nized that a theoretical or experimental basis in its favor has
not been clearly established.

Next under discussion is the spacing of the individual letters
and lines. Fig. 4 shows the spacing used in 1950 by the author
in a chart constructed for comparison of acuities at true and at
simulated distance , and for comparison of letter , Landolt ring,
and checkerboard targets. The lateral spaces between letters
are equal to the width of the letters , and the vertical space be-
tween successive lines is equal to the width of the letters on the
upper line. Standard spacing was , however , not included in speci-
fications for the charts recommended by the Vision Committee
because its importance was not generally recognized. In the
Armed Forces-NRC charts and slides , the large letters are
closer together to save space , and the smaller letters are spread
furthe r apart to fill up the otherwise empty areas.

The influence on acuity of nearby borders has been the sub-
ject of several recent studies. This has been variously called
contour interaction , separation difficulty , and the crowding phe-
nomenon. According to the data of Dr. Flom and his colleagues ,
contour interaction is maximal when the space between letters
is about 40 per cent of the letter size and is practically negligible
when the spacing is 3X as great , i.e. 12 per cent of the letter
size. These figures are for the normal , emmetropic eye .

In subnormal vision resulting from refractive error or from
eye disease , contour interaction probably extends to a wider
letter separ ation. In squint ainblyopias , acuity tested with iso-
lated E’s is often markedly better than that measured with a
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convent ionally—spac ed V o W  (I f E ’s. In the low vis ion clinic of the
author , acui ty is tested on the letter chart shown in the previous
figure in which the spacing equ als the letter size. It is found ,
however , that the patient ’s ability to read continuous text is
usually much poorer. This is not surprising since the spacing
of the letters is close to the 40 per cent value at which , accord-
ing to Dr. Flom , con tour interaction is maximal . Fi g. 5 shows
the relation between acuities measured with capital letters and
with standard reading material. The most marked discrepancies
occur in patients who , because of the nature of their field defect ,
use a different retinal area when reading one letter at a time and
when reading continuous text.
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FIG. 5. RelatIonship between aculties measured with capital letters
and with continuous text.

The studies of Dr. Flom and his colleagues indicate that acu-
ity charts should have a spacing which bears some fixed relation
to letter size. Whether the standard spacing should be such that
contour In teraction is negligible, at least for the normal emme-
tropic eye, or one which maximizes the crowding factor is not
certain . Since one of the arguments for using letters to test acu-
ity is that they relate to the task of reading continuou s text , the
smaller spacing might provide the more valid measure of acuity . a
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There r emains the final question of the best tYpe (if test tar-
get for the clinical measurement of acuity . Arguments  in favor
of the t en Sloan letters have been presented at length in previous
Vision Committee meetings. This group of letters is used in the
Armed Forces Vision Teste r and wall-charts. More recently,
they have been recommended by the Committee on Optics and
Visual Physiology of the American Medical Association. They
are available outside the Armed Services in Good-Lite Wall
Charts , in an AO Project-O-Charts Slide (No. 11076), and in a
special slide of the Titmus Vision Tester.
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LABORATORY APPROACH TO THE
MEASUREMENT OF VISUAL ACUITY

Glenn A. Fry
School of Optometry
The Ohio State University

The laboratory approach to the problem of visual acuity is based
on the need for understanding the mechanisms involved in trans-
fer of information about fine detai l in the world about us through
the eyes to the brain , and the use of this information in the per-
formance of various tasks.

The first stage of this transfer is the formation of an optical
image on the retina. Thi s is called the optical or physical factor
in visual acuity .

The second stage is the conversion of the optical image on
the retina to a pattern of impulses in discrete , optic nerve fibers.
The predominating feature of this stage is the spacing of the
photoreceptors and ganglion cells , and this is the anatomical
factor.

In recent years, another factor , called retinal optics , has been
identified. It has to do with the way light is collected at the retina
and fed through the outer segments of the rods and cones. What
it amounts to is that the number of quanta absorbed by a given

- photoreceptor is not related in any simple way to the average
number of quanta per unit-area falling on that region of the retina.
It varies with the angle of incidence.

In the retina there exists crosstalk between photoreceptors ,
bipolars , and ganglion cells in the form of neurological irradi-
ation and Inhibition , which constitutes the physiological factor In
visual acuity . The classical way of demonstrating the role of
thi s factor is through the study of effects of illumination level .
Another physiological factor which can be separately assessed
and manipulated is micronystagmus. This can either hurt or
help the perception of fine detail.

24



At the lateral geniculate body and at the cortex , there is also
crosstalk which affects visual acuity. At the cortex , one is not
so much concerned about how this crosstalk impairs perception
of fine detai l , but rather what kind of mechanisms process the
information arriving from the retina. The mechanisms involved
include the interpretation , storage , and retrieval of this informa-
tion.

Measurements of acuity may involve mechanisms at this
level , such as attention and learning, and , to this extent , one can
identify a psychological factor In visual acuity .

Visual acuity has been defined by the author as the perception
of fine detail. Thi s is deliberately vague, because in assessing
the blur of the retinal image , for example , one cannot afford to
be concerned with whether one is dealing with the perception of
fine movement s, vernier di splacement , retinal disparities be-
tween the two eyes , visibility of lines and points , or the resolution
of gratings. One is looking, instead , for one figure of merit which
will assess the blur of the retinal image. TI thi s figure is known
then one can assess how it will affect the perception of any kind
of fine detail. The same thing applies to the coarseness of the
retinal , mosaic , micronystagmus , or crosstalk , .between the
retino-cortical pathways.

It is only when one gets to the performance of a task that one
has to break the problem down into the specific kinds of fine de-
tail that have to be perceived , and here one does not limit him-
self to perception of fine detail at the fovea , but to perception of
fine detai l at various distances from the fovea , and how eye
movements , and head movements , and peripheral vision are in-
volved in the performance of the task.

It is not important for the purpose at hand to review the nu-
merous laboratory studies of visual acuity which have been made.
However , it is important to show how one can isolate and study
separately the different factors involved.

Assessment of blur. One way to specify blur is to give the
spread function for a line. For the spread function one can
derive a single index to specify the amount of blur. An example

S of this kind of index is the Fry-Cobb index , which represents
the ratio of the total area under the curve to the central ordinate.
Fry and Cobb used threshold measurements for a narrow bar
for assessing the blur index and the spread function. Others
have used the effect of blur on the contrast of a sinusoidal grating
to determine the contrast-transfer function from which the spread
function can be derived.
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Assessment of coarseness of the retinal mosaic. At high
contrast and at high levels of luminance , the coarseness of the
retinal mosaic is the limiting factor in the resolution of a grating.
Another approach to this problem Is to view a single , brigh t line
through a double slit which forms an interference pattern on the
retina.

Retinal optics. The most striking effect related to retinal
optics is the Stiles-Crawford effect , which depends on the obliq-
ulty of a beam of light at the retina. The problem can also be
approached through the study of the retinal structures , and ob-
jective measurement of transmission through the retina , and the
bleaching of the pigments. The distribution of these pigments in
different photoreceptors also presents a problem.

Micronystagmus. By the use of various optical arrangements
Involving plane mirrors mounted to contac t lenses, one can
either measure the movements , or immobilize the image on the
retina. One can also use entopic images and afterimages, whi ch
by thei r very nature are immobilized.

Retinal Interaction. Visual acuity involves the perception of
borders and gradients which make up the fine details that have
to be seen , and , in this connection , visual acuity relates itself to
the study of the effects of blur , and length and conf iguration of
borders upon their visibility . It involves also the interaction of
borders and the effect of luminance level.

Psychological factors. The effects of attention , motivation ,
and learning on visual acuity illustrate the role played by psy-
chological factors. In reading the letters on the visual acuity
chart , subjects can vary in the level at which they give up when
they sense that their answers involve guessing. The effort to
see may involve adjustment of the motor mechanisms controlling
blur and may , therefore , indirectly improve seeing . Experience
with blurred images helps the subject to develop more confidence
in his hunches. The role of the cortical mechanisms which pro-
cess the incoming information becomes more apparent when the
subject has to process information under conditions in which

- the time permitted for processing is limited. It should be noted
that visual scientists may be concerned , primarily, with the study
of performance of tasks , and visual acuity , as such , is of second-
ary importance.

A scientist with this kind of approach can probably be more
helpful In planning a program of acuity testing for the purpose
of selecting people for a given task , or assigning people of dif-
fering capacities to different jobs.
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Those who work in the laboratory also have to be concerned
with the growth and development of the eye. It is also expected
that data will be accumulating on visual acuity at different age
levels with and without glasses. Such data must take account of
sex differences and other related factors.

Fur ther more , one has to be concerned with the loss of acuity
from disease and trauma , and the misuse of the eyes that occurs
from the cradle to the grave. Textbooks of ophthalmology are
filled with specific kinds of information about the effects of dis-
ease and injury. A loss of acuity which cannot be corrected with
lenses may call attention to disease or injury , but one must iden-
tify the cause in order to evaluate the ultimate , permanent losses.

Finally, it is the responsibility of the scientist to alert those
responsible for testing programs about new discoveries which
may point to improved methods of testing . The visual scientist
should pay particular attention to objective methods which have
been dev eloped for measuring the blur of the retinal image by
analyzing the quality of the image formed by light reflected from
the retina and relayed by the eye to external space.

Techniques utilizing optokinetic nystagmus are already being
used clinically for measuring visual acuity .

The one new possibility which has just appeared on the horizon
is the use of an oscillating grating which generates an electrore-
tinogram record which can be used in assessing visual acuity .
It was reported by Dr. Riggs at a conference in Rocheste r in
June , 1964.

The evoked potential from the occipital region of the scalp
might be used in a similar way , and would give a measure of
visual acuity which would represent the response of the visual
system after being transmitted both through the retina and the
lateral geniculate body.
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CLINICAL MEASUREMENT 1

Monroe J. Hirsch
School of Optometry
Universi ty of California at Berkeley

LABORATORY MEASUREMENT2

Meredi th W. Morgan
School of Optometry
University of California at Berkeley

Definition (A)

Optical definitions of the three spherical-refrac tive states are
relatively simple. Emmetropia Is that condition in which rays
from an infinitely distant point source come to a point focus on
the retina when accommodation is suspended. Myopia exists
when , under similar conditions, focus is reached in advance of
the retina; hypermetropia , when the image is focused behind the
retina.

Since the refractive elements of the eye usually do not com-
prise a perfectly spherical optical system, the rays from a dis-
tant point source of light are not brought to a point focus in most
eyes. Rather , a conoid is formed having linear dimension and
delineated by two foci , one for each of the major meridians of
the optical system. This situation produces the fourth refractive
state , astigmatism.

When the refractive state of an eye is measured, the direction
and linear distance of each end of the focal conoid from the retina
is determined. Operationally, however , the results are not ex-
pressed in terms of two linear distances but In terms of the di-
optral power of that lens which , when combined with the optical
system of the eye , will reduce the conoid to a point focus and
place this upon the retina. Such a lens has two components, one
which changes the conoid to a point focus (the cylindrical com-
ponent) , and the other which places this point upon the retina

1. Sections A , B, C, D, I , J
2. SectIons E , F, G, H , K

31

- - 
-~~~~ - . - - — ,~~~~ --, - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S.

~~ r~ii~~
- S—~ — -5- ——-5.—.—-~~~~~ -~~~~~~~~~~ --- - ‘— 5--—— — -  - - -5 . - .i_ ij j i  - 

-



(the spherical component). These two components , along with
the axis at which the cylinder is oriented , form the customary,
spectacle-lens formula.

Because the clinician deals in lens powers rather than the
linear distances he is really measuring, he sometimes loses
sight of just how delicate a measure refraction is. Clinically,
refraction can be measured wi thin an accuracy of 1/8 diopter (D).
A 3-D lens , when added to the optical system of the eye , will
move the focus one mm. Thus , changes of 1/24 mm in linear
distance of the point of focus can be measured with reasonable
accuracy. This is 40 microns, a pretty small increment of lin-
ear measurement for clinical testing.

Although both eyes of an individual tend to be similar , they
are not precisely similar; moreover , some individuals have a
difference of considerable magnitude between the refraction of
the two eyes. When the difference is marked , the condition is
called anisometropia. In order to describe the refractive state
for one eye , two data are required; for an individual four are
required, two for each eye. Refraction is expressed in terms
of fou r measurements and in terms of the lens which will move
the focal point of the system rather than in terms of the distance
of the focal point from the retina.

Clini cal Testing (B)

In the optical definitions, refraction is described as being mea-
sured with accommodation suspended. Thi s simple , optical con-
cept is not so readily put into operation in the testing situation.
Accommodation may be suspended through the action of drugs
on the ciliary mechanism (cycloplegia) or through physiological
means, as when the subject attempts to perceive a distant object
through convex lenses slightly in excess of his refractive state
(fogging or cyciodamia). Each method has distinct advantages
and disadvantages; each is widely used in present-day clini cal
practice; either yields valid results when used by a trained
clinician.

The two major clinical-testing methods are the objective
retinoscopic test , and the subjective technique with test-type and
trial lenses. In administering either of these , the clinician not
only measures refraction but also assesses the completeness of
accommodative relaxation. In retinoscopy, he is sensitive to
sudden changes in the reflex; he does first one eye , then the
other , going back and forth several times if he is in doubt. In
subjective testing, he is sensitive to qualitative aspects of the
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response as well as the quantitative data being determined. He
interpre ts his findings with the assumption that some residual
accommodation always remains.

The clinician also is trained to interpret the results of several
tests simultaneously. In clinical practice , visual acuity , the ret-
inoscopic test , the subjective test and , sometimes, the kerato-
metric test are viewed together to determine if concordance
exists among the separate findings. For example , a retinoscopic
finding of 1.00 of myopia f or a subject with 20/20 uncorrected
visual acuity immediately indicates that the subject accommo-
dated during the retinoscopic test , cheated during the acuity test ,
or manifests a phenomenon new to physiological optics!

The need for clinical experience both in the administration
and interpretation of refractive data presents a maj or stumbling
block to the use of lay personnel in such testing. Thi s will be
considered again when screening by lay personnel is discussed.
The two clinical techniques, retinoscopy and subjective testing,
may be described briefly.

1. Retinoscopy is the most frequently used objective clinical
and screening method for determining refrac tive state . During
the test , accommodation is relaxed by chemical cycloplegia , or
through having the subject direct and maintain his fixation upon
a distant object. Through the aperture of the retinoscope , a
hand instrument which shines a beam of light through the pupil
of the subject’s eye , the examiner observes the illuminated
retina. As the instrument is rotated , the beam of light traverses
the retina , and a shadow is observed to move; the direction in
which thi s shadow moves tells the examiner whether myopi a or
hypermetropia exists. Its speed indicate s the degree—the faster
the motion , the less the refractive error.

The examiner , noting the speed and direction of the shadow
as he rotates the instrument , introduces appropriate lenses of
known power before the eye; lenses are added until a neutral
(infini tely fast) motion is produced. What is happening is that
light , coming from the retina as a secondary source , is being
brought to a focus closer to the aperture in the retinoscope as
appropriate lenses are added. The closer the focus comes to
the aperture , the more rapid the motion of the reflex; when neu-
trality is reached the motion is infinitely fast , and the examiner
recognizes this as the moment when the lens before the subject’s
eye is a measure of the refractive state. A correction is made
for the distance between the subject’s eye and the examiner ’s eye .

During the test , lenses may be intro 1uced before the eye by
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means of a lens bar , by individual trial lenses , or by a device
with discs containing many lenses (phoroptor).

It has taken about a minute to describe this test; it takes a
clinician about as long to perform it on one subject. It requires
man y months of practice , however , before the clinician can de-
pend on his findings; it takes years before d m 1  ans develop
sufficient mastery of the technique to depend on the results wi th
a high level of confidence.

2. In subjective testing, the other method of determining re-
fractive state clinically , the same procedure of introducing vari-
ous lenses of known power is used. Here , however, instead of
the examiner noting the appearance of the eye as he comes closer
to bringing the eye into perfect focus for a distan t object , the
subject is asked to report the appearance of test letters placed
20 ft from him. Systems of test charts and such psychophysical
methods as bracketing are used to lead the examiner ultimately
to the single lens which best fills the requirement of bringing
the eye Into perfect focus.

The number of subjective techniques is legion. Every clinician
learns to depend on a battery of perhap s a half-dozen which he
uses routinely; he knows a hundred more if these fai l to elicit
a response which he deems valid.

The art of subjective refraction is essentially a study in com-
munication . The examiner communicates which form of discri m-
inative judgment he wishes the subject to make, and aids the
subject in communicating his conclusions. During the entire
procedure , conditions are altered slightly, and the subject ’s
responses are elicited. Each response suggests another compar-
ison for the examiner to present.

Retinoscopy is a testing skill which is acquired slowly by
clinicians; the performance of a subjective test is a skill which
requires an even longer time to master. Only after much prac-
tice does the clinician become competent in thi s combination of
applied psychophysics and communication. At one time or an-
other , the examiner resorts to just about every one of the psy-
chophysical methods.

Professionally Administered Screening Tests of Refractive
State (C)

It is often desirable to determine the refractive state of a large
number of persons , for instance , in a school population , or in
testing for military service. Because refractive state is corre-
lated with other tests which may be administered relatively
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simply, it is not always necessary to measure refractive state
per se. For example , since myopia of any appreciable degree
is accompanied by a decline in vision , acuity-testing will identify
tho se with clinically significant myopia. Asti gmatism , on the
other hand , is not as readily identified , and , among people under
the age of 40 , hypermetropia is still more difficult to identify
without testing for it directly.

If a relatively accurate assessment of the refractive state is
desired on a large sample of people , the retinoscopic technique
is the method of choice. A trained clinician can perform reti-
noscopy with considerable accuracy at a rate of about one per
minu te. During a school day , it has been the experience of the
author to find examiners doing between 250 and 300 children in
five hours. The trained examiner must be assisted by a secre-
tary to record his findings , and a monitor to facilitate the flow
of subjects. The test is performed in much the same manner as
in clinical prac tice; what modifications are introduced are to
accommodate the flow of traffic; modifications are not in the
basic technique nor in the concept of retinoscopy.

In performing retinoscopy , oi~e requires in addition , of course ,
to a retinoscope , a fixation target , and some manner of rapidly
introducing lenses before the eye. In school surveys, a continu-
ously running, motion-picture cartoon projected on a screen 20
ft from the subject serves admirably (Hirsch , 1950). Lenses
are most easily introduced by a lens bar. The steps of the lens
bar can be made to fit the criteria of the particular test situation.
In the Orinda study, for example , lens bar s with 0.50 D steps
were used. In the author ’s work of accumulating research data ,
0.25 D steps are used so that with measuring between steps , the
theoretical accuracy is 0.12 D. In addition , the subjects being
tested were a pai r of plus sphere spectacles to aid in physiologi-
cal relaxation of the accommodation (Hirsch , 1950).

Because retinoscopy is so rapid and accurate , other screening
tests are usually not used when professional s perform screening.
It can be stated categorically and emphatically that there is no
reason to consider screening methods other than retinoscopy
unless one has no trained testers available.

An Evaluation of Professional Testing (D)

The refractive state can be determined wi thin very close toler-
ances by the methods described. Good clinicians rarely differ
from each other in their results on a given patient by more than
0.25 D for the refraction in any given meridi an. The spectacle
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lens which is ul t imately  prescribed for a patient is a n iodification
of the refractive state as determined by testing; yet , even here ,
good clinician s differ from each other by very small amounts in
the spectacle lens they would prescribe.

In regard to the specifi c tests , subjective testing will yield
very similar results among clinicians. In retinoscopy , under
screening conditions , a comparison was made by the author of

S the results obtained by diffe rent internes in optometry wh~ were
not aware that a comparison was being made (Hirsch , 1956).
During a screening, the same child merely went through the line
twice and saw a different interne each time. The refraction dif-
fered by 0.25 L.. or less , 71 per cent of the time; the refraction
differed between 0.26 and 0.50 D for 17 per cent of the eyes.
For 12 per cen t , the two tests differed by 0.51 to 0.75 D; in no
instance was a difference of more than 0.75 D encountered. When
it is considered that these were optometry internes who had been
doing retinoscopy for less than a year , it is realized that the re-
sults for well trained clinician s would be within such remarkably
close limits. It should also be noted that these tests were con-
duc ted at a ra te of abou t 250 determinations per school day , or
one per minute .

It is safe to conclude that a well trained clinician can do reti-
noscopy on both of a subject’s eyes at a rate of about one subject
per minute; if great accuracy is required , the rate might be
slightly slowe r , but surely at least 40 subjects per hour could
be tested. Under these conditions , clinician s would be expected
to agree with each other (reliability of the test) within a quarter
of a diopter about 75 per cent of the time , and never disagree
by more than 0.50 D.

In the clinical situation , with both retinoscopy and subjective
testing performed , the t ime required to determine the refractive
state would he between 5 and 10 minutes per subject. Repeat-
ability within l imits of 0.25 1) should be achieved just  about 100
per cent of the time.

Because the term “refraction ” i s used to describe both one
aspect of vision-testing and also the over-all vision test , a word
of clarific ation is required I.ere. A complete visual examination
or “refraction ” usuall y includes tests for pathology , a case his-
tory, tests for muscular balance , accom modation , convergence ,
and , possibly, other aspects of vision; it requires quite a bit of
time , depending on the completeness desired. The determination
of the refractive state or refractive error which is being dis-
cussed here can be achieved In less than five minutes clinically
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or about a minute in screening situations. This is one part of a
total “refrac tion. ”

Laboratory Testing (E)

The clinical determination of refractive error involves not only
the measurement of the error but also the determination of a
lens correction that will be acceptable to the patient and which
will promote efficient and comfortable use of the eyes. Thu s,
the aim of the clinical measurement is not just to measure the
error of refraction , but it is also concerned with its correction .
Proof that the error has been measured and corrected properly
is determined by such factors as improved visual performance,
report of increased comfort , and , most importantly, by patient
satisfaction . Clinicians believe with Cervantes that , “The pr oof
of the pudding Is in the eating. ”

Over the years , clinicians have developed techniques for the
subjective determination of ametropia which will result in sati s-
factory corrections. These techniques are modif ied psychophys-
ical measurements with built-in biases , such as the concept that
the spherical error is represented by the strongest convex sphere
which creates maximum acuity , or the concept that the astigma-
tism is represented by the weakest cylinder which creates maxi-
mum acuity . In essence , the aim of clinical refraction is not the
determination of the error of refraction but its correction.

From the laboratory point of view , however , the aim is to
determine the error of refraction with little regard to patient
acceptance of the correction. In order to measure the degree of
ametropia , a large number of optometers have been developed.
In general , these optometers are either subjective or objective .
Subjective optometers require the patient to make a judgment
or to report what he sees. Objective optometers merely require
the patient to maintai n fixation .

The most fundamental subjective optometer is that of Schem er.
Thi s consists primarily of a diaphragm containing two small
apertures centered before the pupil (Fig. 1). If the retina is con-
jugate to a distant light source , the subject is emmetropic and
reports that he sees only one light. On the other hand , if the sub-
ject has a refractive error , he will report that he sees two lights.
The measurement of the error is accomplished by placing a lens
before the diaphragm which will make the retina conjugate to the
distant source.

The Schem er principle has been incorporated in other optom-
eters , such as that of Young and that of Fry. Young ’s optomete r
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is illustrated In FIg. 2. Here , the diaphrag m before the eye con-
tains two vertical slits , separated by about 1-1/2 mm. In front
of this diaphragm is located a convex lens of about +10.0 D. Then
a thin pin or line object placed 10 cm before this lens would be
represented on the retina of an emmetropic eye as a single image .
If the eye were myopic , the pin would need to be brought nearer
the lens; if the eye were hypermetropic , it would need to be
pushed away from the lens. The degree of ametropia in the me-
ridian , at right angles to the slits , can be determined by the posi-
tion at which the pin is seen as a single object.

/jypt ROPIA MYOPIA .10
1_I_L1I~ ?~ ~ Q~

~~~~~~~~~~III
FIG. 2.

* FIgures 1-8 In this paper reproduced from H. El . E msley , Visua l_optli s,

1952 , Hatton Press , London , wi th permission of the publisher.
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Fry ’s optomete r (Fry, 1937; 1945) is essentially a modifica-
tion of Young ’s. In this case , however , the slits are created in
the plane of the pupi l by optical rather than by physical means.
Also, one slit is placed eccentrically in the upper half of the
pupil while the other is in the lower half , either centrally or
eccentrically. Thus , the optometer object is conjugate to the
retina when the subject reports a coincidence of the two streaks
of light. This optometer , using the aligning power of the eye , is
more sensitive than those depending on resolution.

Other optometers have been designed using stigmatoscopy in
which the point conjugate to the retina is determined by using
a small point source of light and a Badal optometer. Here , con-
j ugacy is determined when the image has its smallest diameter
or the light appears brightest.

Still others have used the chromatic aberration of the eye.
This principle is shown in Fig. 3.

CoMlt
0!ass -

FIG. 3. -

Another type of subjective optometer is based on visibility .
The assumption Is made that objects which are conjugate to the
retina can be seen under lower contrast and lower luminance
condition s than objects which are not In sharp focus. Such a
sensitometric optometer has been designed and used by Luckeish
and Moss (1943).

In addition to the variou s subjective optometers , a number of
objective optometers have been designed and used. Some of these
employ the principle of the ophthalmoscope , In which an image
of the subject’ s fundu s is observed through a viewing telescope.
In others , an image is created on the subject’ s fundus. In either
case , the focus required to see the fundus sharply, or the image
on the fundus sharp ly, can be determined , and this gives a direct
measure of the refrac tive error. The two best-known instru-
ments of thi s type are the Zeiss Parallax Ref ractionometer and
the Rodenstock Refractionometer. The optical system of the
Zeiss instrument is shown in Fig. 4.

The Fincham Coincidence Optomete r is somewhat similar to
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FIG. 4.

the Zeiss and the Rodenstock instruments , except that the prin-
ciple of coincidence , rather than sharpness , is used to tell
whether the instrument is in focus. Here , an image of a fine -
line target is formed on the subject ’s re tina which is viewed by
an examiner through a telescope with an optical doubling and
displacing system , so that the resulting two half-lines are out
of alignment and blurred if the object is not conj ugate to the
retina. The adjustment of the dioptrlc stimulus value of the fine -
line target to obtain sharpness and alignment of the two half-
lines gives a measure of the ametropia. The optical system of
the Fincham instrum ent is shown in Fig. 5.

Collins (1937), Campbell (1956), Allen (1960; 1961; 1962) and
others have all described electronic optometers. In general ,
electronic optometers detect either the intensity or the move-
ment , or both , of aerial images or retinal images by means of
photomultiplier tubes. These devices operate very rapidly, and
successfully detect small , rapid fluctuations In accommodation .
So far they have not been used successfully to measure states
of refrac tion.

In 1962 , Howland and Howland (1962 ) reported on a photo-
graphic objective optometer. As far Is known, this device has
not been used to measure the refractive error of human ob-
servers.
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Lay Testing (F)

Obviously, there is a relationship between uncorrecte d errors
of refraction and. visual acuity , particularly in regard to myopia
and myopic astigmatism. From time to time , i t has been pro-
posed that this measurement of visual acuity is all that is needed
to reveal significant errors of refraction. If this should be true ,
individuals could be screened for the presence or absence of
significant errors by the si mple process of determining the acu-
ity in each eye. Such tests could be performed by trained lay-
men or nurses.

In 1961, Peters (1961) reported on a study of the relationship
of visual acuity and refractive error for Individuals in the age
groups of 5- 15, 25-35 , and 45-55. The results are shown in
Figs. 6 , 7 , and 8. It will be noted that Peters avoided the use of
equivalent sphere by reporting the data with cylinder power
plotted as the ordinate and spherical power as the abscissa. The
smooth curves are lines of iso-oxyopia-equal visual acuit y. The
curves do not , however , indicate whether with-the-rule or
against -the -rule astigmatism is more significant.

It Is apparent from these graphs that visual acuity decreases
in a uniform manner with increasing myopia at all age levels.
The change with hypermetropia differs , particularly in the older
group. While It Is possible to use these graphs to predict prob-
able visual acuity if the refractive error is known , it is obviou s
that it is not possible to estimate the type and degree of the
error if the vi sual acuity is known.
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FIG. 7.

The Eames Eye Test (World Book Co., 1938) and the Massa-
chusetts Vision Test (Welch-Allen , Inc., 1950), which are de-
signed as vision screening tests to be performed by laymen ,
attempt to measure the degree of hypermetropia , within limits ,
by the utilizati on of a plus sphere test. Stewart (1950; 1956) has
evaluated this technique and found that there was a poor corre-
lation between the test results and normal clinical refractive
procedures.

Other more complex devices , usually stereoscopes , such as
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the Telebinocular , the Ortho-Rater , and the Sight-Screener ,
have been designed for visual screening by laymen . Since the
ability of these instruments to detect the type and degree of ame-
tropia is largely a function of the measurement of visual acuity ,
it would appear that these devices offer little hope for the satis-
factory measurement of refrac tive error (Blum , Peters , & Bett-
man , 1959).

Evaluation of Laboratory and Screening Techniques (G)

Before methods of evaluation can be discussed , it is necessary
to establish some standard to which these various techniques
can be compared. As has already been mentioned, clinicians
tend to use the standard of patient reaction . If there is any single
criterion that clinicians tend to trust the most , particularly when
applied to adults , it Is the measurement of the refractive error
by subjective techniques. If this criterion is applied to the re-
sults of subjective optometers , it will generally be found that
these optometers give results which indicate that the ainetropia
measured is more myopic than that determined by clinical sub-
jective refraction (Fry, 1937; Luckeish & Moss , 1943; Morgan ,
1944; Nadell , 1956).

The objective optometers , such as the Rodenstock and the
Fincham , are used by some clinicians, particularly in Europe ,
instead of retinoscopy. The fac t that these same clinicians still
do a subjective refraction before prescribing lenses indicates
that these instruments , even in the hands of experienced clint-
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cians, are not precise enough for dependable refraction , if pre-
cise means a prescription that a subject finds acceptable in
terms of performance and comfort.

The reasons for differences between clinical subjecti ve deter-
minations of ametropia and the optometer determinations are
not precisely known. First of all , clinical subjective refraction
has a plus bias since the most convex lens power , giving maxi-
mum acuity , is generally accepted as the proper lens. Second ,
this lens is determined by noting the subject’s responses to an
altered stimulus situation. In other words , the measuring lens
also affects the stimulus pattern. Third , many optometers do
not utilize the whole of the pupillary aperture. Thu s, the error
measured by these devices Is not the mean error for the whole
aperture , but an error measured , using only a portion of the
aperture. Fourth , clinical refraction utilizes complex targets
such as Snellen letters , and , hence , perceptual responses are
utilized as will be true when a lens correction is worn. Such is
not the case In optorneters. In most optometers accommodation
is difficult to control because of the proximity of the testing
target.

This difference between clinical subjective refracti on and re-
fraction by optometers is usually not great. There are times ,
however , when this difference is great , and unfortunately , these
times cannot be predicted or identified in advance. Optometers ,
particularly the electronic ones, are useful not so much as de-
vices for determining ametropia but as instruments for the
automatic , rapid recording of changes in accommodation. In a
sense, they are useful in the determination of relative and not
absolute refraction.

Distribution of Refractive Errors (H)

A good deal is known abou t the distribution of refractive errors
in non-selected samples of school children between the ages of
6 and 15. Unfortunately , not very much is known about the dis-
tribution below age 6 or after age 15, for non- clinical samples.
The Orinda Study (Blum et al., 1959) found in the youngest group
tested , ages 5, 6 , 7, that 18 per cent had a “vision problem ” (not
all “vision problems ” were refractive), and in the oldest group
tested , ages 13, 14, and 15, that 31 per cent had a “vi sion prob-
lem. ” Most of this increase was due to an increase in myopia.
In 1958, Morgan (1958) reported on the refractive errors of a
small group (~4 = 95) of 34-year olds , selected on a non-visual
criterion . Of these , approxImately 45 per cent of the females
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had a re f rac t ive  er r or  that  was ( orr ee ted , o r needed correc ti on ,
whol e only 25 per cent of the males needed lenses , or jus t  about
37 per cent of the group as a whole had re f rac t ive  errors needing
correction. In contrast to the change in the school children , the
increase in the need for correcti on in this older group was
largel y due to hypermetropia and ast igmatism. This need for
correction was not necessarily due to changes in the degree of
ainetropia but was due in part to the decrease in accommodative
amplitude with age .

As the age of the population studied becomes older , the dif-
ferences between a general , non-selected sample and a clinical
sample become less and less and probabl y have no significance
when the population age reaches 55. On the basis of clinical
samples , it is known that the percentage of the population with
correctable hypermetropia and against-the-rule astigmatism
increases more than the percentage of other errors and that by
the age of 60 , about 40 per cent of the population has refractive
errors , not including presbyopia , which need correction (Hirsch ,
1958). If presbyopia is included , nearly 100 per cent of the popu-
lation suffers from an anomaly of ocular focus by the age of 50.

The Difficulty in Setting Refractive State Standards (I)

In the report of Working Group 20 presented to the Armed Forces-
NRC Commi ttee on Vision , Drs. Jampoisky and Morris and the co-
committee members suggested that the various visual attributes
be evaluated on a scale of visual fitness ranging from grade I to
X (Jampolsky & Morris , 1964). But while such attributes as vis-
ual acuit y or accommodative amplitude may be described by a
single numerical value , refraction is usually described by sev-
eral numbers. In order to place refraction on a simple scale , it
would be desirable to reduce refractive data to a single value.

In describing an individual’ s refractive state , one deals with
the following values:

1. spherical error for each eye
a. nearsightedness , or myopi a
b. farsightedness , or hypermetropia

2. astigmatism for each eye
a. With- the-rule , or direct astigmatism
h. Against-the-rule , or inverse astigmatism

3. difference between the two eyes , or anisometropi a.
In order to set refractive error on a scale , each of the attri-

butes must he evaluated. A perfect refractive state is easily
• identified Ofl an optical basis. Grade I would include those sub-
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ject s who had no spherical error and no astigmatic error in
either eye. However , such visual systems are almost non-exis-
tent in the human population. Grade I must also include some
degree of error. But how much astigmatism is an equivalent
error to how much spherical error ? How much hypermetropia
is equally undesirable to how much anisometropia ?

There are no simple answers to these and similar questions.
Were visual acuity the sole criterion , the problem would be rela-
tively simple. The effect on acuity of refractive error has been
studied by many investigators; most recently, Peters (1961) has
presented a graph for predicting distance acuity from refraction.
But distance acuity is not the only consideration . The effect of
certain refractive errors on near acuity is different from the
effect on distance acuity. The effect of refractive error on bin-
ocular achievement Is a further complication .

As a first approach to the problem , a system has been devised
by the authors for reducing the data of an individual’s refractive
state to a simpler form.

A Suggested Plan for Scaling Refractive Data (J)

On a grid marked off in quarter-di opter steps, the refrac tive
state of an eye can be plotted. The abscissa represents power
in the horizontal meridian; the refractiw error in the vertical
meridian is represented by the ordinates. Such a grid is shown
in Fig. 9. On this grid , one can identify the various refractive
conditions.

The point X Is zero in each meridian and , hence , is emmetropia .
The squares filled in along the 45-degree (°) slope represent the
spherical refractive state; those that are cross-hatched are
spherical hypermetropia; those that are darker are spherical
myopia. Square Y represents a refraction of +2.25 Diopters of
sphere (D.S.), and square Z a refraction of -2.00 D.S. Any point
above the line represents against-the-rule astigmatism; below
the line is with-the-rule astigmatism. The further the point is
from the 45° slope, the more the astigmatism. Thus , all points
marked No. 1 have 0.25 D of against-the-rule astigmatism; all
points marked No. 2 represent 0.50 D of inverse astigmatism;
No. 3 is 0.75 D , No. 4 is 1.00 D , etc. Similarly, squares marked
with primed numbers have with-the-rule astigmatism of appro-
priate amounts. Squares No. 1’ represent 0.25 D, squares No. 2’
represent 0.50 D, etc .

On such a grid , the refraction of two eyes can be plotted.
Squares A and B are placed , for example , to represent two eyes.
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Square A would be an eye which had refraction of + 1.50 in the
horizontal meridian , and +0.50 D In the vertical . The spectacle
lens correcting such refraction would be

+ 1.50 = -1.00 x 180, or
+ 0.50 = +1.00 x 90.

Point B, representing the other eye , has a refraction of +2.75 D
In the horizontal meridian , and +3.00 D in the vertical . Its spec-
tacle formula , of course , is

+ 3.00 = -0.25 x 90, or
+ 2.75 = +0.25 x 180.

On such a graph , isoptors could be drawn which represent
the various grades. The basis for drawing the isoptors would
have to be determined by a group of experts in refraction. These
experts would have to agree upon the degree of hypermetropia ,
astigmatism , and anisometropia which would be allowed in each
grade. If hypermetropia were deemed to he less of a handicap
than myopia (as it is in the lower grades at least), the Isopter
would encompass more area to the right than to the left of the
origin. If against-the-rule astigmatism Is more serious than

47
A



w i t h — t h e — r u l e  astigmatism , then the isoptors would encompass
more area below the 45° slope line.

A set of theoretical criteria were accepted here , for example ,
to i l lus t ra te  the use of such a graph. It is stressed that the ulti-
mately accepted criteria , however , would require the pooled
experience of a group who work with refraction.

TAI~ LE I .  ‘l ’heoret ical Cri ter ia  for lsoptors

Grade Myopia Ifypermctro }) ia  WR A st i g. AR Astig .

I none 0.75 0.25 0.25

Il 0.25 1.25 0 .50 0.50

HI 0.75 1.75 1.00 0.75

JV 1.25 2.25 1.50 1.00

V 1.75 2.75 2 .00 1.25

VI i .00 3.5() 2.50 1.50

The isoptors corresponding to these criteria are shown in
Fig. 10. For a single eye , the graph has no value over a simple
table of criteria. However , there are advantages , when an at -
tempt is made to incorporate the data for the two eyes into a
single value or grade of visual fitness.

It has been noted that if each eye is plotted graphicall y,  the
distance between the two points is a measure of the anisome-
tropia . For simplicity , this distance may be expressed in terms
of the number of moves it would take a king on a chess-board to
reach one point from the other. The king, it will be recalled ,
can move one square in any direction . Referring to Fig. 10 , it
is noted that to go from A to B, the minimum number of moves
is 10. To go from Y to B takes 3 moves. To go from X to Y
takes 9 steps. To go from A to Y takes 7 steps , etc .

In expressing the refractive state for an individual , therefore ,
the data have been reduced to three values; the grade for the
right eye , the grade for the left eye , and the numbe r of steps
separating them. A simple formula could be used to reduce
these three to a single grade. Inherent in it would be an evalu-
ation of the degree of difficulty anisometropia might be expected
to bring about. An example of such a formula (not necessarily
the one which should be used) is presented here :
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Let A the grade for the right eye
Let B the grade for the left eye
Let X the numbe r of squares between the two.
Grade A + B + X

2 3 

.25 0  _________

.200

.4 5 0

. 1 0 0

.050 I

0

-050 
- _______ ________________

10 0

-I 50
— 

~~~~~~~ i I i .
- 2 0 0

- 2 5 0  
4

11-
- 3 0 0

I
I~ 

I l  
0 05 10 I~~ 2 0  2~~ 30 5 5

M I N U S  P L U S

FIG. 10.

A few examples will suffice to demonstrate this simple relation-
ship.

Example 1
Right eye + 0.75 1 + 1 + 0 = 1 Grade

Left eye + 0.75 2 3

Example 2
Right eye 0.00 1 + 1 + 3 = 2 = Grade

2 3
Left eye + 0.75

Comparing these two examples , it is seen that the second pair
of eyes , although each eye Is Grade 1, wIll get a score of Grade
2 because of the 0.75 D of anisometropia.
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In this formula , what is being done is averaging the grade of
the two eyes , and adding a factor to express degree of anisome-
tropia. But a final formula need not follow this. The denominator
of the anisometropia fraction can be any number selected. If the
denominator of the second expression is two , more emphasis is
being placed on anisometropia; if four is selected , less emphasis
is being placed on anisometropia. The formula , needless to say ,
is only as valid a measure of visual fitness as the judgments
which go into its construction.

Also , the denominator of the first expression was selected as
two. However , this could just as easily be one or three. This
would depend on a judgment of how important the second eye is.
Insofar as distance acuity is concerned , the poorer eye of a
pair contributes little.

What has been presented is a method of reducing the complex
data for refraction of a pair of eyes to a simple grade of visual
fitness. It is suggested that if visual fi tness is to be placed on
a scale, a group of experts in refrac tion determine the exact
location of the isoptors and the exact nature of the equation.
Once these are established , a clerk could be trained to grade
refrac tive data quite rapidly. The validity of the grades assigned ,
however , will always be no better than the data which go into
establishing the Isoptors and formula. These serve only to sim-
plify complex, interacting variables into a single value; they do
not increase the validi ty of the basic assumptions.

Conclusions (K)

Refractive errors may be measured by clinical and laboratory
techniques. The best laboratory techniques which can be used
by laymen involve the use of objective optometers. Such tech-
niques , however , cannot be used to indicate the absolute need
for nor the prescription for a correction. Refraction cannot be
isolated from a consideration of visual needs , the amplitude of
accommodation , and the state of binocular vision. There can be
no positive substitute for clinical judgment.
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THE MUNSELL COLOR-CIRCLE AND THE
FARNSWORTH -MUNSELL 100-HUE TEST

Arthur Llnksz
School of Medicine
New York University

The Farnsworth-Munsell 100-Hue Test consists of a selection
of movable, colored paper chips. Together and In proper order ,
these chips form a Munseli color circle. As is well known, a
full Murisell circle consists of 100 hues. For the purposes of
thi s test , the number has been reduced to 85 samples, since
some samples were found to be redundant and were dropped.
Fig. 1 demonstrates the loci of these 85 color chips in the I.C.I.
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FIG. 1. Locus of 85 hues of Far nsworth selection In chromaticity diagram.
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chromaticity diagram , arranged in a circle around “C ,” the
locus of standard white (or gray). The distribution is quite even
and the distance of the individual samples from “C” qui te uniform.
All of the samples are rather desaturated , and they are more or
less equal in brilliance. It is the hue , not the chroma , not the
value , for which the chips are to he compared and by which they
are to be differentiated.

One cannot help suspecting a certain artificiality in a color
circle which consists of 100 hues. One will suspect that such a
round number is a predetermined number. Quite likely , Munsell
dropped some samples or , even more likely, added some for the
sake of the roundness of the figure. This has been rather well
corrected in the Farnsworth selection. The Farnsworth selection
comes closer to Munsell’s ideal than Munsell’s own : the 85
samples do differ from each other by a “just noticeable difference
in hue,” while among the origi nal 100 samples some are hardly
distinguishable. A certain added artificiality , the interference
of a predetermined scheme , manifests itself in the allocation of
color names, and in the distancing of the primal hues. The 100
hues of the Munsell circle are divided into five equal compart-
ments—a division which has no physiological basis whatever.
However esthetically attractive Munsell ’s five-pointed star
arrangement is to the eye (Fig. 2), there can be only fou r pr imal
loci in a color circle—any color circle —because there exist
only four color modalities, and the distance from one primal
color to the next need not necessarily contain an equal number
of discernible steps. True , an equal number of steps exists
between neighboring primal colors in the Ostwald circle of
colors also (Fig. 3). However , the Ostwald arrangement is
frankly based on theory (Ostwald had a theory about how colors
should blend), while Munsell ’s sequences are not . They are
based on the principle of the “just noticeable difference in hue .”
One must , therefore , expect some arbitrariness in selection if—
in spite of the principle—steps each from Red (R) to Yellow (Y)
to Green (G), and from Green (G) to Blue (B). There are also
twenty steps each from Blue (B) to Purple (P), and from Purple
(P) to Red (R) which , of course , means that there are , in fact ,
forty steps from Blue to Red. The capital letter P notwithstand-

• ing, purple is no primal color. The name is attached , for reasons
of design symmetry, to some balanced blend between blue and
red. Purple is only one of the great number of hues which are
blends of blue and red.

Farnsworth’s selecti on of 85 samples (Fig. 4), even if a more
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FIG. 2. Munsell color circle.

realistic selection , perpetrates some of these questionable fea-
tures of Munsell’s. The number of blended hues between R and
Y, between Y and G, and between G and B Is constant once made ,
and the number of blended hues between B and R is again twice
this number. To be sure , the number of discernible blended
hues between primal blue and primal red is, in fact , larger than
the number of discernible hues between any other two primal
colors , say , green and blue. In thi s respect , Munsell came closer
to sensory reality than Hering or Ostwald. Munsell’s designa-
tion of the blend between blue and red with a single letter , “P ,”
has also been retained by Farnsworth. Retention of these poorer
features of the Munsell arrangement , and especially the artifi-
ciality of the symmetric pentagonal arrangement , led to such
obvious inconsistencies as the assignment of the notation t~RU
(f or primal , sensorially pure Red) to chip #1, the dominant wave
length of which is given as ca. 610 mis. Farnsworth’s “R” is
obviously a yellowish red and so is, of course , any spectral red.
The notation “YR ” (for balanced orange) is , again for symmetry,
assigned to chip # 10, the dominant wavelength of which Is given
as Ca. 585 m~ts. To normal s, the hue of thi s wavelength is a yel-
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lowish orange. Balanced orange is at ca. 601 mu of the spectrum
(Rubin , 1961) and Farnworth ’s “R” is much too close to this
spectral locus. The “Y” chip in the Farnsworth selection is in
its proper place , at or near 576 mu . As far as the locus of pure
Blue is concerned , one feels again that considerations of sym-
metry prevailed over those of sensory. The notation “B” is as-
signed to chip # 54 , the dominant wavelength of which is given
as ca. 483 mu; while in Rubin ’s large sample , normals localized
pure blue at or near 468 mu, and Dimmick and Hubbard (1939 )
placed it at 476 m~i. Farnsworth ’s locus “B” is a still greenish
blue. Chips # 62 to # 64 are probably pure r blues.

Of course , any great rigidity in the assignment of color names
to particular samples with a particular dominant wavelength is
of questi onable merit. Even the two just quoted data regarding
primal blue indicate that there is some uncertainty as to the
“exact” localization of colors in the spectrum. This uncertainty

• is even more obvious in the green. Chip # 36 of the Farnsworth
selection carries the notation “G” (for pure Green), and its
dominant wavelength is marked at Ca. 525 m~.j . As is known from
an outstanding study by Rubin (1961), this wave length does not
represent pure green for all or even for most color normals.
A chip with this dominant wavelength will appear pure green to
some color normals but will be an already yellowish green to
possibly a majority of them , to all those for whom pure green
is at or around 514 mu; to this wavelength Farnworth ’s selection ,
chip # 39, is the nearest fitting. On the other hand, to the first ,
the 525 mu, group , 514 mu is an already bluish green. Neither is
the pure green of either the deuteranomalous or the protanomal-
ous at 525 mu. According to Rubin ’s studies , these loci are at
520 mu, and 502 mu, respectively. All of these three loci fal l into
the Green-Blue , quintan t of Farnsworth’s pentagon . Farnsworth
has , obviously for the sake of five-pointed symmetry, somewhat
over-shortened both the Red-to-Yellow and the Green-to-Blue
sides of what should be an irregular quadrangle (rather than a
pentagon) . The Blue-to-Red side which , according to his notation ,
runs from chip # 54 to chip # 85 , is in reality not quite that long .
Even if it hurts the symmetry of design , the notation “R” of the
Farnsworth diagram should actually be shifted somewhat further
clockwise into the region of the spectrum gap where it really
belongs. Pure red is no spectrum color (Dimmick & Hubbard ,
1939), and 610 mu is far from being red. This shifting would
add some chips to the quadrant between red and yellow . Simi-
lar ly, the “B” notation should be shifted in the counterclockwise
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direction. The five-pointed arrangement inherited from the
Munsell notation system and printed into the clinical test blanks
should be abandoned. It certainly adds nothing to the validi ty
and accurac y of the test.

The 100-Hue Test , as it is known , represents a superior
achievement, it Is , In the experience of the author , the most
versatile of all color vision tests. As far as the accuracy of
analytical diagnosis is concerned , it is surpassed only by the
anomaloscope, which , on the other hand , has a much narrower
range of applicability . it is unnecessary to discuss here the fact
that the anomaloscope Is restricted in its usefulness to the anal-
ysis of red-and-green deficiencies , while the 100-Hue Test is
equally well suited for the diagnosis of yellow-and-blue (or blue)
deficiencies , all those rather common but , so far , much neglected
deficiencies of color vision that come with certain ocular disease
(or with advancing age). It must , therefore , be emphasized that
the purely theoretical remarks just made will not in any way
reflect on the usefulness of the test. Whatever names the entry
form assigns to individual chips of the array of 85 samples used
in this test does not actually matter.

Stripped from all unessentlals, the Munsell and the Farns-
worth circles are object color circles with four • b c !  for the fou r
primal colors. All object color circles have fou r such loci of
equal rank and display certain ordered combination among the
four primal hues. All have the Hering circle as their prototype—
whether their originator is or was an adherent •of the four-color
theory or not. Yellow is always flanked by red and green , Its
two compatible companions , but never by blue , its opponent color .
Yellow cannot be bluish. Green Is always flanked by yellow and
blue, its two compatible companions, but never by red , its op-
ponent. Green cannot be reddish. And this settles the circular
arrangement. There is no other way to arrange object colors.
The chromaticity diagram was certainly not constructed with an
eye for any circular arrangement of color. It was developed to
emphasize its tn -parameter aspects. Still , it turned out to be
a circle , essentially. It is a circle distorted into a horseshoe
shape to agree wi th certain mathematical considerations but still
a circle , and the Munsell arrangement of colors fits into it quite
naturally (Fig. 5). There are four primal loci in it , and the same
ordered combinations between hues as are to be found in any
other color circle. (Numbers are added to indicate the appro-
priate spectrum wave lengths.) But one can go find them. Even
in the spectrum , yellow is flanked by red and by green , while
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FIG. G. liering ’s color circle with two sets of
opponent color crescents .

perpendicular to each other. The arrangement of the blended
colors is also symmetrical , and the number of significant steps
from one primal color to the next is presented , as being equal.
The criticisms just voiced against the Munsel circle are here
even more justified. Not only is one man ’s green more often
than not another man ’s blue green or yellow green , as already
discussed , not only is there a certain inevitable variability in
the exact locus of primal hues as determined by different ob-
server s, bu t it is entirely unjustified to assume any a priori
equality in the numbe r of discernible , blended hues between two
given compatible primal hues. Only experiments—painstaking
experiments like those first carried out by Mun sell—can deter-
mine their number.

But the greatest shortcoming of the Hering circle , with its
rigid four-quadrants symmetry ,  is that it quasi predudes the
separation of the deutan and protan subtypes of red-and-green
color deficiency. The same would be true of the tetartan and
tritan subtypes of yellow-and-blue color deficiency. Hering ’s
achievement , of course , was superior. His theory is basically
correct—whatever the number of pigments which mediate color
vision—and it turned out to have the most remarkable prediction
value. It is known today that no red-blind or green-blind people
exist and that , in fact , both protanopes and deuteranopes are red-
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and-green-blind , even if the pigment l)reSent in the fovea of the
protanope is called chiorolabe (Rushton , 1962). All this follows
logically from the opponent colors theory . and so does the fact
that both protanopes and deuteranopes have two opposing areas
of complete lack of hue in their circle of colors. They and thei r
anomalous cousins all “confuse ” colors along opponent diameters
in the color circle . Farnsworth’s color vision tests mak e sense
only if one interprets their results in terms of opponent colors.
The tests clearly show that what is generally involved in a color
vision deficiency is either the red-and-green diad , or the yellow-
and-blue. Both Farnworth tests , the 100-Hue Test , which is the
subject of this paper , and the Panel D-15 Test , are essentially
tests which reveal an involvement along a diamete r 1—a diameter
which connects two opponent and more or less complementary
areas of the Farnsworth color circle. Obviously, all that is nec-
essary is to forego the rigid symmetry of Hering ’s scheme for
the more natural arrangement of colors achieved by Munsell.
In the Mun sell circle , and , especially in its superior varian t , the
Farnsworth color circle , R is not directly opposite to G. This
seemingly insignificant departure from symmetry makes it in
fac t possible to f i t  into it the two red-to-green diameters that
characterize the axes of color confusion of deutans and protans.
(And since Y and B are also not opposite each other , it makes it
possible to differentiate two yellow-to-blue diameters.) One
adheres to custom by calling the deutan confusion axis the Green-

• to-Red purple axis and the protan confusion axis the Bluegreen-
to-Red axis without attaching any great significance to these
designations. They simply serve as memory aids. The essential
bimodality of color specifications in the color world of the red-
and-green defective had no place in Hering ’s scheme. The es-
sential bimodality of all color specification in the color world
of the red-and-green defective , the split into a deutan subtype
and a protan subtype , reveals itself clearly and unequivocally in
the two Farnworth tests. (Mutatis mutandis , the same statement
can be made relative to the yellow-and-blue defects.) With a
certain simplification of historical truth , one might state that
Hering presented the conceptual basis for understanding the es-
sentially opponent character of all color defects (they are either
red-and-green defects , or yellow-and-blue defects), while Farns-
worth , with his tests , revealed the essentially bimodal character
of each of the two existing major classes of opponent color de-

I . As will  he seen , it is not the same dht meter in the two tests.
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!( ( ‘t s .  W i t h  h i s  a r l ’ a l l y c l l l e n t  ol (‘ u iol’s ’.Ii l ( t  w i t h  I l l s  l W  l I s t s .
Fa rnswor th  ci iadv , I I I  die u j ) i I ) i ( f l i  of (tie a t i t h ui ’ , the g i c ~~t i st s i ; e ~~it
contr ibut ion toward a t ru e  u n d e r s t a n d i n g  of color  v i  si on and i t s
def ects si nce Hering .

The (‘lever arrangement of the I 00—Hu e  Test into fuui ’  ~uhsec —

t ions and the entry  fo rm provided for re cording i)U l’I)oS( ’S deserve
especial added comment .  As the case of the sister test , the Panel
D— 15 Test , the use of the propel ’ blank form pays a max imum
dividend. As one enters the test results into  the record sheet
provided for this  purpose (how to do this will  be exp lained some-
what later) ,  a dichotomous axi s, a diameter in the c i rcu la r  ar-
rangement of the colors , emerges , so—to—speak , befo re one ’s
eyes. This diameter always connects opponent circle sections ,
and its direction provides the essential mean s of diagnosis. In
both the 100-Hue Test and the Panel D- 15 Test , the d i ame te r s ,
which are , respectively, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
tan defects run roughly in the same direction but show a hi modal •

distribution pattern.  In both tests , the diameter which charac-
terizes the deutan defect starts at a longer wave length than the
one which gives away the protan. The diameter which is diagnos-
t i ( ’  of yellow and blue defects runs at roughly right angles. Pos-
sibl y , it is also bimodal , since a subdivision of the defect into
a tritan and a tetartan variety seems to become more and more
just if ied.  The color performance of a protan always para l le l s
that of a deutan—except that the same character is t ic  is re lated
to a shorter wavelength. Take any kind of a per fo rmance  at ran-
dom: the primal yellow of the deuteranomalous is at 583 m~ ,
that of the protanomalous at 563 m~ (Rubin , 1961); the ba l anced
orange of the deuteranomal is at 612 rni,~ and that of the protano-
malous at 590 m~ (Rub in , 1961); the locus of best wavelength
discrimination of the deuteranomalous (which wi l l  be discussed
later) is around 500 m~ and that of the pr otanomalous around 450
m~ (Nelson , 1938); the area of complete spectru m desa tura t ion
of the deuteranope (which wi l l  also be discussed later)  is around
498 rnj~, that of the protanope near 492 m~ , etc . (Walls & Hack ,
1956).

Farnsworth divided the 85 chips into four sections , and he
did not. do this for convenience of handling. (The subdivision is
indicated in Fig. 1). it is one of the most clever , even bri l l iant ,
fea tures of the test. Chips * 84 to # 22 constitute the first  sec-
tion , chips  H 21 to H 43 the second , chips H 42 to H 64 the third ,
and chips U 63 to H 85 the four th . There is a necessary redup li-
( N I t  to ,) ~l t  the beginn ing and the end of each section . Since i’oug hl’j
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U n I V  o n e — i o u i - t h i  of t h e  color ( ‘i r c ie  is presented at any one t i m e .
a ‘ dot ’ —det er  t iv e su hj  ect wi l l  never be given  a (‘ hance to ‘‘con —

tuse ’’ red w i t h  green , or yel low wi th  blue.  This he would do on ly
when confr onted wi th  ;~ selec t ion f rom all  wavelengths , as in t he
Panel D- 15 Test. It has been mis takenly  suggested that the 85
(‘hips he presented to the ( ‘ond ldat ( for testing all at once. This
would only t rans form the 100—Hue Test into a more d i f f icu l t
Panel D- 15 Test. It would show which opponent colors a color
defective confuses. However , th e 100—Hue Test is not an opponent—
color confusion test , it is not jus t  a glorified 15—Hue Test. fn the
100-Hue Test the examined subject is asked to compare and
arrange a l imited numbe r of , similar  hues , not opposin g h ues.
And , in contradistinction to the Panel D-15 Test , there ~re two
fixed “reference ” chips provided in each quadrant—the two
samples that are farthest  apart in hue within the just-presented-
quadrant. In the f i r s t  section , chips 41 84 and # 22 are fixed
white chips , 41 85 to 41 21 are loose and are to be arranged be-
tween the two reference samples. In the second section , 41 2 I
and 41 43 are fixed , and II 22 to 41 42 are to be arranged , etc .

The following discussion is restricted mainly to the perform-
ance of deuteranomalous and protanomalous subjects , since they
are the major interest 2 . However , in order to mak e their p~-formance in the 100-Hue Test m ore understandable , the principle
of construction of the Farnsworth color circle should be once
more discussed f rom a somewhat d i f fe ren t  point of view. I must
digress here somewhat and deal wit )) some of the flow classic
studies of Wri ght  and Pitt (1934), Nelson (1938), and of McKeon
and Wright (1940) on the abi l i ty  of the normal , the deuteranornal —

ous , and the prot anomalous subject to discern changes in spec-
tral wavelength by a just  noticeable difference in hue .

At f i r s t  glance , the arrangement  of wavelength numbers around
the Farnsworth color samples seems rather  haphazard. There
are sections where the wavelength markings are f a r apar t , and
others where they are c wded; and the longest and the shortest
spectral wavelengths are actually missing. This latter circum-
stance should really not he unexpected. Wavelengths longer than
ca. 630 m~ all have the same hue (Purdy , 1931). They have flO

2. It is becoming more and more evident to the author that , in the studs’
of the not altoge ther ra i’ ’ yellow-and-blue defects due to ocula r patholog~
and to the aging pt’ocess , the 100—Hue Test wi l l  also turn out to be the
most preferred color v i s ion  test . h o wever , there i ~ not ve~ suff ic ient
ne t  I t ’  l i a  I IA) ( t ( 1 1 ~ ith this pa 1’! ‘I th e subj ect
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pl ace in a Munsell  circle.  They have l i t t le  space assigned to
th em on the ch roni at i c i t y  og ive. And the same is true of the
shortest  wavelengths .  As already been discussed , the Farns-
wor th  a r rangem ent  of chips has , in essence , retained the most
)utst anding fea tu re  of the Munsell  system , based as it  is on the

pr inc ip le  of the ‘‘just noticeable difference in hue ’’ without  a
pr io r i  reference to any differences in wavelength.  Di f fe r en t
wave lengths wi th  identical hues are not represented in i t .

A normal subject (that is , a young, normal subject) is not
expected to make any substantial error in arran gi ng any or all
of the four panels , because every single chi p is di fferent  from
its neighbor of the next higher and of the next lower serial irn m-
ber by that just noticeable difference in hue. It is this very fea-
ture of the Munsell arrangement which Farnsworth has tu rned
into a most sensitive , diagnostic tool .

To give one example : normal subject is expected to place
(‘hi 1) 41 28 on one side of chip 41 27 (and nearer to the reference
chip 41 43 of section 2),  and chip 41 26 on the other side of chip
41 27 (and nearer to the reference chip # 21 of the same section)
because chip 41 28 is a just  noticeably more greenish green-
yellow , and chip 41 26 is a just  noticeabl y more yellowish green-
yellow than chip 41 27. The difference in the dominant wavelength
of these three chips , as such , is irrelevant.

One may haphazardly choose another example , say a triad of
purple chips from section 4 that do not correspond to any single
spectrum wavelengths. If chip H 78 is a reddi sh purp le (which ,
of course , means a predominantly reddish red-blue), then chip
41 79 must be a just  noticeably more reddish red-purple , and
chip # 77 a just noticeably more bluish red-purple. Moreover ,
cizip 41 77 has to be placed on one side of chip 41 78 (nearer to
the reference chip 41 84), and chip 41 on the other side. To a
normal subject the test offers no freedom of choice. If he is
normal he cannot make any significant errors.

An important restriction has to be made here. Extensive
studies by Verriest (1963; 1964) suggest that this statement holds
only for the normal young adult .  Children under the age of ca .
14 years make some errors , especially in the blue-green .
(Those are sometimes diff icul t  sam ples to tell apart.)  More
s igni f icant , and rather constant , is the deterioration of the hue-
discr iminat ion facu l ty  in the middle-aged and aged , ac tua l ly
starting in the for t ies  of life . The faculty of arranging the Farns—
worth samples corr tly deteriorates , especially in t he  region
of ( ‘hips H 35 to ~ 50 . the green to blue—green areas  (Ii nOrfl )~il
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subjects , and , to a lesse L’ ( ‘Xt CIlt , also I I I  t h e  region across the
diameter  of this area , in the region of chips II 82 to 41 5. It is
quite l ikely that the cause for this  lessened sensitivity , espe-
c ia l ly  in the f i r s t  of the two regions , is due to enhanced ab sorp—
(ion of shorter spect rum wave length by the refra cting m edia ,
especially the sclerosing crystal l ine lens.

Farnsworth introduced a very ingenious method of recording
the resul ts of the 100-Hue Test. His blank for recording (Fig. 7)
repre sents the color circle of 85 members with the different
good and not-so-good features which are by now thoroughly I a-
miliar . In addition , thi s “color circle ” is surrounded by a num-
her of other concentric dotted circles.

Na,e age Date I /
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i”IG. 7. Blank for m lot ’ recording of I 00—hue test results.
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Assume that  a subject has at’t’aflg(’d the f i r s t  several ( ‘hips
of the f i r s t  section in its proper order s t a r t i ng  Iro m the re f e r—
eti~’e chi p II 84. In this case , chip II 85 is placed between ii 84
and II 1, at i ts shortest possible “one— chip, ” or ‘‘ one—uni t , ’’ dis-
tance from each. Similar ly ,  ( ‘hip 41 1 is p l aced between 41 85 and
II 2; chip II 2 between II 1 and 41 3, etc. The r ( ’sult is recorded by
clots opl)OSite the appropriate locus numbers.  Since there was no
error the score points are placed nearest to the circle of loci
on what is usuall y designated the two—chip—dis tance  c i rc le  and
what actually is the zero error  c i rc le .

Assume , f u r t he rmore , that the subject did not place some of
the fol lowing color chips of the section in their  proper order but
in the order indicated in Fig. 7. Thus , into locus 10 he placed
the 4 1 1 4  chip and into locus l i t h e  41 16 chip, etc . The error
score then starts with chip 41 9. It is found , then , that chip 41 9
in locus 9 is placed at 5 units instead of 1 un i t  distance from
one of its neighbors (chip 41 14), and at I unit  distance from i ts
other neighbor , chip 41 8. The error is 5 ~ 1 - 2 4 uni t s , and
the score point at locus 9 is to be placed four circles away f rom
the zero error circle. Continuing, one finds in locus 10 an error
score of 5 , in locus 11, an error score of 6 , etc .

An interesting detai l of thi s scoring is to be noted. Errors
are self-aggrandizing and cumulative. Take the example of the
samllest possible error :  two chips , 41 5 and 41 6 , were inter-
changed in loci 5 and 6 (Fig. 7). This means that chip 41 6 in
locus 5 is now 2 distance units f rom its f i r s t  neighbor (41 4),  and
1 distance uni t f rom the other (41 5). The error is 2 4 1 - 2 1
unit.  However , by necessity chip 41 5 (now in locus 6) also scores
an error of 1 unit. Moreover , chips 41 4 and 41 7 wh ich are i n
their proper loci also score an error of I unit. Thus , an error
score of 4 units has been accumulated by thi s smallest of all
possible errors.

If the interchange occurs between two chips far ther  apart then ,
by necessity , two error peaks will manifest themselves. Assume .
that , in loci 8 and 14 , chips # 8 and 4 1 1 4  turn out to be inter-
ch anged. How this will show in the score is best demonstrated
on an error table which is actually used by the author before en-
tering the scores. This table has to be read from below , upwards 3:

:i. Professor Verriest  uses a simila r error table, lie also add s up the
error score ta d , in the exa mple given in this  table , woul d speak of an ( ‘t’

i-or of 10 points , l ie  I i  ads this numb er score usefu l for evaluat ion of the
c i  ro c ’s mn:t gnitu (Ic . ‘i’hr r i ’  ro r diagra m is s t i l l  the au thor ’s p relcrence.
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l4 i’i’oi ’ s( ’ure : 0 6 10 4 0 0 0 4 10 6 (1

l) is tances : 1 7 ~i 1 1 1 1 5 7 1

( ‘hi ps: 6 7 14 9 10 11 12 13 8 15 16

Loc i:  6 7 8 9 10 11 12 13 14 15 16

ft should be un der sto 4(1 that  this is a macfe —U J ) example.  Such an
error wi l l  never  o( ’( ’ur . If i t  should happen that ( ‘hij ) 41 14 is
placed into  locus 8 next  to  chip ~ 7 , then  the chip  wi l l  pull i ts
si in I lar neighbors , t ) laybe II 13 and 41 15 , wi th  i t .  As emphasized
in the author ’s essay on color vis i on , no colo r defective evet ’
makes haphazard or senseless e r rors  (Linksz , 1964).

As seen , in th is  example , scoring errors arc also sel f— pi ’o—
creating. Once a subject has placed one chip into a wrong place ,
or left out a c ’hip, he is faced with the task of placing the chip
which he has not used into another , by necessity , wrong locus.
One may often watch a color—defe ct ive candidate fumbl in g  around
with a l e f t — o u t  chip and can , f rom his facial expression , almost
tell that he placed it only the best he could. He would have lik ed
to leave it  out e n t i r e l y ,  but the observer must insist that all
chips be placed.

Recording the errors in the arrangement in the just  described
method , it turns  out that in the case of a color defect , any type
of color defect except possibly those caused by senescence ,
e r ro rs  ‘‘pile up ’’ in two opponent reg ions (if the Farnsworth
circle .  It is the direction of the d i a m e t e r  which connects the two
error piles whi ch gives the diagnosis away . What determines
th is  direction is what now must be investigated.

The jo b ) of one ’s arrangi ng the 100-hue samples corresponds ,
in m a n y  respects , to a d i f ferent ia l  hue sensit ivity test. What  is
e s sen t i a l ly  the same fa c i l ty ,  v iz . ,  the d i f fer ent ia l  hue sens i t iv i t y
for spectrum ‘ ilors , has been investigated repeatedly. The
classical data are those of Wright  and Pitt  (1934). These authors
studied the Sp e( ’trU fll , not p ig ments , and related the jus t  notice-
able difference in hue to spectral wavelengths.  They found areas.
notably two of them (Fig. 8), where small changes of wave length
( ‘aUse noticeable change in hue , and other areas where one has
to change the wavelength considerably before the hue changes
just  noticeably. It is in the nature of things that this difference
wil l  mirror  itself in the relat i onship between the object color
cir cle  on the one side , and the spectrum ci rc le  on the other .
This re la t i onship  is demonstrated in the Farnsworth  d i a g r am
in which , as in the test i t se l f , there  is n o t h i n g  haphai .ar d . T u e

6 ¶1



440 480 520 560 600 640
mp

l” IG. 8. Wavelength sensitivity (hue sensitivity) curve of norma l
observer (data of Wrig ht & !‘itt) .

criterion is “just noticeable change of hue. ” One will , therefore ,
understan d that into the two spectral areas in which wavelength
discrimination is best , a great number of Munsell colors must
be crowded. The opposite is to be expected for spectral areas
where there is little change in hue with considerable change of
wavelength. These regions in the Farnsworth selection are rep-
resented by only a few samples. Comparison of the curve of
wavelength discrimination (Fig. 8) and the Farnsworth color
circl e (which in Fig. 9 has been stretched into a straight line ,
just for the purpose of this comparison) clearly show the paral-
lelism. In the wave-length discrimination curve of Wright and
Pitt there is one area of maximum sensitivity in the region of
ca. 499 m~i. In the curve , this is represented by a minimum ,
since the needed change in wave-length for the appreciation of
change is minimal . In the Farnsworth circle , the same area is
broadly represented. Take, e.g., chip # 42 which corresponds
to 500 mu, while 470 mu corresponds to chip # 64. There are ,
in other words , more than twenty discernible steps between
these two wavelengths. The second maximum of the curve by
Wright and Pitt occupies the area around 590 mu. Here , again ,
there is broad representation. Chip 41 46 , e.g., in the Farnsworth
selection , corresponds to 590 ~~~ and the chip corresponding to
570 mu is # 23. Here there is room for seventeen steps over a
stretch of no more than 20 m~.i.

540
940 9)0 449

SI)$OO 940 390 470 940 640~ ~920 540 500 450 410 4)0490 1 m ’

FIG. 9. Linear arrangement of Farnsworth selection of colors
with appropriate spectrum wavelengths indicated.

The reader will note that the Farnsworth circle has been
somewhat arbitrarily cut at chip 41 76 , at a locus which seems
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to be about in the center of the spectrum gap . This gives the
diagram a certain symmetry and leaves the extremes of the
spec tru m , where wavelength discrimination is poorest , widely
separ ated. The reader will also note that in the. straightened
Farnsworth diagram the wavelength numbers had to be given in
decreasing order to correspond with the increasing Farnsworth
numbers. In the diagram by Wright and Pitt , the orde r of colors
is reversed and the wave-length numbers give an ascending scale .
Thi s should impose hardly any difficulty in understanding and
comparison .

Scrutinizing the Farnsworth circle (Fig. 9) with this newly
gained insight , one must note that the two areas of best wave-
length discrimination , the section between 590 mu and 570 mu,
and the section between 500 mu and 470 mu, occupy, as if by
chance , two opponent sections of the circle. This is just one
more small point which shows the essential soundness of Newton ’s
and Hering ’s circular arrangements. A color circle is a “natural. ”
Even such loci as the maxima of Wright and Pitt arrange them-
selves in an opponent fashion. This feature remains hidden in
the usual di agrams. Color vision data become more meaningful
if they are arranged on a circular diagram rather than into
Cartesian coordinates. As is seen repeatedly, the usual presen-
tation of color vision data along Cartesian coordinate s actually
hides some of the important facts of color vision. A set of curves
like the two lower curves shown in Fig. 10 would never suggest
that in the color world of the deuteranomalous and protanomalous
there are two areas of especially poor saturation. The Panel
D-15 Test works only because there are two. And a set of curves
like those presented in Fig. 11, a and b , will not suggest that in
the color world of the deuteranope and protanope, there are two
areas of best wavelength discrimination. The 100-Hue Test
shows that there are two. The dichotomies which are the diag-
nostic characteristics of the two Farnsworth tests remain hidden ,
totally unexpected , even inexplicable to those to whom the spec-
trum is a straight line leading from nowhere to Erewhon , hi tting
these keys as it proceeds.

The section of the Farnsworth double circle where wavelength
notations appear most crowded is the section between 540 mu
and 520 mu. This section is quite poorly represented in the ob-
ject color circle , and , altogether , three chips , # 35 to 41 37 , take
care of 20 mu . The colors opponent to this section fall within
the spectral gap.

We are ready to turn our attention toward the red-and-green
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1”IG. I I . Wa velength sensitivity curves of diehroniatic deutimn (a) and
protan (b).

defectives and to try to analyze their performance in the 100-
Hue Te st. One must remember that red-and-green anomalous
subjects , both subtypes. are trichromats . Their spectrum of
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colo r and theii’ ( ‘ i rc l ( ’  ( I t  red o’s a n ’  b u i l t  u t r n l  I hi f loi j i l d i  t o u r —
some of valences.  They see red , ye b l o w ,  g r een.  and b lue  l i k e
normals ,  though they localize the i r  pure colors in som ewha t
dif ferent  loci of the spectrum or the c i rc le .  Another d i f f i  r en ( ’i
which exists between the normal and the color anomalous  is a
diiference of variety . The color world of the anomalous is ju s t
a more monotonous color world. Curves taken f rom Nelson
(1938) and from McKeon and Wright (1940) and here combined
Fig. 12 show4 that . like the normal s, the red-and-green anoma-
1OUS also have two principal areas of best wavelength d i scr imina-
tion and that the localization of these two areas is essentially

o P RO TA N 0 I~ A L

9 D E U T E R A N O UA L

40

In I
; ~~\t. ’ •

C) I
4)11) ~00 )150 ~,00 1- 50 P ( ’~

*~~~E L E N G T H  ‘5

FIG . 12. Samples of w~ivelengt h disci ’im—
ination curves in deutcranorna lv  and
prot anomal y.

bimodal. They are represented by longer wavelengths (Ca. 500
mu and Ca. 610 mu ) in the case of deuteranomaly and by sho r t er
wave leng ths (Ca. 450 mu , and Ca. 580 m~ ) in the case of the
protanomalous. It is needless to emphasize that these respective
loci occupy practically opposite ends of diameters across the
Farnsworth color circle. What these curves also clearly dem ii-

1. This  dia gm ni was actuall y taken from a publ ica Lion by I b u r y  ich a iid
,Ja nleSOfl ~1 9h0) . A si mila t ’ combination diagra ni was  also l)Uhlisla ’d I
Nelson.
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st ra t e  is tha t  the wavelength d i sc r imina t ion  of the red—and—green
:uioina luu s is , even at its best , poorer than that of the normal .
(The maxima are fur ther  from the abscissa than in the case of
the n o r m a l . )  The red—and—green anomalous discern a smaller
number of hues in their  spectrum. 5 The two areas of best wave-
length discr iminat ion of the normal are over-represented as far
as the red-and-green defectives are concerned. One will almost
expect them to make mistakes in arranging samples in these
two over-represented areas—one essentially blue , the other
essentially yellow . One will , of course , also expect the errors
to show a bimodal distribution.

It is in large part due to the work of Rubin (1961), to which
reference has been made repeatedl y,  that there is now some
accurate information about the essentials of the color distribu-
tion in the spectrum of the two subtypes of red-and-green defi-
ciency. The se data will further help in-understandin g the scores
of the deuteranomalous and the protanomalous in the 100-Hue
Test.

There exists , f irst  of all , a very peculiar and rather distinc-
tive difference in the manner in which these two subtype local-
ize blue—inasmuch as only in the spectrum of the protanomalous
is there a definite locus for pure blue , which gradually turns
int o greenish blue in one direction and reddish blue (violet) in
the other direction. In other words , the red valence returns in
the short-wave end of the protanoinalous spectrum beyond the
locus of pure blue , just as it returns in the spectrum of the color
normal . The return of a new valence mirrors itself in the curve
of Wri gh t and Pitt (Fig. 9) in a sub-maximum at around 440 mu .
Sensitivity to wave-length change alway s improves when the hue
gets mixed , and so it does here where , suddenly, more reddish
and more bluish violet colors come up for comparison. In con-
tradistinction , the deuteranomalous sees no violet. For him , the
short-wave end of the spectrum just fades out , but remains es-
senti ally the same blue.

how this difference manifests itself in the wave-length dis-
crimination curve of the two defect subtypes has not yet been
actually investigated. (One has to be aware of a question before

3. Most spectrum colors :tlso appea r to them relatively dcs’aturated
(Nelson , 19:18; McKeon & Wri ght , 1940: Ch apa n is , 19-1 4). The two lowci ’
curves in I” ig. 10 i) eio )n I .& 0) :1 deute r an oma b u s  and to a J )r otano nia1 0~Is

sub j ect , i ’espec tivt ’lv .  ‘t h e i r  lowe r l( ’\ ci in oli c :i to ’s their  lower int r ins ic
sat ur ation .
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one can look for an answer.) In the different ial  diagnosis of the
two subtypes of red-and-green deficiency with  the 100-Hue Test ,
this difference play s a definite role. As one sees from Farns-
WO) rth ’s data (Fig. 13), P001’ color d iscr iminat ion  by the deuter-
anomalous has one of its two peaks—it mi ght he called the “blue
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FIG. 1:1. Distribution of maximum error ks ’i in 1 1)0—h Ue test in
deuteranomal y. p rota nomaly, and tritoanomaly .

error peak ”— in the region of chips # 58 to # 60 , where , for nor-
mal s, blue is expected to be turning into violet. In the Farns-
wort h nomenclatur e , violet figures as purplish blue. Color dis-
crimination by the protanomalous is better ’ in this regi on. F.or
the la tter , the “blue error peak” is nearer to the purples in the
region of chi ps 41 64 to # 66. For a protanoniabous , with his less-
ened capabilitie s of hue discrimination , hues of this region are
great ly over-r epresented , and an accumulation of errors will
not be expected. Several protanomab ous subjects have told the
au thor that “frankly ” they saw no difference at all between a
gr eat man y chips in this region. They just arranged them in a
ran dom fashion. Figure 12 also indicates that , in the region of
the spec t rum around  440 mu, the region where normals have
t h e i r  t h ird  area of r e l a t ive ly  good color discrimination , the
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pl ’o t a m ) i l L a l u U s  a c t u a l l y  c u d  I) ( t te l ’  l ihOn the ( i e U t e I ’a I i o u i l a b O L i s .

As t h e  cu rves  denionsi  i ’ate , below ca. 450 mu the d e u l e r a n o m a—
Iotis subject suddenly did very poorl y: Obviously, all blues ap —
l)eal’ed to hi in the sanie blue. In general , deutan s do poorer than
P i’0t a~~s in the blue er ror  area of the 100—Hue Test . They also
did poor er in Nelson ’s hue disei’ min at io ) n experi tu ents (see , e.g .,
f igu re  13 of his paper , 1930).

l~ub in  ‘s investigation also furnishes pertinent data about the
locus of balanced orange , pure yellow and I)~ 1’(~ green in the spec —

t rum of the red—and—green  anomalous. Reference has al ready
been made to sonic of these data with emphasis on how all (I f
them reveal the bimodal distribution of wavelength values which
is the characteristic link between the deutan and the protan de-
fect. Every one of these loci carries a longer wavelength num-
ber in deuteranomaly, a shorter wave-length number in prot-
anomaly. Pure yellow , according to Rubin ’s figures. is located
at 576 mu . The pure yellow of the deuteranomalous and the prot-
anom alous saddle this locus (Nelson , 1938). The former finds
it at a longer wavelength , at ca. 583 mu, the latter at a shorter
wave-length , at ca. 563 mu (Rubin , 1961). -

As it was practically predicted the discrimination Qf the red-
and-green defective is poor in this other over-represented re-
gion of the Farnsworth circle as well. There is a “yellow error
peak” (Fig. 13) to their performance in the 100-Hue Test , and it
is not surprising to find that thi s peak , too , is bimodal , that for
the deuteranomafous it falls into a region with smaller chip
numbers (representing longer wavelengths), while the peak for
the protanomalous falls into a region with larger chip numbers
(which represent shorter wave - lengths).

Motokawa (1951) has repeatedly emphasized that , in the spec-
trum of the red-and-green defective , yellow is the most br i l l ian t
section. Still , wavelength discrimination is poor in this region .
The two statements should not , however , be looked upon as con-
tradictory. Yellow might be a br i l l iant  color in the spectrum of
the color defective , hut in the Farnsworth selection there are
so many samples of similar wave lengths , especially in the 580
mu to 570 mu region , that to the color defective , whose wave-
length sensitivity is , even at its best , poor , there are just too
many of them.

Once more , it must be understood that poor performance in
the 100-Hue Test is not caused by desaturation in the error ar-
eas. De saturation is the cause of false choosing in the Panel D-15
Test. One of the handicaps of the red -and-green defective is th e
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lack  of v ;o r i o t y  of hues  o v en  in the areas w h i c h  are r e l a t i v e l y
speaking ,  not ( l c s a t u r at ( d. I t  is t h i s  f a ct o r  w h i c h , by i t s  ( lever
a r r a n g e m e n t  , the  100—Hu e ‘I’est turns  into a means of diagnosis.

As can In seen from the di agran i pub l i shed  b y Farnswor th
Fig. 13) the mima xi mum e r ro r  score of deu t e r an oma lou s  su bj o c t  S

runs in the average between chi ps # 15 and ~ 59 , i .e . ,  r oughl y
between the wavelengths  580 mu and 480 mu . The corresponding
dia m e t e r  for  pr otan omalous subjects runs  between chips ~ 19
and II 65, i . e . ,  r ou ghly between the wavelengths  575 mu and 460
mu . There  is probably no need for fu r the r  g i ld ing  this p a r t i c u l a r
l i l y. Deutan s and pr o)tans a lways,  un der all c i r c u m s t a n c e s , in
all t he i r  c h a r a c t e r i s t i c  pe r fo rmances ,  behave in s i m i l a r  Ways .
They are subtypes on by of (In c 01 aj or class of co b o r defi c ien o y
in which the red and the green color modal i t i es  are ch i e f ly  af-
fected. All their  error scores are linked up with opponent aro~as
in a properly arranged color circle. There is one essential dif-
ference between the two subtypes: if you analyze any one of t h e i r
performances  in terms of the spectrum , there will  be a def in i te
bimodal distribution to the range of wavelengths to which the par-
t icular  performance is associated , and the protan defect wi l l  al-
ways he associated with the shorter of the two wavelength modes.

Once more attention must be focused upon the seemingly
strange fact that the red-and-green defective has a blue e r ror
peak and a yellow error peak in the 100-Hue Test. The fact
seems to offer some conceptual d i f f icu l ty . Should one not expect
error peaks in the red and the green in subjects whose defe ct
is in the red and the green ?

The 100-Hue Test was administered (by the author )  the other
day to a rather extreme deuteranorna l whose job , of all t h ings .
was color-matching in a textile printing establishment.  He fought
for his future  job securi ty with all the sophistication of many
years ’ ac’ umula ted  experience. He insisted on checking his own
score and said how silly it actually was to ) “accuse ” h im of a
red-and-green defect when obviously,  he scored excel lent ly  in
the red and the green regions of th~ test , and the only mis takes
he made were in the yellow and the blue. I studied some of the
material thi s color defective had brought with him to show how
well he was doing and strangel y, or not so strangely, he did
quite well in the blue. 6

( . In the css:iv oi l color \ •j ~~j~’n aii~ I clinical color v i s i o n  tests (L inhs ~
I ¶ i ( - : see es~ . pp. 99 —1 00) it is expla thed why ami d he’~ that  legenda cv
‘‘ color ( I e I ( ( t  i ’  ( t ex t i l e  executive ’’ is L’eiiIl\ ’ ab l e  to i f l ’c ren t i a  I c  c( ’ r t a  in

colors :i1 nest he lt e r  t h a n  n o r m a l s  ole .



There is , obviously,  more behind the ex istence of that y e l low—
an d — b l u e  e r ror  score than j u s t  o v e r — r e p r e s e n t a t i o n .  One mus t
also understand why in the 100-Hue Test those wi th  a red-and-
green defect ac tua l ly  make SO few errors in the red and the green.
It wil l  be easiest to explain this on the example of the red—and—
green defective dichromat .  An analysis of their  wavelength dis-
cr imina t ion  facul ty  should furnish the propel’ answer.

The bimodal character of this facul ty  becomes immediately
apparent if one looks at the by now classic data of Wright (1947).
Figure 11, a and h , shows the wave-length discrimination curve
of the deuteranope and of the protano~-t , respectively. The only
difference between the two pract ically identical curves is that
in the case of protanopia the peak of sensitivity manifests itself
at a somewhat shorter wavelength. In neither case is the peak
in the blue or the yellow. It is in the region whe re green is
missing.

Deuteranopes and protanopes are dichromats .  Their spectrum
contains two hues only—a “warm ” hue which , with some confi-
dence , one may call yellow 7 , and a “cold” hue which , with even
greater confidence , one may call blue. The “warm ” and the “cold”
spectrum regions are separated from each other by a region of
zero saturation , a neutral point. The existence of such a spec-
trum neu tral point can be predicted on the basi s of Hering ’s
theory, and can well be visualized by looking at his diagram of
crescents (Fig. 6). What one can also predict , and wh at data like
Wright’ s completely fail to indicate , is the fact that in this color
circle there are two neutral points . As mentioned earlier , the
only detai l Hering missed was that of the bimodality of these
neutral points. This is why L -  could not in a satisfactory manner
explai n the existence of two subtypes of red-and-green blindness.
The neutral spectral loci are rather close to each other: accord-
ing to Walsh and Heath (1956) they are at ca. 498 mu and 492 mu .
Still , they are so distinctive in their position that loca lization of
the spectral neutral point is , in it self , a sufficient characteristic
on which to make a differential diagnosis. And once more,  in the
dichrom aticity of the deutan subtype , the neutral point has the
longer wavelength. A glance at the Farnsworth double circ le or
the chromat ~city diagram will  show that ,  in spite of thei r  close-
ness to each other , the two points can be easily differentiated.

7. It i t  woul d in the srn :i Ilest mcii sui’e Please the mane s oh my late I rienci ,
( orolon ‘N aIls , I would ~ucc k’ that it oloes nut mat te r . Ucing i i i  a r ( ICnt

r ic hromii t ic i st  , he cou ld mi ot  be l ieve that a o leut a ii  or prot :t n ( I t c h  i’o i i ia t

( oUI(J ev ei’ see ~o I  low .
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The 10 ~u stretch between 500 mu and 490 mM is qui t e  we l l
represented in the 100—Hue Test. The dominant  wave length (if
(‘hi 1) /t 43 is,  roughly,  498 mu , and that of (‘hi 1) // 49 , 492 mu . The
f i r s t  of these (‘hips appears co lor l e ss  to the deuter anope , the
latte r colorless to the protanope. They are also very well Set ) —

arated on the chronia t i c ity  diagram. The y (abscissa) value of
490 m u  is less than 0.3 , that  of 500 mu is over 0.5 (Fig. 14).

• Ui Q~ ~~ ~~ ~i X 0 Ui U a, ~ i 00 • V Z

• o~ v ~ ~~ ~~~~~ o i~~~z s~ ~~~~~~~~ Wx

FIG. 14. Chromaticity dia grams with confus ion (iso-color)
lines indic ateol . In each case line through “C” (white or
grey) connects spectrum regions of m a x i m u m  (lesaturat ion .

A comparison of the locus of best wavelength discrimination
and the locus of maximum desaturation in the spectrum of either
type red- and-green defective dichromat reveals that the two are
ac tua l ly  identical.  In the deuteranope , 4)8 mu is the spectrum
neutral  point , the area of maximum desaturation. But the same
locus is also the locus of best wavelength discrimination , be-
cause the deuter anope can , in this region , easil y differ entiate
the  yehlowishness (warn iishness) of wavelengths even sl ight ly
longer  against the bluishness (coldishness) of wavelengths which
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arc  s l i g h t l y  s l ) O l ’ t ( l .  ‘l ’hit o h i r o i i i a t i ( ’ i t y  d i ; i g r : m n i  w i t h  i t s  150( 011 °F

l i nes  b r  d eu t e r anop i a  (F ig .  14) is l1u) st m u s t  r U c t i V e .  II shows
tha t ,  in the case of deute m’anopi a , the m a i n  i So — ( ‘ (  ii 0) 1 ’  1 i f l(  I~Ufl 5

fr  un 498 nu,~ i a t he spec t ru m through ‘‘(‘ ‘‘ and t ~wa rd a jn 11 n I  i n
the spectrum gap. (The spectrum gap is re l)rQ5e .~tPd by the  l i ne
which  connects the two ex t remi t i e s  of the spect ru in ogi ye and
afte r a fashion completes the distorted ( V Ol )r ci r e t  ( . ) ‘I’ll is in a in
i so— o ’oloi ’  line connects  the l ( I c i  of m n a x i i i m u n m  (1( sa tU ra t i on , th e
areas of no—c olor .  It is the mau i i m p  ol c on t us i o n .  A l t h o u g h  it
is not a l in e r u n n i n g  f r om th ( locus of l lu ro spectral  green , ( > i i (

(‘an , with a good g ra in  of salt , call i t  the Farnsworth Green — t o  —

Red —pu rple axis. Above this line is the domain of the deu te r an  —

ope ’s ‘‘warm ’’ colo r , below that of his ‘‘cold’ ’ color. The loci
just  above and jus t  below 498 mu can be , therefore , easi ly
different iated.
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l I (  I ~~ . E x t m i i i p ho ’ I deula im score w i t h  h l i l t  h ome l i s t .

As al r ead y ment ioned ,  color chip /1 43 has jus t  about th i s
dominant  wave leng th .  No e r ror  in the arrangement  of the chips
can , tho r 10 Ire , be expe ct i ‘d in this region . One can see th is in
Fig. 15 , the score of a case o f  deuteranopia presented by Fa m s  —
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worth. Around chip # 43 the deuteranope makes no error. In
this region his hue discrimination is as good as that of the nor-
mal . For the benefit of those who look naively at the perform-
ance of the so-called color-blind , it must be emphasized that it
has not been said : “His hue discrimination is normal .” The deu-
teranope does not discriminate , say , 502 mu against 498 mu,
because the first one is to him a more greenish , the second a
more bluish blue-green , as it is to the normal. His hue discrim-
inati on is not normal , even if his wavelength discrimination in
thi s is as good as that of the normal .

Here is one of the points where there is a need to separate
practice from theory. If the differentiation of the hue of , say,
chips # 42 , # 36, and 1/ 30 is the criterion by which cer tain coded
wires have to be connected properly, then one can expect that
even a deuteranope will do this properly. What clues he uses
for differentiation does not , for practical purposes , matter.

A glance at the 100-Hue score of the deutans and protans
will reveal that there are certain regions in the object color
circle where even the latter are safe. It should be the task of
the indus trial color scientist ’to elaborate on these areas and ,
if feasible , develop a coding system in which more industrial
workers are safe.

Of course , one must not belittle the problem. As the iso-
color lines remind one , a deuteranope might be able to discrim-
inate between , say , 490 mu and 498 mu (which is fine), but he
cannot discriminate between the latter wavelength and 650 mu
(which is a catastrophe). The 100-Hue Test avoids this issue.
The Panel D-15 Test confronts one with it. The 100-Hue Test
is an excitingly interesting test because it permits some insight
into the workings of defective color vision . It also is a first-rate
diagnostic test. But only in a limited way is It a performance
test.

The spectrum locus 498 mu in the chromaticity diagram is
at one end of the iso-color line which marks complete desatura-
tion. It represents one neutral spectral point. The locus where
this line cuts the “purple line ” represents , in a sense , a second
neutral spectral point. Actually, the point is in the spectrum gap
and this is why spectrum color scientists missed its existence.
Here , again , the superiority of the circular arrangement of color
data shows Itself very clearly. In the real spectrum of the deu-
t.~ran ope , there is only one ~‘ieutra1 area , the area found in both
~~~~. wavc l~ ngth discrimination and the neutral point investigation ,
~~~

• .. In the color circle there are two. This follow s from Her-
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j ug ’s theory and can be predicted looking at his diagram. The
two areas are again on opponent ends of a dichotomous axis.
Each end of this represents an area where the hue discrimination
of the deuteranope is good , where in the 100-Hue Test he makes
no error. A glance at Farnsworth’s published score (Fig. 15)
verifies this. The errors pile up in a diameter which is at right
angles to the diameter between two neutral points , in the very
regions where , to the color-blind , colors appear most vivid , in
the region of his best “warm ” color and his best “cold” color ,
in the yellow and the blue , in the two regions which at the same
time are , in a sense , over-represented in the 100-Hue circle.

Little has to be added to understand the performance of the
protanope in the 100-Hue Test. His case is just another variant
of the red-and-green defective dichromacy. His neutral spectrum
area is at , or near , 492 mu . As Wright’s data testify, the area
of best wavelength discrimination by the protanope coincides
with thi s area (Fig. 11 b). Spectrum data indicate only one neutral
point. In the full object color circle there is , of course , another
area of complete desaturation to be found , and another area of
maximum hue sensitivity at the opponent ends of a dichotomou s
axis. The axis starts at a shorter wavelength than 498 mu . Thus ,
the protanope ’s dichotomous axis shows itself once more as the
deuteranope ’s bimodal twin. And for the sake of conformity , one
might agree to calling this axis the Blue-green-to-Red axis of
desaturation. In the chromaticity diagram of the protanope (Fig.
14). the line of complete desaturation runs from the 492 mu
point through “C. ” It is shown to terminate in the “red” corner
of the horseshoe , the area where the protanop&s vision is noto-
riously poor.

The protanope has , as is known , one added distinctive feature
not shared by his partner in red-and-green blindness , the deu-
teranope. The protanope has a foreshortened spectrum. He is
practically blind for the longest wavelength of the spectrum
visible to t r ichrumats (and also to deuteranopes). As it is , thi s
long end of the spectrum is not represented in the Farnsworth
selection. This might be the reason why the protanope ’s diam-
eter of best Performance is slightly bent (Fig. 16).

Errors in the performance of the 100-Hue Test agai n pile up
at opposite ends of a diameter which is roughly at right angles
to the poorest saturation-best performance axis. One terminu s
of the diameter is in the area which to the protanope appears
yellow: the other terminus is in the area whi ch  to the protanope
appears  blue . Th~ se opponent areas have color ,  but their  color

82



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

I

~~ 
~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~P__
~~ 

—

• ~‘ —~~—

/ \ -‘
~
‘ .• 

.

/ \
• 

• • I
~ i ~

FIG . 16. Example or protan score with 100-hue test.

is monotonous: in each of the two areas many samples have the
same color—hence , the yellow error pile and the blue error
pile.

Obviously, all these diagnostic data can be gleaned only if
the 100-Hue Test is performed according to Farnsworth’s in-
structions, if , in other words , the four sections are presented
separately, one at a time. The 100-Hue Test is not a color con-
fusion test but a color discrimination test . Permitting the can-
didate to choose from all 85 colors would wipe out this very
distinctive feature of it.

Only for the sake of completeness is it necessary to add a
few lines about yellow -and-blue color defects. Such defects are
of interest to the physician dealing with ophthalmic pathology ,
since they occur with considerable frequency in diseases of the
retina. In the present context , they are of minor interest. It
would certainly be unjustified to analyze either the two probably
existing subtypes - called tetartanopia and tritanopia - or the tn-
chromat ic  and the dichromatic varieties. Suffice it  to say that .
in the diehrom at ic  varieties of this defect, two neutral areas
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are to be expected in the spectrum— in what to the normal are
the yellow and blue regions of it. In the chromaticity diagrams
the main confusion line runs from the essentially yellow to the
essentially blue region of the spectrum ogive (Fig. 14). One
would also expect two areas of maximum wavelength sensitivity
coincident with these neutral areas. Incoming redness in one
direction , incoming greenness in the other direction should
easily be differentiated from the grey of these neutral regions.
One can predict how these two aspects of the yellow-and-blue
defect are going to manifest themselves in Farnsworth’s tests.
In the Panel D-15 Test , yellowish and bluish chips are going to
be juxtaposed , proving that the yellowishness and the bluishness
of these samples remain unappreciated. In the 100-Hue Test ,
discrimination will be good in these same regions. To these
defectives , it will be in the monotonous red and green quadrants
of the color circle where errors will pile up into a “red err or
peak” and a “green error peak .” A sample (Fig. 17) should give
some idea of the appearance of such scores. 
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FIG. U . Score of yellow-and-green
defective subject with 100-hue test.
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LABORATORY MEASUREMENT OF COLOR VISION

F. J. J. Clarke
National Physical Laboratory
Eng land

The population may be divided into two maj - r  classes in terms
of color vision performance, the “normal ” (about 92 per cen t of
males , and about 99-1/2 per cent of females), and the “abnormal .”
The latter group are properly termed color-defective observers ,
for , although they are of many types , they alway s show a reduced
power of color discrimination to some degree , compared to the
normal s (known properly as normal trichromats). There is only
one exception to this general statement: one type of defective ,
the tritanope , has superior wave length discrimination to the
normal trichromat for the violet region of the spectrum , owing
to the co-punctal chromaticity of the isochromatic loci on the
chrom aticity chart lying just outside the violet end of the spec-
trum locus. The total number of discriminable , Color stimuli is
always less for the color defectives than the formidable total
for the normal trichromat , estimated at ten million by Judd
(Judd , 1952).

It must be pointed out that , for the mild forms of protanomaly
and deuteranoma.ly, the main difference from the normal is of
kind rather than of degree of deficiency. In thi s brief survey,
onl y congenital color deficiencies will be considered. The patho-
logical color deficiencies often tend to resemble one of the
classes of congenital deficiency, and are , then , often named ac-
cordi ngly , though thi s can be misleading. However , a propor tion
of pathological cases exhibit properties which seem to defy sys-
tematic classification.

A considerable dif f icul ty  presents itself in ranking the popm.i-
l a t i  on (In a single,  monoton ic scale (I f ‘‘degree ( I f v i sua l  f i t ne s s ’’
in  t e rms of t h e i r  color vis ion.  This is because of t he d i f f e r en ce s
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of kind as well as of degree , as mentioned before . A tentative
scheme, however , is shown i n Table 1.

TABLE 1.

Class of Fitness Type ol’ Observer

Normal tri chrornat s
2. J

4. Protanomalous 1
5. Deuteranon-ialous Anomalous trichromats

(;. Tritanomalous J
7. Deuteranopes. Tritanopes 1 Dichromats
8. Protanopes J
9. Cone monochromats

1 0. Rod monochromats

It will be seen that no less than four classes of fitness have been
allocated to the anomalous tr ichrornats : this is because they
exhibit a wide but continuous gradation of deficiency from “al-
most normal ” to full dichromatism. The color discri mination
of the congenital defective is not improved to any major extent
by tr aining; the deficiency is innate. However , it should be noted
that intelligent color defectives can often learn to name surface
colors with surprising accuracy (allowing for their reduced di s-
criniination), due to the use of achromatic clues and experience.
The ideal test of color , vision performance would be to determine
the total number of discriminable stimuli but it would talce too
long ever to be a practical test , unfortunately.

The Laboratory Tests

The main differences between clinical and laboratory tests of
color visi on lie in the complexity of Lquipment needed (not f or-
get ting the equipment required for fundamental , radiometric
calibrati ons), the complexity of the testing operation , and the
competence of the s taff  required . A laboratory test.  such as
measur ing the color —match ing  funct ions ,  typic ally involves nu —
nierous indiv idual  observations over several observing sessions,
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followed by extensive calculation of data. Such a test can be
carried out only on large numbers of observers at great length
and expense .

1. Anornaloscope. This is the simplest and quickest of these
tests effectively involving but one color match. The normal .
commercial instruments give a red-plus-green to match a yel-
low stimulus , e.g., the Nagel instrument. This is usually satis-
fac tory for distinguishing normal , protanomalous, deuteranoma-
b us. protanopic . and deuteranopic observers. But the degree of
anomaly is not always correlated well with the match, and mis-
classifications can arise. Some workers (Drs. Farnsworth ,
Rautian ) have tried an anomaloscope giving a green-plus-blue
to match a Cyan stimulus , intended for detecting and measuring
tritanomaly, but results can be confused by the effects of pre-
retinal absorption.

2. Wave length discrimination. This most fundamental of
measurements gives a good picture of the color discrimination
round the edge of chromaticity space and , hence , distinguishes
degrees of protanomaly, deuteranomaly , and tritanomaly very
well indeed. All classes are distinguished, except for deuter-
anopia and protanopia (which are confused), and a few cases of
protanomaly and deuteranomaly, which are also confused. The
conditions of view (especially fixation conditi’ons) can influence
the results very strongly.

3. Purity discrim ination. This test grades anomalous sub-
je cts in severity of defect rather well , bu t does not distinguish
protan and deutan types with even reasonable certainty. It re-
quires more complex equipment , and very competent photomet-
ric procedures.

4. Chromaticity discrimination. This is near to being the
ideal measurement. However , it requires a full spectral colorim-
eter of some versatil i ty,  and a highly expert coloriinetric staff
to calibrate and to operate it. The obseryations are long and
exacting. No properly complete study of color defectives has
ever been made , and only a handful of normals have their char-
acteristics recorded in the literature (Wright , 1941; 1943; Mac-
Adam , 1942).

5. Color-matching properties. This measurement also re-
quires a full spectral colorimeter and an expert staff. The tests
require a full two days ’ work , at least , often more. The infor-
mation is complete , and gives a reliable classification for all
types. though it  does not reveal the degree of defect rel iably.

6. Relat ive  luminous ef f i c iency .  This measurement  can be
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used only to distinguish p r otanomalous  and protanopic observers
from the other types. and rod (nonochromats f rom other types.
Yet , it requires an expert staff for the radiometric calibration
of equipment.

7. Munsell-Farnsworth 100-hue test. In its normal form ,
this is only a regular , clinical screening test , but it is the only
one that distinguishes all classes of color defective , and that
can grade in severity of defect. Its weakness is that the hue
circle is arbitrarily divided into four separate collections of
chips. This means that man y possible types of confusion are
excluded from the results. Examination of data from defectives
(various sources), shows that the shape of the “error-lobes ” on
the usual radial chart is distorted , in that there is always a dip
(suggesting better discrimination) in the regions of 85—i , 2 1-22 ,
42-43 , 63-64 , i.e., at the four artificial group boundaries. Three
possible improvements are suggested by this author.

1. All test chips mixed up together , and a correctly graded
hue circle displayed on the wall to reduce intelligence effects.

2. All test chips mixed up, and a correct reference circle
provided on the desk; the subject has to match up corresponding
chips alongside. This tests hue discrimination exclusively, but
on a quantitative basis.

3. A double-wheel recording machine , with a test wheel and
a reference wheel , each with the 85 selected Munsell hues on
its edge , optics to present each in a bipartite field , and with
spatial integration over 1/85 of the circle. This can measure
hue discrimination very exactly , indeed. This cheap device can
give the best possible type of data in a short time and needs
only an inexpensive staff deployed on the job.

8. Heterochromatic threshold reduction factor (HTRF ) . This
technique was invented by Boynton as a practical means of util-
izing the sophisticated Two-Color Threshold measurement of
Stiles. It does not require very elaborate equipment or calibra-
tion procedures , and , initially , it looked exceedingly promising.
However , fur ther work (unpubli shed) shows that very misleading
results can be obtained from a small proportion of color-defee -
tive subjects. At present , thi s technique should not be considered
other than a research procedure .

9. Color-naming . This involves categorizing assorted spec-
tral stimuli with a restricted group of hue names. usua lly f rom
among red , orange , yellow, green. cyan , blue . violet , or purple.
At near threshold , a single name is sufficient , but at higher
levels more valuaN e informat ion if obtained by making the oh-
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server ~&j ve a main and a secondary hue , and applying appropriate
t r eatments  to the data (Boynton . Schafer. & Neun, 1964 : Boynton
& Gordon , 1965) . This new technique seems to be reliable, and
shows the presence of residual color vision in several cases
where conventional tests revea l no discrimination at all.

In conclusion , it is to be emphasized that the state of fixation
influences all measurements to some extent , and some measure-
ments very markedly. The use of a slow, flashing technique to
control any local adaptation will improve the reproducibility and
significance of experimental data.
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DISTANCE VISION
(BINocuLAR DEPTH PERCEPTION)

R. L. Vasa
Head , Optometry Branch , Bureau of Medicine and Surgery
U.S. Navy Department

“Binocular depth perception is not a simple visual function ”
(Enoksson , 1964). The accuracy in localizing an object at the
correct distance is dependent on learning to interpret cues ,
some of which are quite indirect and quite complicated. While
it is assumed that most forms of depth perception involve the
interpretation of cues, there is some difference of opinion as to
whether stereopsis can be described as a form of depth percep-
tion which makes use of retinal disparity as a cue.

The visual factors which contribute to the perception of dis-
tance can be outlined as (a) monocular or binocular , (b) visual
factors which depend on the stimulation of the retina , and (c)
adjustment factors , such as accommodation and convergence.
In regard to the visual m onocular factors , under the broad head-
ing of geometric perspective may be included overlay , associ-
ation with other objects , vertical position in the field , apparent
foreshortening, size of known objects , apparent convergence of
spacing of parallel lines , monocular parallax with a single ob-
ject , or with more than one object. The contributions of each of
the foregoing to depth perception provide the one-eyed individual
with a considerable armamentarium for making depth judgments.
A second monocular category is “aerial perspective. ” a form of
depth perception which makes use of the effect  of the atmosphere
on the appearance of an object as a cue for distance. A third
monocular factor is the distribution of light and shade , such as
the shading which gives the impression of a solid sphere rather
than a f la t  disk. Hi ghlights or specular r eflections can be cues
for solidity. Shadow s of objects also serve as cues for the posi-
tio n (if obje cts in three-dimensional space (Fry .  n.d.. Ogle . 1956) .
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When binocular visual factors in the perception of depth are
onsidered one may include stereopsis (retinal disparity), binoc-

ular  re l ief ,  binocular differences in perspective and visibility ,
separation of diplopic images.

The term stereopsis frequently is used to designate any form
of visual perception of the third dimension. In this instance , it
is used to designate the use of retinal disparity as a cue for the
perception of the third dimension. Thi s is, by far , the most
important of all the cues of the third dimension , especially for
objects at near and intermediate distances (Fry , n.d. , Ogle , 1956).

Binocular relief is not encountered in the ordinary use of the
eyes. As to binocular differences in perspective and visibility ,
Dr. Ogle lists as one of the binocular visual factors the gross
dissimilarities in the perspective patterns presented to the two
eyes by a small object lying close to the eyes. In regird to the
separation of diplopic images , Dr. Ogle notes that the perceived
separation of the two members of the diplopic image of an ob-
ject may serve as a cue to depth (Fry, n.d.; Ogle , 1956).

The adjustment factors in the perception of depth include
accommodation and convergence. Howeve r , “there is no decisive
evidence that changes in accommodation or proprioceptive im-
pulses during convergence play any decisive role in stereo-
scopic vision. ” This is not to say that these two factors do not
enter into the discrimination of distance , since the ~wo function s
are interrelated as determined by the A.C.A. ratio. Dr. Enoksson
found a correlation between binocular rivalry and stereoscopic
acuity , the depth acuity being better when the alternation in
rivalry is rapid (Enoksson . 1964) .

Dr. Hof stetter notes that the clinical tests of stereopsis differ
from the stereopsis tests used in surveys and screening projects.
In clinic al testing, the practitioner attempts to establish the
presence or degree of binocular vision and usually does not pur-
sue the degree of stereopsis , as long as an appreciable amount
is demonstrated (Hofstetter, 1956; 1962). To this end , the refrac-
tionist uses a battery of clinical tests to determine the fusional
amplitude and accommodative amplitude , as well as the rela-
tionship between accommodation and convergence under variou s
conditions. The prism -convergence and prism -divergence inea-
surements indicate the range within which the individual can
main ta in  single binocular vision. The degree of stereopsis at-
t a m ed dur ing  the progress of these tests is not known. These
tests are administered for both distant and near vision.

A recent development in refract ion techniques is “stereo-

94



refraction. ” A stereo projector . or a projector wi th  a vecto-
graph slide , is u~ d to provide targets which are plane-polarized
in meridians at ri ght angles to each other. The phoropter is
equipped with polaroid filters so arranged that the right eye sees
one of the projected images , the left eye, the other image . The
proj ector may be equipped to provide variability in the separa-
tion of the two images , in creasing or decreasing the difficult y
of the task of the observer to fuse 7 or to perceive depth. While
this technique is not used to provide a scaled measure of depth
percep tion , such measures may be calculated for the variou s
targets. With this technique , it is relatively simple to demon-
stra te the presence or abse~ce of aniseikonia and ‘or cyclophoria ,
factors which contribute to distortion of the objects in the field
of vision.

One of the most convenient devices for determining the pres-
ence or absence of stereopsis is the DiaStereo (Pardon , 1962).
It consists of a plastic disc which fits on the end of a flashlight.
Embedded in the disc are three black dots , one of which is dis-
placed forward of the other. The disparity is of the order of
about 84 per cent on the Shepard-Fry scale. The background
Provides a unif orm field. The observer is asked to identify which
of the three dots seems to stand out from the rest. The flash-
light may be held in any one of a Tlumber of positions. The test
administrator always knows which dot is forwar d of the others.
A correct response indicates that the observer has at least 84
per cent stereopsis. Indications are that those individual s who
make a correct response are then able to pass any of the other
stereo tests, including the Ortho-Rater.

A simple, clinical method of determining the presence or
absence of binocularity is the Worth four-dot test. A projector
with the pr oper slide is used to provide a target consisting of
four dots arranged in a diamond shape . The uppermost dot is
red , the two side dots are green , and th e lower dot is white.
The observer is equipped with red-green glasses: red before
one eye . green before the other eye. If he is fusing, the observer
will  see four dot s in the shape of a diamond; the lowe r dot may
he either red or green , and may alternate. If fusion is not pres-
ent ,  five dots will be reported in the event diplopi ’ is experienced .
or , when one eye is suppressed . either three dots or two dots
w i l l  he reported.

The tests  for stereopsis used in surveys or for screening
purposes ar e made with especially fixed ari d predetermined
amounts  of convergence and accommodation s t i m u l u s.  If these
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s t i mu l u s  value s do not p ermit  single b inocula r  vision , the exam —

inee Luls  the stereopsis test , whereas he may show normal
stereopsis under more favorable clinical conditions (Hofstetter ,
1956; 1962).

Dr. Tiffin reported an apparent r elationship between age and
scores obtained on the Ortho-Rater stereopsis test , suggesting
a slight increase in stereopsis UI) to age 35, and a continuou s
drop afte r age 50. Dr. Hofstetter notes that other investigations
of stereopsis have not shown this , and that the scores obtained
depend on factors other than stereopsis. Drs. Fry and Kent in-
vestigated the relationship between stereopsis and hiurredness ,
and showed that stereopsis decreased rapidly with increases in
blur (Hofstetter , 1956; 1962).

The determination of the presence or absence of depth dis-
crimination by U.S. government agencies is used for a variety
of purposes. The U.S. Navy employs the Verhoeff Stereop ter
for qualification of naval aviators and candidates for flig ht train-
ing. Qualification consists of correct answers for each of the
eight positions of the rods. Three separate runs may be made
with the apparatus held at a distance of one meter from the exam-
inee , who must report eight out of eight correctly in two of the
three trials. Dr. Trumbull (1951) reported that the coefficients
of reliability for the Verhoeff for four different scoring methods
were .79 , 181, 82 , and 82 , figures which compared favorably
with reported findings on the B & L Ortho-Rater of .83 , and for
the Keystone Telebinocular of .80. One study of the Howard-
Dolman gave coefficients of reliability varying from .69 to .78 ,
depending on the settings used—behind , in front , etc . The U.S.
Army requires that aviators pass the Verhoeff test , i.e., no
errors , when used in lieu of the U.S. Air Force Vision Tester.
Both Army and Air Force require that the applicant makes no
error in lines B , C , or D when using the AF Vision Tester
(Machine). The Air Force also uses the Verhoeff with the same
requirement as above—no error in any trial . In addition , the
Air Force provides a third alternative , the Howard-Dolman test.
in which the average error must not exceed 30 mm.

The stereopsis test in the AF Vision Tester is rated from
57.7 per cent to 100 per cent stereopsis on the Shepard-Fry
scale. This could lend itself to scaling for determining the level
of stereopsis in each case , thereby providing a numerical value
for possible automatic recording.
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SOME DISTINCTIO NS BETWEEN PERCEIVED
DEPTH AND DISTAN CE 1

Olin W. Smith
Cornell Universi ty -

The report of Working Group 20 of the Armed Forces-NRC Com-
mittee on Vision by Drs. Jampoisky and Morris (1964) includes
distance judgments as one of the visual parameters  for  which
grades of visual f i tness  should be established for pilots. A logi-
cal extension of the task of Working Group 20 would be a discus-
sion of standard laboratory tests of perce ived distance , the
na tura l  assumption being that any one of several laboratory tests
of perceived distance could prove to be useful as a screening
device .

The above strategy for the solution of practic al  l)i ’OblemS has
been SO successful that the path from laboratory to field has
beefl W O~~fl bare. Of the eleven parameters listed by Drs. .Jam-
poisky and Morris (1964) . however , distance judgments will  prob-
ably be the exception. The reasons are numerous.  One is that
there are , at present , no standardized laboratory procedures or
tests for perceived or judged distances. Standardization implies
only that generally agreed-upon procedures are employed in the
adminis t ra t ion  of a test and that norms of performance for some
populat ion have been established. A second is the assumption ,
impl ic i t  in the strategy . that some laboratory test of perceived
distance will  prove to have predictive va l id i ty  of field PcrC~ P —
tions of distance in general . This means. other things being
equal , that the perception or judgment of distance is independent
of the requirements of the task. This paper a t tempts  to prove
that assumption to he false . A third and most important  reason

I .  I l i e— u i a l i u r  ~ as 5U 1) 1) O l’t ( ’d  I i i  p art  In I ’ I IS (~~t : i f l t  Nu . IS 1 586 t~
i ’ i iu l l  1 5I I ~ ( r s i t \
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is that no general agree nwnt  in the l i t er a t u r e  exis ts  1( 11 distin-
guishing between the data and th e them’y ut perceived depths and
the data and the theory of perce ived distanc e .

A l)asis for d is t ingu i shing bet ween perceptions or judgments
of depth and cli stance are prop sed (Gogel , 1964) . as well  as
three subclasses of distance judgments  coincident wi th  the dis-
t inct ion between depth and distance. The theory of Perceived
depth is demonstrated to be inadequate as the theory of distance.
In addit ion , phylogenet ic evidence is cited to demonstrate a
hierarchy of behaviors,  the lowest being indicative of visual
direc tion , the next being perceptions of depth , and the highest
being judgments  of distance.

Most students of perception have been content to work in the
laboratory and have exhibited l i t t le  interest in c l inical  practice.
By cl inical  practice is meant the application of laboratory tech-
niques , the ory .  and data to f ie ld  problems. Consequently , the
l i t e r a t u r e  is,  for the most part , a l i t er a t u r e  of the traditional
prol ) lelIiS of th e laboratory.  In Lii i s l i te ra ture , the theory of
depth has t~een accepted as the theory of di s tance ,  and vice versa.
There fore , measures of perceived depth have been frequently
accepted as nieasui’es of perceived dis tan ce .

Perceptions of depth and distance differ  in a number of ways ,
and perhaps the easiest way of dcsc r ib in g these differences is
by examples.  A re la t ive ly  uncomplicated instance of a p(’r( ’eiVed
depth is that  of a single li ght or spot in an otherwise dark f ield.
When vi ( ‘Wed nionoc u 1 ar ly , thu 1 (Ic’ ati ( )~~ 

(I f the l ight  or object is
per( ’ ’ived as being mere ly  ‘‘out t he re . ’’ In t h i s  sense, a Perceived
depth is involved.  Perceived distance of the l ight  or object is
not a necessary cond it ion  for pe rce iv ing  a depth. The proof is
that  ob~ e rye rs ar e incapable  ( Ii  j udg ing  t he I rue distance of t he
l igh t or ubj ( ’r in  t e rm S of some physi cal  u n i t ,  such as a foot ,
or a yard .  C i ’d in ar i ly  , a perceived d i st ance  is a perceived depth
t h a t  is scalable  in t e rms  of physical un i t s  such as feet,  yards ,
s topping d i s t a n c e  (I f a car , ‘‘jumpable ’’ dis tance , 01’ landing dis —

tan(’e of a p lane .  A i iumber of d i f fe ren t  types of physica l  un i t s
( ‘X i  st. There fore , the above def in i t ion  of ~~(‘ rccived distance re —
(IU I ru s f u r t h e r  qua l i f i c a t i on .

‘Fake, for eXanlp l( ’ a Ii  fl( .) F , ~W rspcc Ii  ~‘P I i  n c— d r a w i n g  of a
tunnel  in wh i ch  a box is poi’t rayed as i’cst I ng in th e f 1 t( r . .Judg —
m u nt s  (if which  p t in t s ni t he  ft u’ are  ilca re i or fu rt  her away
than  the box (‘all he ob tained w i t h  no d i f f i c u l t y .  S i m i l a r l y .  f r a c —
t i u n a l i o n  p u d g n i v n t s  can In ’  ea s i ly  ob ta ined .  Roth  type s  of jud g —
nien t  s r an he acru i’at c uncl e r ~

‘ ouch f I () fl s in Whi ( ’ Ii ()tl se i’ve i’s a N’
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incapab le  of e s t i m a t i n g  (l it ’  phy sical magnitudes of the portrayed
spac’e. Consequently,  these types of judgments are evidence of
perceived depth , rather than distance.

Depth and distance jud gments do not necessarily differ  accord-
ing to the type of scale used. For example , judgments of ‘‘nearer ”
or ‘‘farther, ’’ and bisections (‘an lead to ordinal and ratio scales,
respectively , without  involving t rue , distance judgments .  From
this it may he concluded that the type of scale. be it nominal ,
ordinal , in terval , or ra t io , i s not the basis for determining
wheth e r any one set ( I f j udgment s  is evidence of perceived depth
or distance.

The method of reproduction under everyd ay — l ife conditions
can l)0SC problems for any def ini t ion of perceived di .5tance. Three
exam ples may serve to c ’larify further  the di stinction between
perceived depth and distance. These examples involve assump-
tions about the process , or how judgments are made .

Consider the task of having an observer adjust a marker so
that it appears to be at a distance equal to that of the standard.
Assume the visual angle of horizontal separation of standard
and variable to be 1 ° . The observer causes the standard and
variable to appear equal in distance. This is a depth judg m ent ,
since discriminations of merely nearer or further can account
for the judgment of equality. These discrimination s do not re-
quire judgm ents of the distance of either standard or variable
in terms of physical units , such as a foot , or a yard.

A second instance or reproduction is that in which the observer
reproduces the apparent distance of a standard object. In this
case , assume the angular separation of standard and variable to
be 180° . This type of judgm ent is evidence only of a depth per-
ception , since the apparent depth of the standard can be repro-
duced in terms of the apparent depth of the variable. No esti-
mates are required in terms of physical units for the jud gment
of equality of apparent depths.

A third instance of reproduction is i l lustrat ive of the transit ion
from perceived depth to perceived distance. In this case , the
observer is given corrected practice in reproducing a perceived
depth. With suff ic ient  pr actice the perceived depth of the stan-
dard ran be reproduced accurately. These reproductions consti-
tut e scalar uni ts  for the measurement of extents much greater
than that  of the distance of the standard during training.  In thi s
CaSe , the observer need not know the physical dimensions of the
u n i t ,  pr i or  to i t s  successful use , for scaling depths in terms of
a physical un i t .  The successful scaling of any perceived depth
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in ternis of phys ica l  uni t s  suff ic ient  for perceived distance in—
volves distance constancy, since equal units of physical distance
at different  distances f rom the observer subten d different  visual
angles.

An apparent exception to the requirement of distance constancy
is learning to identify a specific distance. This is , however ,
really only a nominal judgment.  Suppose that the distanc( ’ f rom
an observer to an object has been measured , and the observer
has been told that object is at 30 yd from his position . The ob-
server learns that the apparent depth of object x is to be named
“30 yd. ” As a consequence of this learning, he is also able to
judge other objects in other fields of view as being at an apparent
depth equal to that of object x. This type of judgment should also
be classified as a depth judgment. The reason is that the appar -
ent depth of object x from the observer is the unit. The unit
could have been labelled A , B, C , or D with the same results as
the designation of 30 yd. Consequently , the labe l of the unit is
of no material importance for classifying a judgment as evidence
of perceived depth versus distance. The important distinction
is that of process. The assumption here is that judgments of
distance require processes of scaling in addition to those re-
quired for perceived depth. Phylogenetically , this assumption
is believed by the author to be correct and evidence will be ex-
hibited to support it.

Visual direction , depth , and distance can be concomitant per-
ceptions for the human adult as well as for other primates. The
simplest or most primitive of the three , however , is visual
direction . Reflex motor responses to light are common in photo-
tropic insects. No evidence indicates that these insects experi-
ence depth or distance In the usual sense of the words.

Many fish are likewise phototropic , but demonstrate also that
they perceive depth as well as visual direction. Fish , such as
the pike or Pacific salmon , give clear evidence of ordinal judg-
ments of depth . That Is, they can discriminate visually between
overtaking or being left behind.

The Pacific salmon is of special interest. It perceives verti-
cal depths , and will leap at barriers beyond its physical capacity
to mount. This act Indicates that the salmon is very inaccurate
In scaling perceived depths In terms of leaps or jumps. The
discrimination of the existence of a barrier may be sufficient
for an attempt to jump or leap It. In this sense , the perception
Is Indicative of a nominal scale, the presence of a vertical depth
but not of scaled distance. Evidence required of the sal m on for
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perceived distance would be leaps graded in magnitude for the
perceived heights of barriers. Since this evidence is not well
established , most imperfect , If any , perceptions of distance by the
salmon may be assumed. Consequently, perceived distance , as
defined here , probably occurs only in higher organisms.

Porpoises , many land-based mammals, and the primates pro-
vide excellent evidence of perceived distance by their motor acts.
For this reason , three types of physical units are proposed for
the scaling of depths in distance terms.

Class I is composed of motor acts such as a step, jump, or
arm ’s length. These units are measurable but still private to
the perceiving animal. As units they are less precisely defined
than units , such as a centimeter. As a unit , the motor act is the
most primitive, since It Is applicable to the widest range of
species.

Class Il ls composed of units that are defined by objects con-
trolled by some animal. In all Instances , the objects serve as
extensions of the behavioral capacities of the animal . Two sub-
sets are proposed. The first comprises the physical dimensions
of objects , such as planes and automobiles. The physical sizes
of these objects are precise physical units by which depths can
be scaled.

The second subset is composed of the performance capabilities
of objects controlled by the perceiver: a good example of thi s
subset is the comparison of a V. W. and a Ferrari in terms of
their capacities for acceleration . Other things being equal , a
Ferrari can overtake and pass another auto successfully when
a V.W. cannot. In either case, the unit of judgment is not precise .
But , In either case , the performance characteristics of the ye-
hid e provide a known unit of judgment.

Class Ill is composed of arbitrary units of precise physical
values. Examples are feet , meters , and depth-extents that can
be measured precisely, but need be identified by the percelver
only as units. Most Instances in the literature in which these
units have been used have Involved human observers.

This little classification system can be very useful for a
number of reasons. First of all , it suggests that different pro-
cesses of perception or judgment are required for scaling depths
in the different types of distance units. Phylogenetically, this
seems to be the case. The developmental literature of humans
most definitely reveals an order of maturation parallel to the
three classes. For Instance , visual direction and depth can be
demonstrated early in life , while the earliest evidence of per-
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ceived distance is given by motor acts. Successful scaling in
units of a foot or of a yard is a fairly difficult task. The lowest
age of accomplishment has not been well established , but ten-
and eleven-year-old children can experience difficulty .

The classification system also is evidence of why the theory
of depth cannot possibly be the complete theory of distance. In
a quantitative sense , measures of distance will always contain
sources of variance foreign or extraneous to measures of depth.

Another line of evidence confirms this. Spatial tasks involving
perceptions of depth and distance have been investigated exten-
sively by psychometrists. They have used theories and methods
radically different from those of traditional perception to predict
how well individual s and groups can learn to perform spatial
tasks. Their theories have been , for the most part , the theories
of measurement, analysis, aptitudes , and test construction. Tra-
ditional theory of depth has been of but limited or no utility In
the prediction of performance on these spatial tasks. Psycho-
metric success in predicting spatial performances is clear evi-
dence that substantial components of many spatial tasks are
independent of perceived depth.

The successful , scientific clinician of perceived distance must
necessarily be task-oriented. The degree to which he may be
successful will depend to a large extent on how well he can make
job analyses of the tasks for which his clinical advice is sought.
The classification system can be useful in thi s respect , and can
serve as a guide for determining whether some act Is dependent
on depth perceptions , or distance judgments.

For instance, the tasks of driving and flying have been re-
peatedly analyzed. Repeatedly, these tasks have been asserted
to require accurate jud gments of distance. When this classifi-
cation system , however , Is used to analyze landings and take-
offs of both light and heavy land-based planes, the analyses
reveal that perceptions of distance are not necessary for the
successful performance of either task. This does not mean that
judgments of distance cannot be necessary at times. Whether
they are or not depends on the conditions , and how the tasks are
performed. The analyses do reveal , however , that perceptions
of visual direction and depth can be sufficient for the successful
performance of both tasks.

A similar analysis was made of many components of the task
of driving. Here again , perceptions of visual directi on and depths
can be sufficient. In fact , many of the components of driving
require relatively low-level perceptual abilities. A rather humor-
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OUS hi t  (I f ( ‘Videfl( ’( ’ confi c lu ing  th is  was the a m’r est ( if a imm onkey
in Florida for dr iv in g without  a license . The monkey was accom-
panied by his owner , (i f COUFSP , but sti l l  the monkey demonstrated
adequate tracking skills in guidance . In dr iving,  however , percep-
tions of distance may also be necessary at t imes.

Theories of distance wil l  necessarily he oriented , if they are
to be effective , to the relevant classes of judgments. Moreove r ,
there is no rational basis for expecting the theory and data of
one class to account for , or to predict performance on other
classes of judgments. If true , this means that the laboratory,  in
the traditional sense of the word , will  not be able to provide the
clinician with any test of distance perception that can be expected
to have uniform and general predictive validity.

The units of the three classes of perceived distance must be
learned before they c an  be applied. Some units , such as yards ,
can be learned readily by human adults , while less precise units ,
such as the performance capabilities of planes , may take several
months to learn.

The performance characteristics of planes , in general , vary
greatly and determine the depths and possible distances that
need to be perceived for successful operation. Because of this ,
the grades of visual fitness that were suggested by Drs. Jampoisky
and Morris (1964) should be oriented toward the requirements
for the successful operation of different classes of planes , rather
than planes in general .

The above point can be illustrated readily . Assume a 12 ,000
ft runway with heavy and light planes having “no brakes” braking
distances of 8,000 and of 2 ,000 ft respectively . The heavy plane
can be touched down within a r ange of 4 ,000 ft for a successful
“no brakes” landing , while the light plane has a range 01 10,000
ft. Assuming standard deviations as indices of accuracy of visual
fi tness, the pilot of the light plane can he as much as 250 per
cent less accurate than the pilot of the heavy plane in accomp-
lishing a successful landing .

Some depth discriminations involved in flying are probably
as specific and task-determined as are distance judgments.
For instance, the nature of the learned discriminations that are
necessary for pilots of heavy, carrier-based planes is decidedly
more exacting than those of pilots of equivalent , land-based
planes. This suggests the possibility of differential standards
for pilots of equivalent classes of planes dependent on whether
the planes will be based on land or on carriers.

In conclusion , the visual parameter of ju dged distance that
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was su~~ ,esI (c I  by firs. Ja i i ip ~ Isk y and M~ r r i s  ( 1964)  should he
su i xl i v ided in to  measures (If depth and measures  (if di staiie
both of which  involve substantial  l ea rn ing  components. So as to
be usefu l  in establishing visual requi r en i en ts  for f ly ing ,  the mea-
sures should tie based on the types of d iscr iminat ions  and judg-
imi ents  imposed on pilots by the variou s classes of planes in use.
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HETEROPHO RIA AND OCULAR ROTATIONS
or
BINOCULA R COORDINA TION

Arthur  Jampolsky
Institute of Visual Sciences , Presbyterian Medical Cente r
San Francisco

The test objectives are to determine (a) if the eyes work together.
and (b) how well the two eyes work together , i.e., whether they
will continue to do so under normal , dynamic , and stress condi-
tions.

It is the binocular-coordination capability that is to be d~ cr-
mined. The term heterophoria , by definition , is limiting. The
term binocular coordination defines assessment of any degree
or type of latent or manifest deviation , and gradations of secur-
ity of fusion-lock.

The assessment of this visual capability traditionally requires
many judgmental values in the assessment because of the many
variables inherent in the testing procedures and interpretation.

1. Whether there is fusion present or not is determined by
both sensory and motor tests. Fusion is here defined as the
presence of bifoveal (full) fusion for the primary positions.
There are several sensory tests by which one may subjectivel y
determine the presence or absence of bifoveal fusion. The dete r-
mination , by tests of the motor apparatus , that there is no latent
or manifest deviation for the primary position implies that there
is bifoveal fusion.

2. How well the eyes work together may be determined by
tests to detect both sensory and motor defects , and by tests
which impose both sensory and motor stresses upon the security
of the fusion-lock.

a. Motor defects , which must be overcome by the fusion
apparatus , consist of any latent deviation in the primary position .
or any oculorotary defect which may produce a difference in
deviation in some other non-primary positions.
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b. Sensory defects , such as suppression or inhibition of
a region (usually macular) of the binocular field , may exist with
good “fusion ,” adequate fusion amplitudes , and little or no motor
(deviation) defect.

c. Motor and sensory stresses upon the fusion-lock are
provocative tests to assess the security of the fusion-lock. The
usual motor stress is the imposition of prisms during fusion
whereby fusion-vergence innervation is required to overcome
the prism-induced stress. The so-called “recovery point” of
the fusion amplitude is the most reliable . The sensory stress
of the fusion-lock is the degradation of fusionable contour by
diminishing contrasts , or otherwise blurring the image of one
eye relative to its fellow . Specific tests are discussed later.

There are certain problems relative to the determination of
binocular cooperation which are unique to the assessment of this
particular visual parameter. Here , precisely what the basic
deviation consists of , that one seeks to detect , is often a problem
of disagreement. For thi s presentation , it will be assumed that
the basic deviation (motor misalignment) is that deviation which
the fusional-vergence innervation must overcome to keep the
deviation latent. This fusion-free position is the deviation re-
maining when fusion is maximally disrupted , with all of the other
tonic influences remaining during the testing of an alert , atten-
tive subject under the habitual , everyday-seeing situation. The
fusion-free position definition usually implies an emmetropic
state , or refractive-error correction in place. For testing pur-
poses relative to this symposium , it will be assumed that the
habitual situations , with or without customary correcting lenses ,
are used during the test.

The causes of the variability in the testing procedures and
interpretation are discussed in four parts : 1. the target; 2. the
test environment; 3. the subject; and 4. the examiner.

1. The target size , shape, color , contour boldness , and accom-
modative stimulus , all are of importance in the test determination
and must be specified.

2. The environment factors of illumination level , peripheral
fusional contours , em pty fields , the natural situation versus
utilization of red-green lenses , and extraneous light sources
are of importance.

3. The subject’s head position , attention status , attitude rela-
tive to the desire to do well or poorly affect the test determina-
ti on.

h O
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4. The examiner ’s interpretation and habit patterns , rapidity
of test determination , etc., similarly affect the test results.

It is not surprising, therefore , that testing procedures for
heterophoria and ocular rotations have been specified in detail ,
the equipment listed , and man u als prepared. The presence of
the above four classes of many variables have usually neces-
sitated judgmenta lly derived decisions in assessing this visual
capability after the test determination has been completed.

A machine-testing device , such as the Armed Forces Vision
Tester , standardizes some of these variables by better head
fixation , and standardization of the test targets and the visual
environment.

Another historical problem in the assessment of this visual
parameter has been the failure to detect small angles of frank
esotropia (manifest deviation) with a sensory adaptation of ano-
inalous correspondence , and the failure to detect certain congeni-
tal rotation restrictions such as Duane’s and Brown ’s syndromes ,
or intermittent exotropia.

Culver , in a critical re-evaluation , found 22 instances of
heterotropia in trained pilots. No value judgments are here
implied , but it should be noted that such diagnoses should and
can be detected during an adequate and simple screening proce-
dure.

Brown ’s and Duane ’s syndromes are often missed because the
subjects exhibit perfect motor and sensory fusion in the primary
positions. Very marked restrictions of rotation In non-primary
positions may be easily overlooked during a cursory examination
of ocular rotation if the subject ’s head is not fixed during the
maneuver.

Subjects with intermittent p~otropia similarly may exhibit
perfect motor and sensory fusion for the primary and even non-
primary positions , the deviation becoming manifest only in a
situation with a poverty of peripheral , fusionable contours , such
as a “blank-sky ” background , or during night driving, etc .

Now to return to the test objectives and specifi c testing pro-
cedures. It is clear that the objectives are to determine

1. the presence or absence of a full fusion-lock under habitual
conditions for distance and for near fixation (40 cm),  and

2. how secure is the fu sion-lock in the pr imary  and other
positi ons of gaze.

Clinical tests and laboratory tests do not materially differ in
assessing this visual function .
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Both subjective and objec t ive  tests are used for this assess-
ment , the former requiring the subject’ s response relative to
his visual percept (applied psychophysics). The latter usually

V 
involves the examiner ’s observation of the subject ’s eyes for
detection of the deviation or rotatory disability .

What is not commonly appreciated is the fact that objecti ve
tests may be employed to determine both fusion status (ordinar-
ily, subjectively determined), and the motor defects.

1. SubjectIve tests for the fusion status seek to determine the
presence or absence of fov~ al suppression. The presence of 100
per cent stereopsis implies bifoveal fusion , but it must be recog-
nized that “perfect” sensory and motor fusion may occur , with

V 

good fusion amplitudes and stress tolerance , without the percept
of stereopsis.

Subjective tests which determine that there is no deviation
in the primary positions are commonly utilized , and it is implied
that there is a fusion-lock.

The ideal test criteria for thi s subjective test requires maxi-
mal dissociation (fusion disruption). Maximally dissi pating the
fusion innervation results in the determination of the defined ,
basic deviation , whether it be latent or manifest.

The testing method usually employed dissip,ates fusion only
in a relative manner by creating a dissimilarity between the
images falling on the two retinas. The Maddox rod , or red glass,
either changes the shape of the observed spotlight target into a
streak image, or changes the color of one spot. Alternatively ,
a vertically placed prism before one eye , in an amount to exceed
the vertical fusion amplitude , creates diplopia , and the deviation
Is determined by a graduated , horizontal prism to align the
diplopic spot vertically.

The subjective test to determine the deviation for near fixa-
tion (40 cm) should be of the same construction as the subjective
test used for distance fixation. Often this is not the case , and a
different test is used for near than is used at the distance , with
the expected addition of variables.

The Thorlngton test at near fixation is a suitably performed
Maddox rod test with good accommodative control , and consists
of a small back-lighted pinhole in the center of a card held by
the subject. The Maddox rod before one eye of the subject gives
the percept of a line which is localized by me.7 ‘s of a horizontal
or vertical row of print centered around the pinhole. Alterna-
tively, the prism-dissociation method , or a Maddox Wing test ,
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I’IG . 1. 1) iagrammatic representation of subject’s percept
during following tests for basic devia tion (left to right):
Maddox rod , red-glass test , and prism-dissociation methods .

is sometimes used with different accommodative stimulus con-
trol , and even a different testing distance (Maddox Wing at 33 cm).

The principal criticism of the above-described subjective
tests is that there Is incomplete dissociation , and insufficient
dissipation of the fusion Innervation , since each retina receives
an image , although differing in size , shape , or color. Often ,
there is a learned zero point , and non-naive subjects frequently
know well how to describe a “perfection ” endpoint or orthophoria.
The examiner is at the mercy of the subjective response. In
addition , the target design and environmental , visual surround
are usually encountered variables.

These same subjective tests when used for detection of oculo-
rotatory defects should employ a fixed head position. As usually
performed , the head Is not fixed , and thus the subject may make
small but significant head movements in order to report either
little or marked difference In the nonprimary positions of rota-

V 
tion , depending often on his desire to pass the test or exaggerate
a defect.

2. Objective tests for the fusion status such as the cover test
are preferable in that they require only that the subject f ix  a

V target and that the observer detect eye positions and movements.
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With these simple Ingredients, it is possible to determine very
adequately the fusion status as well as the type and degree of
deviation in the primary and non-primary positions of gaze.

Criteria for the cover test are :
1. central fixation in each eye
2. a method of occlusion control of either eye
3. observation or recording of eye movements or positions.

~L c 1D’

£zoØwrim

FIG. 2. Cover test in esophoria.
1. No obvious latent deviation.
2. Cover left eye ; no movement right eye , which was , therefore, fove-
ally fixing under binocular conditions. Slow adduôtlon of covered eye
may be roted as fusion innervation subsides following disruption of fusion
by cover as eyes assume basic deviation position or relative convergence.
3. Removal of cover ; no movement of right eye as It continues to fix fo-
veally. Abduction of uncovered left eye occurs as fusion realigns visual
axes in parallelism and fusion lock. Possible oscillatory movements of
both eyes as fusion lock is regained because of diplopia observed imme-
diately upon removal of cover. Type of movements observed depends on
which image is being observed before refuslon occurs.
4. Cover right eye; no movement of left eye. Therefore , there was also
foveal fixation of left eye under binocular conditions. Since foveal fixa-
tion of right eye (2) and foveal fixation of left eye (4) are found to exist
where binocular conditions are present , manifest tropia is ruled out.
Slow adduction of covered eye may be noted as in (2).
5. Removal of cover produces results same as in (3). Cover-uncover
test in this circumstance rules out a tropia. Type of phoria Is deter-

V 
mined by direction of movement of covered eye. Same explanatory notes
exist for exophorla with exception that covered eye abducts .
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FIG. 3. Cover test in monocular , right esotropia.
1. ManIfest deviation of right eye may be observabl e.
2. Cover right eye, no eye movements ; therefore, left eye was foveally
fix ing under binocular conditions . No eye movement of covered eye since
eyes a re already in position of basic deviation.
3. Removal of cover , no eye movements. Therefore , persistent , constant
esotropia exists , with no fusional attempts.
4. Cover left eye , version movement (parallel movement of both eyes)
to right , for right eye to assume fovea l fixation. Therefore , right eye
under binocular conditions was in adduction , and abducted to fix foveally.
This parallel movement to fix carried covered left eye with it .
5. Uncover left eye; version movement to left in order for dominant left
eye to assume habitual foveal fixation , car rying right eye with it to its
usual esotropia basic position . In this instance , left dominant eye is
habit ually used in fixation , although it has been demonstrat ed that right
eye Is capable of fixing, but not maintaining fixation under competition
of binocular situation. Same explanatory notes apply to constant , mono-
cular exotropia , but with opposite movements.

The advantages of the objectively performed cover test are :
1. maximum dissociation , i.e., one or the other eye com-

pletely occluded
2. A qualitative and quantitative determination of the

deviation
3. good sensitivity , i.e., one-to two-prism diopters of

observation, with more sensitivity for recording techniques
4. easily performed in the primary, or any non-primary

position or circumstance (habitual or otherwise).
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Another objective test for the fusion status (presence or ab-
sence of bifoveal fusion-lock) is the prism , eye-movement test.
This objective test of a sensory (usually subjectively determined)
defect of fovea! suppression can be done in any eye position or
circumstance. The subject merely fixes a small light source
with both eyes open. A four-prism dioper prism is introduced
base-out before one and then the othe r eye , and the eye move-
ments are observed or recorded.

\ (~~:: 
\~

FIG. 4. Prism-binocular, eye-movement strabis mus
test. Prism is so ma rked as to obviate any confusion
relative to correct positioning before either eye.
Examiner especially notes movement of eye without
prism , when pris m is placed before fellow eye , and
aga in when it is removed. Test is then repeated by
introducing and removing prism before each eye in
turn.

if the observed left eye of the subject (Figs. 4 & 5) is not
participating in binocular foveal fusion , i.e., is foveally “blind”
or inhibited , there will be a conjugate movement of the eyes if
the prism is Introduced before the fixing right eye. It is thi s
conjugate movement of both eyes which conveys the information
that as the foveally fixing right eye moves to fix the pris m-
displaced imag e, the left eye is carried along as “excess baggage,”
and the Image movement in the left eye over the inhibited macu-
lar area is unappreciated and elicits no compensatory eye move-
ment. Further , when the prism is placed before the left eye ,
the image shift over the inhibited or suppressed area is unno-
ticed and elicits no shift in fixati on of that eye , i.e., that is no

116



~~~L~~1ID
FIG. 5. Prism-binocular eye—movement strahismus
test. A represents convergent strabi srnus of left eye
under usua l circumstances. B show s patient ’s left eye
move and stay moved as prism is placed before good ,
fixing right eye , indica ting left eye strahismus in this
case (esotropia). When prism is removed from righ t
eye , left eye is observed to move back to its ori ginal
position (nasaiward) . Positive test for strabismus
exists when observed eye (without pri sm) is seen to
move and stay moved when prism is introduced , and
is seen to return and stay returned when prism is
removed . Actua lly, more careful observation of both
eyes will reveal a version (conjugate movement of
both eyes when prism is introduced , and again when
prism is removed , in circumstances where pos itive
test exists). C when prism is placed before strabis-
mic eye , observed right eye does not move.

eye movement of either eye. Thus , either “no” eye movement ,
V when the prism is placed before one eye, or a conjugate eye

movement when the prism is placed before the fellow eye , ade-
quately determines the presence of foveal mascular suppression .
I.e., the absence of bifoveal fusion-lock.

There are many Intermediate types of reactions of conjugate
shifts followed by slower fusional movements , but ei ther of the
above two clearl y detected responses allows clear-cut scr ~-ening
for this aspect of binocular coordination.

How well are the two eyes used together? How secure the
fusion-lock is may be determined objectively by (a) the cover-
uncover tests or (b) the alternate-cover tests.
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These well known , clinically used procedures are adequately
detailed in texts and are merely illustrated here by Fig. 2 and 3.

The principal disadvantage of the objectively performed cover
test for the purposes of a visual screening-testing techniqu e Is
that it requires a trained professional for testing and interpreta-
tion . However , as will be seen , it is possible to extirpate the
examiner from the testing procedure, and to machine-automate
the maneuvers and Interpretations.

The recommended test for the determination of the deviation
In the primary position for present testing procedures embodies
a combination of the subjective localization with a white Maddox
rod dissociation , along with the cover-uncover test maneuver.
The eye before which the Maddox rod is placed remains covered
except for a brief flash exposure , sufficient for subjective , rela-
tive localization of the two dissimilar images , but Insufficient
time for fuslonal Innervation eye movements to take place. The
image separation is a measure of the basic deviation. This may
be quantified with prisms.

It is important to randomize the zero point. The test should
optimally be done with machine-controlled target and environ-
ment variables , and may easily be programmed for both distance
and near habitual fixation circumstances. Dr. Sloan has shown
that there is a good correlation between such machine-derived ,
test results and the usual free-space , clinically performed tests.

The Improved head fixation in a machine-controlled device V

allows performance of the same test in different positions of V
gaze In order to detect oculorotatory defects .

One may predict that there is little or no change of the ocular
deviation with age in adults except during incipient presbyopla.
Here , enhanced efforts of residual accommodation may elicit
excessive associated convergence. After the presbyopic correc- 

V

tion Is applied , it is not surprising that there may be a transient
exophoria.

There is a slight but easily demonstrable restriction of upgaze
with age that Is augmented by debilitation , fatigu e, and general
systemic diseases.

Training , or enhancement of the security of fusion-lock by
antlsuppression , orthoptic procedures , or increase in the fusiona l
amplitude , is possible. However , adults may not maintai n these
often trans ient benefits.

The futur e potential for a “best test” would hav e the following
requirements
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1. cover-test advantages and criteria
2. machine-controlled variables (head fixation , target , and

visual environment)
3. programmed , cover-uncover maneuver
4. recording of eye position and movements by corneal-

reflection methods
5. automated interpretation.

The subject is required only to fix and read programmed iso-
lated letters with each eye separately. The technician is required
only to set zero on the recorded corneal reflection of each eye
during its fixation . The technician also monitors the head posi-
tion in the chin and forehead rest of the machine.

Fig. 6 shows a patient with a small-degree , right esotropla
with suppression and amblyopia , and diagrammatic recordings.

The programmed introduction of the four-prism diopter prism
before the right eye elicits no eye movements , nor does its
removal . The four-prism diopter prism before the fixing left
eye elicits a conjugate eye movement , and , similarly, a conjugate
movement to re-fix by the left eye when the prism is removed.

Fig. 7 (exophoria) shows a diagrammatic recording of the
covered right eye as the fusion innervation is slowly dissipated,
and the fusion-free position is attained. The programmed un-
cover of the right eye shows a fast refusion movement. The pro-
grammed cover and uncover of the left eye shows similar move-
ments of the left eye. Alternating the cover before each eye
shows alternate fixation during the fusion-free deviation position.

Fig. 8 (esotropla right eye) shows a diagrammatic recording
of the movement of the right eye after each eye is zero-set. This
reveals a right esotropia under binocular conditions. This is
confirmed as being real rather than an artifact, by the conjugate
movement elicited when the left eye Is covered and the right eye
assumes central foveal fixation . Programmed uncover of the V

left eye shows a conjugate movement of both eyes in order for
the habitually fixing left eye to regain fixation . Covering or un- V
covering the right eye , or a four-prism before the right eye,
elicits no movement , while a programmed four-prism before the
left eye elicits a conjugate movement as expected.

Thus , the four-prism diopter , binocular eye-movement test,
and the nuances of the cover-uncover and alternate cover maneu-
vers may be machine-automated, and the resultant recording in-
spected, or automatically scanned and classified.

Some “In-between” fusion states, i.e., coexisting phoria-tropia
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states , and sometimes combined conjugate-fusion vergence move-
ments do not conform to the clearcut , diagrammatic examples
shown.

Additionally, the motor stress determination of the recovery
point of a fusional amplitude may be programmed so that the
recovery point triggers the prism-diopter notati on . Rotatory
defects and eye-tracking tests may also be performed and re-
corded for the different non-primary positions of gaze.

Thus, a very adequate fully-automatized screening device to
detect both the fusion status and the deviation in the primary or

V 

non-primary positions, may be employed to assess the binocular-
coordination visual capability . Such a device is presently being
constructed.
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LABORATORY MEASUREMENTS OF THE OCULAR
ROTATIONS , HETEROPHORIAS, AND
OCULOMOTOR COORDINATION

Kenneth N. Ogle
Mayo Clinic and Mayo Graduate School of Medicine
University of Minnesota

The ability of a person to turn his two eyes in all directions of
gaze in the visual field (the versions) is most important. Func-
tionally, however , precision in regard to these ocular rotations
is unnecessary. Limitations or defects in those rotations can be
readily detected simply by observing them under clinical proce-
dures. The determination of the oculomotor coordination of the
eyes for the maintenance of binocular vision at all observation
distances involves more subtle procedures.

For a pertinent study of oculomotor imbalances, some kind
of a measurement is really needed when the eyes are being nor-
mally used binocularly with fusion. Only the fixation-disparity
method provides such a measurement. However , when fusion is
prevented , and one eye continues to fixate an object at a given

V distance, the other eye , under cover , turns to a position frequently
called a fusion-free position , or a relative position of rest , that
Is to say, to a position relative to the stimulus to accommodation.
It is assumed that the difference in the angle of this fusion-free
convergence and that angle of convergence required for binocular
fixation and fusion is a measure of the oculomotor imbalance ,
the rationale being that It represents, In a way , the amount of
muscular energy constantly expended to maintain binocular fixa-
tion. Actually , of course , this energy expenditure varies between
individuals and depends on several factors , among which are the
prism vergences and the accommodative convergence/accommo-
dation ratio.

Since only In sleep, and , perhaps , momentarily when the eyes
are in extreme positions of lateral gaze , are the eyes ever nor-
mally disassociated—and , In sleep, there is no vision—is It any
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wonder that Marlow thought habituation of stress within the oculo-
motor processes would forever prevent determination of the true
heterophoria. Although prolonged occlusion of one eye did , In
fact , show some changes in the heterophoria measurements, the
interpretation of the changes found as to whether they represent
the normal heterophoria may be questioned.

In any discussion V~~~
f heterophorias , the question always arises

V to what extent they can give rise t-~ ocular discomfort. Ophthal-
mologists are by no means in agreement on this question , some
maintaining that a heterophoria never causes ocular discomfort
except when it is near a prism-vergence limit—that is, when the
imbalance is such that diplopia is prevented only with consider-
able effort. This point of view arises partly because of the large
number of subjects known to have marked heterophorias , but who
report no symptoms of ocular discomfort , and partly because
in some patients , the wearing of ophthalmic prisms only slightly
modifies the phoria. On the other hand , there are those ophthal-
mologists who believe there are great individual differences be-
tween persons in respect to ocular discomfort , and that for some
persons the symptoms of discomfort can be alleviated by prisms
even when the heterophorias are small. This situation is certainly
true for some persons with vertical phorias, though this defini tely
does not apply to all or even to a majority of cases. It has been
maintained in the Armed Forces that large heterophorias can
cause discomfort to the point of their interfering with the man’s
job performance. Granting thi s point of view , the problem is to
know what are the limits for and the situations under which a
heterophoria is undesirable.

Consider , therefore , certain aspects of the determinati on of
a heterophorla.

It is impossible , of course , to make a clear separation be-
tween the measurement of heterophoria in the laboratory and
that made in clinical practice , or in screening tests. Most of the
same problems are involved. In the latter case, however , where
speed is essential , simpler tests must be made. Dr. Louise
Sloan has summarized some of the various aspects of these mea-
surements (Sloan , 1951), and, indeed , it is she who should be
presenting this paper.

In either case , in setting up measuring devices most of the
same problems must be recognized—problems of measurement
and of interpretation . There is also the problem, not to be dis-
cussed here , of being able to distinguish between a heterophoria
and a heterotropia.
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There are moment-to-moment , physiological fluctuations in
heterophorias which tend to set a limit to which the precision of
measurement can be made. The magnitude of these fluctuations
will vary from person to person , hour to hour , and may be exag-
gerated by small, uncorrected , refractive errors. Changes in
heterophoria may occur also when the eyes are turned to differ-
ent directions of gaze: the problem of anisophoria. False mea-
surements of vertical phorias can occur when large exophorlas
are found.

The influence of the particular stimulus to accommodation
inherent in any device for measurement of heterophoria , and
the concomitant fluctuations that may occur in the accommoda-
tion itself , cannot be Ignored.

Instrumental devices may themselves alter oculomotor im-
balance, also, through psychological Influences , for example ,
apparent nearness , or through physiological Influences, such as
field-limiting apertures.

Suppose this discussion is restricted here to concomitant
heterophorias , that is , those heterophorlas that stay reasonably
constant over the principal portion of the visual field (±60 arc
degrees). It must be admitted, however, that for a person in
the Armed Forces a nonconcomitant heterophoria might be more
serious than a large, concomitant heterophorla, for example ,
in situations depending on dynamic visual acuity.

The most practical test for concomitancy is the red-green
test. Doctor Lancaster (Lancaster, 1939) also considered this
test the most accurate for heterophorias. The subject wears
goggles with red glass before one eye, and green glass before
the other eye. He is seated before a large screen In a dimly
illuminated room. The examiner then projects with a hand-held
projector a narrow, bright-green line on the screen. The subject,
In turn, directs a similar hand-held projecto r with a narrow ,
bright-red line to the screen , until this red line appears to him
to superpose the green line. The actual separation of the two
lines on the screen is the measure of the heterophoria , and Its
magnitude can be read by the examiner directly from scales
(which are invisible to the subject) on the screen. The examiner
can easily determine the heterophoria at any position on the
screen . This test is made precise if certain precautions are
maintained. Objections might be made in that thd stimuli to
accommodation are inadequate, and for distant vision a really
large screen would be needed.

There is the prevailing tendency to believe that heterophorias
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are best measured when the eyes are under natura l conditions
of observation , and when there is as little instrumentation as
possible. Great reliance is placed on the simple , cover test be-

V 
cause of this belief—even with the knowledge that the examiner
cannot be sure how his subject Is responding to the stimulus to
accommodation . Although the cover-uncover test is considered
the simplest and the most useful , it lacks precision when one
attempts to measure the fusion-free deviation of the eyes.

Similarly, with the Maddox rod test , the belief is that the
light stimulus should actually be at the distance measurements
are to be made. It is true that Doctor Sloan has presented good
evidence that the heterophorias measured for real distances are

V well correlated with those made in a simulated distance using a
type of haploscope. However , for a near-observation distance
this simulated distance may or may not be true because of the
influence of proximal or distance convergence upon heteropho-
rias , a phenomenon which varies greatly with subjects. A com-
mon stereoscope certainly Is not recommended because of the
difficulty of determining the stimulus to accommodation. StatIs-
tically, however , thi s proximal convergence Is of the order of
1.5 prIsm diopters per diopter change In the stimulus to accom-
modation , I.e., change in distant vision to near vision .

Because of the synkinesis between accommodation and con-
vergence , control of the stimulus to accommodation Is most
important in the precise measurement of lateral phorias. Gener-
ally, one can concur with Doctor Sloan that for measurements
of phorla with the young subjects In the Armed Forces one should
not correct the hyperopia, but rather measure the lateral phorla
under the conditions in which the subject uses his eyes. On the
other hand , if a large esophoria is found , and a large hyperopla
suspected or measured, a refractive correction should be con-
sidered.

V 
The problem of control of accommodation is important in any

test, and the cover-uncover test, especially for near vision , is
subject to error In this regard. With the Maddox rod , the streak
Image is not sharp and may have an adverse effect on the phorla
measurement if the stimuli to accommodation for the fixing eye
are not adequate. The use of a biprism before one eye, or a
simple , vertical prism , has theoretical advantage in that both
eyes are subject to the same stimulus to accommodation during
the test.

Much can be said for the test for heterophoria with the Maddox
rod in which the muscle light is imbedded in print , for the print
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provides the adequate stimulus to accommodation. In thi s test ,
the eye observing the streak from the Maddox rod should , for
the most part , be occluded , and then uncovered only momentarily,
the exposure being just long enough for the subject to report
whether the visual direction of the streak , when first seen , was
the same as, or to the right , or to the left of the muscle light.
It must be pointed out that , If the eye seeing the rod is not oc-
cluded , occasionally the subject can voluntarily, though perhaps
unconsciously, control the pointing of the eyes to cause the streak
image to move toward and even to superimpose the image of the
light. Such an effect has been called a fuslonal movement , but
thi s explanation probably is not correct. More to the point , how-
ever , is the fact that the blurredness of the streak gives a sense
of nearness , especially when red , with a resulting innervation
for accommodation , and a tendency of the test to show an error
in heterophoria toward esophoria (Lancaster , 1939).

If one keeps in mind the precautions outlined above , and re-
mains aware of the moment-to-moment fluctuations that tend
to decrease precision , the Maddox rod tests can be made rea-
sonably accurate .

It Is proposed , also, that a most accurate test is the fixation -
disparity test by which oculomotor Imbalances can be measured
while fusion is maintained and both eyes are subject to the same
stimuli for accommodation. In this test , prismatic deviation
corresponding to a zero disparity constitutes an associated ,
heterophoric measurement.

If prisms are used for near vision with tests such as the
Maddox rod , it must be kept in mind that the angle of prismatic
deviation will be less than that marked on the prism when used
for di stant vision. The decrease may be of the order of 10 to 15
per cent , depending on the distance of the prism from the eye.
In the phorometer the error may be even greater. Care must

V Vbe exercised, also, that the prism is properly oriented before
the eye. Corrections for these errors are not usually made,
either because the examiner is unaware of the error , or because
It is to be understood that the near measurement will be stated
in terms of the prism designation for distant vision.

Because of these various requirements, the need for speed ,
and the need for some standardizati on, it is clear why there
would be a tendency to use some type of machine-testing . Espe-
cially would this be a useful procedure for screening purposes.
There is considerable evidence that phorias change very

little with age, except insofar as the refractive correction may

126



have been changed. There is evidence , also, that phorias them-
selves are little changed with training. Phorias can be changed
somewhat by certain drugs , peripherally by homatropine , for
example , and systemically by barbi turate s, alcohol , and, prob-
ably, by anoxia.

Some stress should be given to vertical phorlas because, of
all the heterophorlas , these most often are the cause of ocular
discomfort. Even relatively small degrees of vertical phorias
may be disturbing to some persons.

Mention should be made also of the cyclophorlas , which ,
although less often encountered , can give rise to discomfort.
The degree of cyclophoria can be estimated in a phorometer
when Maddox rods are placed before both eyes with axes at
right angles to each other. With one eye occluded , the rod (ver-
tical axis) is first adjusted so that the horizontal streak appears
subjectively horizontal. The rod before the other eye is then ad-
justed so that the vertical streak appears subjectively vertical .
With both eyes , then , the two should appear at right angles to
each other. The actual difference between the axes of the rods
measures the cyclophorla. Cyclophoria also can be detected
(bu t not measured) in the Maddox wing test. It can be most ac-
curately measured with a haploscope .

In conclusion , it Is clear that , aside from the fixation-dispar-
ity method of measuring oculomotor imbalances , the means for
measuring heterophorlas accurately under laboratory condi tions
are essentially those that will be used under clinical conditions ,
except for greater care being taken in the design of the test and
in the procedure of obtaining the measurements.
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MEASUREMENT OF THE ACCOMMODATWE
AMPLITUDE

Gerald Westhelmer
Neurosensory Laboratory, School of Optometry
University of California at Berkeley

In evaluating procedures for measuring the amplitude of accom-
modation, there are a few physiological and optical facts that
should be kept In mind.

The process by which the refractive state of an eye Is
changed—accommodati on—Is now quite well understood . Contrac-
tion of the ciliary muscle allows slackening of the zonule of
Zinn , and the lens assumes a shape that Is dictated by the elastic
forces operating on it , and the malleability of its substance. The
progressive reduction in amplitude of accommodation with age
is thought to be due to the inability of the capsule to shape the
lens substance , which gets harder with age. A standard table of
accommodative amplitude at given ages has been used for decades:
recent work suggests that a small part of what has been regarded
clinically as accommodation Is really depth of focus of the eye.

Effective work has been done in measuring accommodation
by recording changes In the curvature of the anterior surface
of the lens , but cognizance needs to be taken of the fact that thi s
can never be an absolute measurement. A certain amount, per-
haps as much as one-half , of the added refractive power of the
eye during accommodation Is contributed not by changes in the
outside surfaces of the lens, but by internal , refractive changes
In the lens. This is called intracapsular accommodation.

The measurement of the amplitude of accommodation in a
subject must be undertaken with the realization that one is deal-
ing with a cybernetic system , not with an open-loop, physiologi-
cal system. If a subject is focused for infinity and a close-up
target is presented to him a focus error is introduced (Fig. 1).
For an accommodation response to ensue , this focus error has
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FIG. 1. Block diagram illustratin g processes involved in
accommodation responses.

to be detected at the sensory level, and then a feedback system
has to be brought Into operation to eliminate it. Attempts to
look at the accommodation system from this point of view are
meeting with limited success. Certain features commonly asso-
ciated with servo-systems, such as steady-state errors and os-
cillatior s in the output , are , indeed , found in accommodation.

The situation Is , however , beset by many complications. It
appears that the focus-error detecting system In Its purest form
is not dLrection-sensitive. Ordinarily, the direction of response
is not in error, because of decisions by higher, perceptual pro-
cesses. That more is Involved than just a simple servo-system
is also indicated by the fac t that the steady-state error is a func-
tion of the information content of the stimulus—it is much higher
in such conditions as dim illuminati on , and lack of detail in the
stimuli.

The importance of these findings in the clinical measurement
of accommodation is that they emphasize the necessity to manip-
ulate thV~ stimulation conditions optimally for a full response
to be obtained.
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LABORATORY MEASUREMENT OF
ACCOMMODATION

F. W. Campbell
The Physiological Laboratory
Cambridge, England

In 1937, Geoffrey Collins patented (U.S. Patent No. 2,164,576)
and manufactured In London a prototype model of the first
“Electronic Refractionometer.” It used infrared light to prevent
pupil contraction and photoelectric detection of the signal . It
was primarily designed to estimate the magnitude of refractive
errors, but changes in accommodative power were also observed
with it (Collins , 1937). Some 20 years were to pass before this
elegant instrument was resurrected in a modern form.

The next photoelectric recording optometer was described
by Glezer and Zagorulko (1955). Instead of detecting changes in
the focus of an image formed on the retina, they recorded the
displacement of the third Purkinje-Sanson image formed at the
anterior surface of the eye’s lens. Its sensitivi ty was low, about
0.5 diopters (D), and it was susceptible to eye- and head-move-
ment artifacts.

Campbell and Robson (1959) developed a high-speed, infrared
optometer sensitive enough to Investigate the microfluctuations
of accommodation previously described by Arnulf, Dupuy , and
Flamant (1955). The design was further simplified optically,
and altered to permit the use of modern, solid-state phototran-
sistors that have a high quantum efficiency in the near infrared
(Campbell, Robson, & Westheimer, 1959). This research optom-
eter was linear over a range of about 2 D, but was unsuitable
for clinical measurements requiring a greater range and less
sensitivity. It did, however , serve to establish objectively the
dynamics of the so-called “accommodation reflex ” (Campbell
& Westheimer, 1960).

The recording optometer of Allen and Carter (1960) again
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used infrared light , but detection was by means of a large-area
photocathode , a photomultiplier. Although the quantum efficiency V
of this type of photocell is low compared with solid-state detec-
tors , its linear properties were used to advantage by designing
the optometer to have a linear signal over a much wider range 

V

of accommodation change. A later prototype of this instrument
is now available , and Is suitable for some types of clinical re-
search.

The instrument of Roth (1962) was designed for the study of
accommodation changes in laboratory animals. Due to the rather 

V

elaborate chopping-system, much light energy is lost. It is 
V

probably of rather low sensitivity if used for humans or animals
with a dark fundus.

The optometer of Elul , Marchiafava, and Nicotra (1964) has V

many interesting design points in Its optics. It appear s to have 
V

very good sensitivity and linearity when used with the cat. It Is,
however , subject to arti f acts if there Is any fore and aft move-
ment of the eyeball in the socket. It has certainly been useful in
the study of accommodation in that animal.

Warshawsky (1964) was the first to attempt the linearization
of an optometer by incorporating a feedback movement to the V
position of the effective light-source and photodetectors. Thi s
permitted the use of small, efficient , solid-state photodetectors ,
although they are , themselves, nonlinear. One interesting and
important experiment can be done with this instrument—the effect
of opening the accommodative feedback loop .

Larks (1964) describes a “microminiature , automatic record-
ing , infrated coincidence optometer detector module ,” which
deserves careful consideration, as it is the first one to detect
focus using only the beam coming out of the pupil of the eye . The
entire module weighs only five ounces, and on this consideration
would be suitable for research during space flight. Additional
lighting and electronic equipment would also be required. Un-
fortunately , the author gives no indication of Its sensitivity or
linearity.

It is Interesting to note that each group .of workers investigat-
Ing accommodation has designed Its own recording optometer.
The reason is clear—each group has a rather different type of
data to collect , and no universal optometer Is likely to be usefu l
in all instances. Sensitivity, linearity, speed of response , con-
venience , freedom from eye-movement artifacts , weight , and
cost have all to be considered. The Importan t fac t remains that
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sufficient light returns after reflection from the fundus to per-
mit Infrared photodetectors to operate.

Can any improvements be expected in the future ? Solid-state
photodetectors already have such a high quantum efficiency a~
compared with an ideal detector that it is unlikely that improve-
ments will be significant. The other limiting factor is the intrin-
sic luminance of the light source (not the total power of the
source , but Its luminance per unit-area). Clearly, the latte r is
the ideal source for this purpose , especially as it can operate
in the Infrared region. The only upper limit here Is the amount
of light brought to a focus on the lens or retina , for , ultimately,
heat damage to these tissues must result. A considerable im-
provement In sIgnal-to-noise ratio should be achieved before
this pathological limit is reached.

While there are already many practicable , recording optom-
eters suitable for laboratory use , It cannot be said that a full y
automatic one is available which the patient can use for himself
to di spense his personal optometric prescription ! Westhelmer
(1957) gives an entertaining, Welislan glimpse into this clinical
fu ture.
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CLINICAL MEASUREMENT OF NIGHT VISION

Jo Ann S. Kinney
SubmarIne Medical Research Laboratory,
U.S. Naval Submarine Medical Center

In 1961, the work that had been done In the 50’s on night vision-
testing was reviewed by the author for the Committee on Vision.
It was pointed out , at that time , that the picture was much
brighter than It had been in the late 40’s (Berry, 1949), that the
testing of night visual ability rested on a much firmer foundation
of basic research , and that there was every reason to believe
that individual differences In night vision were sizeable , meaning-
ful , and could be valid predictors of performance at night (Kinney,
1962).

When this task of reporting on the clinical testing of night
vision was undertaken, immediate inquiries were made in a
number of places about the types of mass testing currently
going on. A large and growing body of literature coming from
the group interested In night driving was found. This Includes
some clinical testing , studies of tracking, depth perception,
dynamic visual acuity , investigations of the effects of age, and
a variety of other interesting and pertinent topics (Allen & Lyle ,
1963; RIchards , 1964; 1965; Schmidt , 1961). 1,2

The night driving group performs most of its investigations
at the specific Illumination levels employed in night driving.
Since headlights are always used , these levels are tnesopic or
low photopic , rarely falling below .01 ft-L and are above the
range of the major interest here. Nonetheless , the topics being
investigated are of general Interest for low-level visual perform-

1. 0. W. Richard , Personal communication , 1965.

2. R. W. Reading & H. W. Hofstetter. Extrahoroptinal stereopsis in ve-
hicle -operator orientation. Personal communication , 1965.
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ance , and extending the work to even lower levels should be
very informative.

However , no organized program of night vision testing was
found. As far as the Armed Forces are concerned , there are V

only isolated groups doing work on specific , practical problems.
Of the two new tests reported in 1961 by the author , both of
which were based upon considerable research , the Army Night
Seeing Teste r was on loan to France and NASA , while the NMRL
Night Sensitivity Test was on loan to the U.S. Army.

It , was therefore , the decision of the author to do some mass
testing, utilizing some of the techniques and Information gained
in the past 20 years , in an attempt to answer some specific ,
practical questions concerning the measurement of low-level
vision . -

Major problems involved in assessing low-level vision are
the lack of correlation between photopic and scotopic vision and
the fact that both types of vision may be Involved to a greater or
lesser extent at certain , intermediate light levels. It was decided
to use a battery of tests , each selected to assess a particular
aspect of vision. One hundred Naval enlisted men were given
the battery.

There are , of course , slzeabIe individual differences in pho-
topic or cone vision and numerous methods of measuring them.
Since the major interest was in vision at the lower light levels ,
photopic acuity screening was included only to ascertain that
subjects who had adequate daylight vision were being tested.

Part of the regular physical examination for submarine
school candidates is a test of uncorrected vision using a Snellen
letter chart. If a man fails to read the 20/20 line , he is referred
to the naval optometrist for further examination . The data ob-
tained include his refractive error and his corrected visual
acuity . The 100 men included 50 men who passed the original
screening and 50 rectiecks , or those who did not pass. The latter
group consisted almost entirely of myopes who needed glasses
to obtaIn 20/20 vision , and they continued to use their glasses
for the low-level tests. The photopic data consisted of a score

V of 20/20 or 20/15 for each man, and the notation of whether or
not he used glasses.

There were also sizeable IndivIdual differences in scotopic
sensitivity , or rod vision, and good correlations were obtained

V between scotopic sensitivity and acuity and brightness discrimi-
nation, as long as precautions were taken to stay within the sco-
topic range , and to measure at the same retinal position. The
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NMRL night vision sensitivity test was chosen to measure this
ability since it had been successful in the past.

The test provides a measure of scotopic vision based upon
sampling the subject’s sensitivity at a number of retinal positions
between 5 ° and 20° from fixation. Briefly, it consists of small
stimuli of various sizes presented at various positions , which
the subject identifies as being above , below , to the right , or to
the left of a central fixation point. A total of 120 stimuli are
presented , and typical distributions of the total number correct
vary from about 30 to 100; the test-retest correlation is .85 to
.90 (Kinney, Sweeney, & Ryan, 1960a)

At the intermedIate , mesopic level , there are numerous pos-
sibilities for InteractIon , and acuity tests at two luminance levels
were Included to assess these. Measurement was made with
black Landolt rings of variable size at two light levels , .005 ft-L
or 6.7 log mlcro-micro-Lambert (M~L), and .0009 ft-L or 6.0 log
~~L. Testing was done binocularly at 14 ft and the subject ’s en-
tire visual field was evenly illuminated. The use of offcenter

V vision was explained to each subject. He was told to look first
at the targets directly, but , if he could not see the gap this way ,
to try off-center vision. Five Landolt rings of different sizes
were presented at once , and the subject read across giving the
position of the gaps; the target positions were then changed
mechanically, and the procedure was repeated until eight judg-
ments were made for each of the five ring sizes , or a total of
40 j udgments. The mesopic data are the liminal values , in min-
utes of arc , of the targets that could be resolved. V

Thi s type of test is similar to those used in the Army Night
Seeing Tester , which the author would like to have Included in
the battery, since it measures acuity at the same level as the
highest by this test , 6.7 log ~~L. While the Army test uses two
types of targets , a line resolution , and a brightness discrimina-
tion task (Uhlaner & Zeidner , 1961), two light levels were used
here. The outcome Is probably the same—that is , different de-
grees of rod-cone interaction or different retinal areas are re-
quired for success on the two different tasks , or at the two dif-
ferent light levels.

The testing procedure for the 100 men was as follows. After
the photopic screening, the subject adapted for 5 mm to the
higher mesopic level. The first mesopic test was given, which
consumed an additional 5 m m ;  the illumination level was then
reduced , and the adaptation and testing procedure repeated. The
subject was then dark-adapted for 10 mm and the night vision
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test was given. The whole testing procedure totalled 45 mln/
man .

Before presenting the data , two points should be mentioned.
First , the men were all young, averaging 21 years of age , and
there is no correlation between age and any of the visual func-
tions measured for this group . There is , of course , a negative
correlation between age and night vision If a sufficiently wide
sample of ages Is Included. Generally speaking, however , this
loss does not manifest itself until about 30 years of age, nor
become sizeable until 50, and it is thus not likely to be a selec-
tion problem for the Armed Forces (Crawford , 1949; Lurla ,
1960; Ituddock, 1965).~

Second, the data f or those men who passed the original acuity
screening were at first analyzed separately from those of the
rechecPzs. However , the results showed very small differences
between the two groups on each test , the size of the difference

V being what one would predict from the light loss due to the ab-
sorption by spectacles. Therefore , all subjects have been treated
together for this presentation since the interest was in the prac-
tical aspect of the men ’s visual ability . If they needed glasses
they used them , and their vision through the glasses is the im-
portant datum.
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Figure 1 shows the luminance levels used in the mesopic
testing on the typical graph of acuity versus Illumination (Morris
& Dlrnmlck , 1950). The levels were chosen to lie on either side
of the photopic and scotopic functions; thu s, the higher mesopic
level would presumably be more related to cone functioning, and
the lower mesopic level to rod functioning. The average data
for the group fell almost exactly on the appropriate lines and thus
could be predicted from the published linear scotopic or photopic
acuity functions.
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FIG. 2.

Fig. 2 shows the frequency distribution of the 100 men at
.005 ft-L in terms of the liminal value in minute s visual angle.
The values increase from right to left , so that best vision is
always to the right in this and the following figures. Despite
the fac t that the men all had good photopic acuity, 20/20 or bet-
ter , the mesopic data form the fairly normal distribution—with
some skewness on the low side—that Is typical of visual functions.
The data cover a sizeable range , a variation of 2 to 8 mm of
visual angle (or in Snellen fractions , from 20/40 to 20/160).

Fig. 3 shows the frequency distribution for the aculties at the
lower mesopic level. The distribution Is similar , but it has a
hint of bimodality as would be expected from a second indepen-
dent variable , and the individual variation is also extreme—from
5.5 mm to 21 m m .

The distribution of scores on the night vision test Is shown
in Fig. 4 and is very typical of previous results with the test.
The range extends from 40 to 95 out of a possible 120.
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Fig. 5 summarizes the correlation coefficients determined
for the various tests. The only sizeable correlation, .75 , is be-
tween the two mesopic tests. Signifi cant , small correlations
are also found between the photopic and mesopic tests and be-
tween the low mesoplc and scotopic test. This sample of date,
thus , Is in complete agreement with previous work of numerous
Investigators; the almost universal finding has been that there
is essentially no correlation between photopic and scotopic
vision , and that the correlati on increases in size as the light
levels used in testing are brought closer together (Oglivie ,
Ry an , Cowan , & Querengesser , 1955; Plr enne , Marriott , & O’Do-
herty, 1957 ; Uhlaner , Gordon , Woods , & Zeidner , 1953) .
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In order to try to answer , with the aid of these data , some
very practical questions concerning the selection of men , the 20
best m en and the 20 poor est men on each te St . were selected to
compar e and contrast .
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The first  question concerns the Ineaning of the size of indi-
vidual differences found on the various tests. Fig. 6 shows a
portion of the acui ty- i l lum inat ion  functions with the data for the
best and the worst 20 per cent of the men for the low and the
high mesopic acui ty  tests. It is obvious that the best men at th e
low light level have the same acuity as the worst men at the
higher light level—7/1O of a log uni t  above. At the hig h mesopic
level , the normal or average man would need 7 log ~M L to see
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what the best man sees at 6.7 , or , in other words , twice as much
light. At the low mesopic level , the differences are even more
extreme—the average man could see at 5 log ~~L what the poorest
man sees at 6 log ~M L—a ten-fold difference in illumination . The
range and levels are such that one could predict that the best
man could see with starlight the same detail as the poorest man
wi th light from a half-moon .

Similar examples of the meaning of individual differences in
night vision sensitivity have been calculated previously—to cite
ju st one : a 100-candle power beacon could be seen by the least
sensitive man at approximately 12 miles , and by the most sensi-
tive man at 18 miles (Kinney, Sweeney, & Ryan , 1960b). This
example does take Into account the greater attenuation of the
distant light by the atmosphere for the most sensitive man . Thus ,
one is dealing with sizeable and very important differences in
visual ability .

MESOPIC .005 ft. -L.

MESOPIC .0009 ft - L. NIGHT VISION

FIG. 7.

The second question concerns the use of mesopic testing,
which requires little adaptation time , If one wishes to select
men for ability at lower levels. In thi s regard the results of
how the best and poorest men on the mesopic tests perform on
tests at lower levels are shown. Fig. 7 uses the high mesopic
test as the selection device. The solid areas show where the best
20 per cent , as thus selected , appear in the distributions at the
low mesopic level and on the night vision test. At the low me- V
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sopic level , the results are quite good , although there has been
some shift in position. Sixty-five per cent of the selected men
are still in the top 20 per cent of the low mesopic test. On the
night vision test , while the average score of these selected men
is above the overall average for the 100 men , a few of the men
do qui te poorly.

MESOP IC .005 ft. -L

—

NIGHT VISION
MESOPIC .0009 ft-L.

FIG. 8.

A similar analysis is shown in Fig. 8 for the poorest 20 per
cent of the men , as selected by the high mesopic test. Some
shift in position has occurred on the low mesopic test—60 per
cent of the men , selected as poorest on both tests, are the same.
On the other hand , the scores of these men on the night vision
test cover the entire range of values found In the total population.

The picture is slightly improved for selection by the low-level
mesopic test , as indicated in Fig. 9 , but the range of scores on
the night vision test is still very large. It is obvious that many
men with excellent scotopic sensitivity would be excluded on the
basis of this mesopic test , while some men would be selected
whose low-level sensitivity Is rather poor. Thirty-five per cent
of the men who appear in the best group at the low-level mesopic
test also appear In the best group on the night vision test.

An Interesting parallel can be drawn between these results,
all of which were obtained in a laboratory-testing sItuatIon , and
the field validation studies done on the Army Night Seeing Tester
(Uhianer & Zeldner , 1961). In the latter Investigations, selection
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of two groups , the best and poorest men , was made using the
Tester at the high mesopic level. The performance of these
groups in a starlit , fi eld situation was then compared. The re-
suits are quite similar to these in general form. First , the aver-
age performance of the best group was significantl y superior
to that of the worst group. Second , the distribution of scores
was similar in that none of the best men were among the very
poorest at the lower light level , but some of the poorest men do
achieve excellent low-level results.

V Two other combinations of test results are at least theoret-
ically possible. The men could be selected only if they appeared
in the top 20 per cent on both the high mesopic test and the night
vision test. While such a procedure is hardly a time-saving one ,
since full dark adaptation is required , it is encouraging to find
that 87 per cent of the men thu s selected also fall in the best
20 per cent at the low mesopic level. The total number of men
selected , however, has fallen to a very low level—seven.

The last possibility , that of using all three tests for selection , V

results in onl y six men out of the total 100 who appear in the
top 20 per cent on all three tests. Similarly,  three men appear V

in the worst 20 per cent on all three tests. These figures are
very close to the number calculated from the straight probabili-
ties of being included in the top or bottom 20 per cent of two
independent samples. V
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This leads to the last question which concerns the extent to
which the data follow the hypothesis of two discrete functions , V

scotopic and photopic , both of which may show normal , unrelated ,
individual variation. This becomes important , not only for theo-
retical reasons , but also for predicting ability at low Illumination
levels from the trend at higher levels. For example , all subjects
required a larger target at the lower mesopic level than at the
higher—the average for the total group was an increase In size
by a factor of 2.2. Since the low mesopic level presumably
necessitates considerably more rod-functioning , one could pre-
dict that those individuals whose relative acuity loss from high
to low mesopic levels is much larger than average, have excep-
tionally poor night vision and , conversely , those whose loss is
less than average , have superior night vision . Such an analysis
was performed for thi s set of data and yielded the result that
the men whose low-level mesopic acuity was considerably poorer
than predicted , did , indeed , have poor night vision. There were
15 such individuals and their average night vision score was just
about one full standard deviation below that of the total group.

MESOPIC .00 5 ft -L.

•..

NIG~ff VISION

— fl MESOPIC
.0009ft -L

~1J i
FIG. 10. 

V

However , a similar analysis of the men whose low-level
mesopic acuity was much better than predicted yielded negative
results in that they had quite average night vision test scores.

Also included is Fig. 10 showing the frequency distribution
of the data for thi s group, since it was very homogeneous, as
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well as intriguing. Their scores were very close to average on
photopic acuity , the high me~ opic test , and the night vision test ,
but at the low mesopic level , they are all obviously superior to
the rest of the group. Numerous possible reasons would account
for this—differences , for example , in the degree or onset of
n ight myopia , in the retinal position used , or in rod-cone summa-
tive mechanisms. Whatever the explanation, they do show an ex-
cellence in integrated rod-cone vision not predi cted by their
scores for photopic or scotopic vision alone .

Thu s, the major portion of the data are in accord with the
hypothesis of two independent fun ctions : this includes the lack
of c r ’ ;lation between photopic and scotopic vision , the parti al .
su~~. ‘~~s of mesopic selection for scotopic vision, the total num-
ber of men selected as outstanding on all tests , and the poor
night vision evidenced by tnose men for whom it was predicted.
On the other hand, such a simple hypothesis will not account for
everything, and allowance should be made for individual differ-
ences in the interaction between scotopic and photopic vision.

By way of summary is stated what appears to be the best
means of testing for visual ability at night , given various condi-
tions. The first major consideration is the illumination level of
the task for which selection is to be made. If it is relatively
hi~ ti , as is the case in night driving with headlights , selection on
the basis of mesopic and low photopic tests is , happily , both the
most efficient and the most valid method.

If , on the other hand , the task must be performed at true sco-
topic levels , scotopic vision must be tested , since any other pro-
cedure will result in contamination by photopic vision.

Quite commonly , however , the tasks will be performed over
a wide range of natural , low illumination levels , varying from
moonlight to an overcast sky.

Under these circumstances , the importance of selection ,
versus the time and effort to be made , becomes a second major
consideration . Ideally, a battery of tests should be given as was
done here , each designed to select for different attributes. The
numbe r of men thus selected will , of course , be small compared
to the effort spent In testing, and such an effort probably will be
expended only If the need for excellent , low-level vision Is very
great.

As a possible short-cut, testing and selection at two mesopic
levels Is suggested , with elimination of those men whose lower
level acuity is poorer than expected on the basis of their higher
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level acuity. While this cannot guarantee the best men for true
scotopic work, i t  will do much to eliminate the poorest.

One final point: one could argue that night vision should not
be a separate category at all on this agenda, since it could in-
clude nearly all the other nine function s presented in these papers ,
simply measured at a low light level. Certainly it includes visual
acuity; refractive error at low levels is an obvious variable, as
in night myopia; depth perception , phorias , and visual fields , all
could be extended into the low luminance ranges.

The more restricted view has been taken that there is a single
functi on—basic , static , dark-adapted rod vision—which can be
measured and gives rise to large , individual differences , both
by itself , and in combination with dark-adapted cone vision. The
battery was chosen by the author to measure this type of sensi-
tivity, and ten categories of visual competence could be easily
obtained by a division of the normal distribution. . Numerou s
other more dynamic tests could be included such as recovery
time or resistance to glare.
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NIGHT VISION AND VISUAL SENSITIVITY 1

Howard D. Baker
Florida State University

A fundamental characteristic of night vision is that it is vision

- - 
under conditions of increased visual sensitivity. Night-vision
testing, thus , often is considered to be the attempted measure-
ment of visual sensitivity. The aim of the present paper is to
look at the term “visual sensitivity ,” and , perhaps , to assess
its meaning.

Measures of Sensitivity

Sensitivity is measured in several ways : by the absolute thresh-
old , by the difference threshold , and by visual acuity. Does it
mean the same thing in each case ? Consider the parallel exam-
ple of luminosity . Luminosity seems to be a relatively fixed
characteristic of the organism , whether it is measured by the
absolute threshold , by the difference threshold , by fl~lcker photom-
etry , or by heterochromatic match. The results are always about
the same , and the interesting questions about luminosity have be-
come questions about the exact shape of the curve and its impli-
cations. Is sensitivity like luminosity ? Is it some characteris-
tic that one can apply to the subject , and use to understand the
way he acts in a variety of visual situations ?

Perhaps an answer to the question lies in the following propo-
sition. When the same things are done to the organism to change
its sensitivity, but sensitivity is measured in different ways, the
sensitivity changes should be consistent in each case . Thus one
may try to use the dark adaptation curve measured with the

1 . The preparation of this article and the unreferenced research was
supported by contract with the Office of Naval Research .
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absolute threshold to predict the difference-threshold dark adap-
tation curve . Or , one may try to predict the visual acuity dark
adaptation curve from either. If the dark adaptation curves are
found to be consistent with one another , one may then repeat the
comparisons with light adaptation curves.

Dark adaptation and light adaptation are surely two of the most
significant functions for night vision. They purport to be changes

V in sensitivity, they have had a great deal of research attention ,
and they will serve as evidence in this paper.

Sensitivity during Dark Adaptation

The classical dark adaptation picture is shown in Fig. 1. Note
the rod-cone break , the absence of a break in dim , pre-adapting
lights and the smooth family of curves.

Adapting intensity
-
~~ ~~ 10 400,000 trolands

6 
ç LA  38,900 trolands

FIG . 1. Dark adaptation measured with absolute threshold ,
following several levels of pre-adapting light as indicated.
(Hecht , Ilaig, & Chase, 1937)

~ igure 1 is based on absolute threshold data. How should one
expect dark adaptation curves to look if the difference threshold ,
instead of the absolute threshold , is used to measure the sensitiv-
ity change ? First one needs to know the relationship between the
absolute threshold and the difference threshold under terminal or
equilibrium conditions . Figure 2 defines the relationshi p between
the absolute threshold and the difference threshold at various
adapting levels. From Fig. 2 it would be expected that the dark
adaptation curve should show smooth changes in sensitivity from
one level to another , wi th rod-cone breaks occurring whenever
the threshold passes from a level above about 0 log trolands to a

V level below , and with no breaks otherwise. Fig. 3 shows that it ,
indeed , does so; the curves of Figs. 1 and 3 seem quite compatible.
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FIG. 2. Equi l ibr ium relationshi p between absolute threshold
(black points) and difference threshold to various background
luminances (unfi l led points) in one subject. (I.’lorida State
Univer. Laboratory)
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But , instead of assessing sensitivity by a m inimal detecta ble
change , (a threshold), suppose it is assessed by a criterion of
sensitivity which requires a fairly high level of visual function ,
well above the luminance thresholds. A good method is to use
vi sual acuity to assess sensitivity. Then , a small or difficult
acuity targe t would require a relatively high level of visual ac-
tivity. In Fig. 4 , one can see that dark adaptation curves look
about as expected when an acuity object is used as a criterion
of sensitivity. There are no rod-cone differences at high levels ,
and there is a general similarity to dark adaptation curves based
on the two kinds of luminance thresholds.
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V FIG . -I . Dark adaptation measured by log luminance nec-
essary to achieve cons tant levels of visual acuity using
grating acuity object. Pre-adapting luminance is indicated.
(Brown , 1954)

Finally, let dark adaptation be measured by the change in
luminance of a supra-threshold stimulus judged to have constant
subjective brightness—a “memory match. ” One should expect
less and less light to be required , as ti me goes on in darkness ,
to match a particular remembered brightness , and , in the upper
curve of Fig. 5, the expectation can be seen to be justified.

To summarize : when the increase of visual sensitivity in
dark adaptation is m~~ sured a consistent picture emerges.
Whether the eye Is in darkness or in dimmed light , whether
judging brightness or discriminating a pattern , the picture is
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_ _

TIME IN  M I N U T ES

FIG . 5. Comparison between absolute threshold
dark adaptation curve and dark adaptation mea-
sured by memory match . Upper curve show s
retinal i l ium inances which ma inta in consta at
apparent brightness in test flash which has V I1U C
of 0 .50 log troi and s after comp lete da rk adap-
tation . (Florida State Univer. Labora tory)

one of Increasing sensitivity during dark adaptation. Sensitivity
changes can be predicted , at least generally, from one v ariable

V to another , and sensitivity appears to be serving its purpose as
an explanatory concept.

V 

Sensitivity during Light Adaptation 
V

When one tries to measure sensitivity at times in which the
sensitivity is being decreased In light adaptation , on the other
hand , a disturbingly complicated pattern results. The course of
light adaptation seems to depend entirely on the way one mea-
sures sensitivity.

If one uses the effect of light in raising the absolute threshold ,
light adaptation appears to be the opposite of dark adaptation. It
seems to be a process of continuous sensitivit y loss whi ch takes
about ten minutes or so to complete. Fig. B shows this f ami l i a r
and reasonable pattern.

I 57
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TIME (MINUTES)

FIG. 6. Light adaptation measured by first
absolute threshold of da rk adaptation as function
of duration of light adaptation. (Loh mnann , 1906)

But if one uses the difference threshold to measure sensitiv-
i ty, light adaptation takes a very different form and time course .
It seems to be completely unpredictable from the absolute thresh-
old data. The sensitivity loss is immediate in Fi g. 7, which
shows the beginnings of light adaptati on , and the early loss is
followed by a slow , small oscillation of sensitivity (see Fig. 8),
over just abou t the period over which the absolute threshold
method showed a smooth , continuous sensitivity decrease .

Apparently, the oscillation picture emerges again when one
uses visual acuity for the measurement. Some years ago, in a
personal communication to the author , Col. Anthony Debons
said that he had investigated the course of light adaptation using
visual acuity as his sensitivity measures. Although he apparently
never published his results , he indicated that the picture of light
adaptation which he obtained was in all respects like that ob-
tained with the difference threshold. Immediately after the
adapting light was turned on , much light was required to see a
given acuity pattern , representing a sudden sensitivity loss. As
light adaptation progressed, less light became necessary, reach-

V Ing a minimum after a few minutes , then drifting upward just as
do the curves of Fig. 8.

An additional problem appears when one uses a supra-thresh-
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V 
old criterion to measure sensitivity during light adaptation In
order to have a comparison with the dark adaptation curves of
Fig. 5. The amount of luminance necessary to match a remem-
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bered , high level of brightness looks a bit like the difference-
threshold curve , but is much extended in time. Fig. 9 and 10
compare the difference-threshold light adaptation curve with  the
curve obtained when the test stimulus is adjusted to match the
remembered , apparent brightness it had in the dark-adapted
state , before the adapting field was turned on. The continuous
long drift of Fig. 10 is completely anomalous.

~ 
AI,AGAINST ILOG TRCL*D

~ \ 
S~~j sct: PL 

V

~ ;
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FIG. 9. Di fferenc e—threshold li ght :2da l )ta t ion in
one subject for comparison with Fig. 10 ;  ( F1orith~
Sta t( (Jn i ver .  Laboratory)

I.~ MATCH TO 0.5 LOG TROLANDS,IN DARK;

TIME IN MINUTES

F IG . 10 . Li gh t adaptation measured by retina l
i l l um in : In ( ( required to m atch remembered bri ght —
ness of 0 .5 log t ro land stimulus flash presented in
d:I rk just bef ore light adaptation . (Flor id a  State
t Jn iver .  Labor atory)

A fur ther  method of measuring sensitivity is available for
l ight  adaptation : matching apparent brightness. Sensit ivity can
be measured by comparing the luminance of a light-adapting
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area of the retina with the luminance necessary to match its
subjective brightness in a dark-adapted area of the retina. The
dark-adapted area is usually in the other eye to avoid the effects
of stray light from the light-adapting region. The result , which
can be seen in Fig. 11, is a picture qualitatively in agreement
with the absolute threshold picture , but , quantitatively, it  is in
agreement with nothing else. Its time scale is intermediate be-
tween those of the absolute threshold curves and the difference-
threshold curves.
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FIG. II. Light adaptation measured by comparison
light technique. Plotted is relative luminosity of
measuring ligh t in dark-adapted eye which is re-
quired to match li ght-adapting area in other eye.
(Geldard , 1953)

To summarize : the different measures of sensitivity which
yielded such a consistent picture of dark adaptation yield vari-
ous complex results during light adaptation.

COflC1UsioflS~

Sensitivity is a concept which is useful only in a limited way.
Sensitivity can be used as an explanatory term to understand
the way the subject acts , bu t only as long as he is in circum-
stances where his sensitivity either is considered to be constant ,
or Is increasing in dark adaptation.
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As soon as the subject enters conditions in which sensitivity
will ultimately be lost , i.e., in light adaptation , the rules for
comparing the different measures of sensitivity no longer hold.
It becomes crucial to know what kind of a task the subject is ex-
pected to perform. At the present state of information , it would
appear that at least three kinds of sensitivity are involved during
light adaptation.

1. Sensitivity against glare (as in difference-threshold dis-
crimination , or in -visual acuity tasks). This kind of sensitivity
shows a sudden loss during light adaptation , and a subsequent ,
minor oscillatory character , requiring several minutes to reach
equilibrium.

2. Brightness-matching sensitivity (as in comparisons between
different areas of the eye which have different exposure histories).
This sensitivity is lost within a minute during light adaptation.

3. Ability to recover sensitivity (as in the effect of an adapt-
ing light upon the absolute threshold and dark adaptation). Thi s
sensitivity is lost most slowly of all during light adaptation.
Many minutes of exposure to light are necessary before the sub-
sequent dark adaptation curve reaches a stable shape , unaffected
by more light adaptation. -

It seems desirable therefore , that discussions of night vision
should be cast first of all in terms of the nature of the visual V

task expected of the subject. Only then will measurements of
his visual sensitivity have meaning and utility.
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INTRODUCTORY STATE MENT
by the Chairman of the Section

Ailene Morris
Institute of Visual Sciences , Presbyterian Medical Center
San Francisco

One importan t aspect of visual funct ion is the sensitivity and
extent of the visual field. However , the “perfect ,”-or “normal ”
vi sual field is difficult  to define. Before -one can establish and
scale grades of visual field decrement , one must define what is
“norm al”. It is well known that the field - varies greatly, whether
tested under photopic or scotopic illumination conditions , whether
the test object is a simple spot , an acui ty target , or a colored
target , and whethe r static or kinetic test-procedure is used.
Cer tain characteristics of the visual field change from time to
tim e , and can be assessed only after controlled , adaptation pen-
ods. Furthermore , the accuracy of the field measurement is
only as good as the subject’s ability to control his fixation locus.

A defec t or decrement in the visual field could result in a
lesser capability which affects visual performan c~e. Field defects
typically take the form of (a) a contraction of the extent of the
field , (b) a depression in sensitivity , both general and localized ,
across the retina , or (c) the development of scotomata. These
defects vary in degree of severity and specific locus , and the
significance of the decrement depends on the particular case.
For exam ple, a minute scotoma in the central fovea could mean
blindness , whereas the same scotoma in the far periphery might
be of flO consequence , unless the person is required to perform V

night visual search wherein the full , peripheral function is
necessary.

Is it possible to establish grades of visual field decrement ?
This is certainly not the relatively simple job as would be the
case with visual acuity, wherein the loss of one letter-line or
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~rne decimal-unit  of acuity means loss of retinal resolution of
known and measureable degree.

As mentioned earlier , the relative importance of the various V

visual functions must be established to provide the basis for
determining the priority of testing order. With high , photopic V

acuity and normal color-vision recorded for a subject , one can
assume a good , central visual field and not have to measure it.
A measurement of high intraocular pressure , suggestive of glau-
coma , would lead one to check the field more carefully for the
possible associated defects.

In this section on Visual Fields , Dr. Milton Flocks discusses
Clinical Measurements , including various screening methods ,
perimetr ic  techniques , and machine -testing. His work with Har-
rington on clinical perimetry and the development of the Harring- 

V

ton Screener well qualify Dr. Flocks to cover thi s area.
The Laboratory Measurement of ‘visual Fields is presented

by l)r. Richard Copenhaver. His work in the use of computer-
averaging techniques for the sensitive determination of retinal
activity is outstanding in the recent advances in this area of re-
search. By employing laboratory methods for quantitative mnea-
surement of response to weak signal s at various retinal locations ,
visual field maps can be achieved which dramatically reflect
minimal flaws and decrements. As exotic as these laboratory
techniques seem to be at present , they may well become the
practical solution for obj ective , rapid , and efficient assessment
of the visual field.
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CLINICAL MEASUREMENT OF
THE VISUAL FIE LDS

Milton Flocks
School of Medicine
Stanford University

This paper is directed toward the stated objectives of this meet-
ing of the Armed Forces-NRC Committee on Vision.

1. To define perfection in each visual parameter , (here the
visual fields), “to quantify the decrements from perfection when
feasible , ” and , if possible , to divide the defects into ten decre-
ments of function.

2. “To discuss the best way s of measuring the specific visual
function , as well as to suggest the most practical method suit-

V able for screening techniques by lay personn el ,” with special
reference to automat ized machine techn iques.

3. To make comments concerning the amenability of the func-
ti on to improvement by training, and the predictability of decre-
mented change of the function with age .

Defini tions

The visual field of an eye may be defined as that portion of
space in which objects are visible to that eye while it is fixating
on a single point. A field defect is a disorder of the visual sys-
tem; and , as such , every effort must be made to uncover Its
cause , f or the individual’s vision and even his life may depend
on finding the basis for the defect. Therefore , whenever a field
defect is uncovered a complete , ophthalmologic examination is
in order.

It is useful to define and differentiate the peripheral field,
the central field and central vision .

The normal , monocular visual field as defined by Harrlngton
(Harrington , 1956), Is a “slightly irregular oval which measures ,
from fixation , approximately 60 0 upward and 60 0 inward , 70 to
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75 ° downward and 100 to 110° outward.” The visual f ield of the
two eyes together is a combination of the ri ght  and left monocular
fields which extends about 200 ° laterally and 130 ° vert ically ,

V 
and contains a large central area which is viewed with both eyes.
The binocular visual field is that area of the field of the two eyes
together which is seen by both eyes at the same time , and is
about 120° in lateral extent and about 120° in vertical extent.
The peripheral field is the same as the normal , monocular visual
f ield , except that the central 3°-5 ° from fixation is excluded.
The central f ield is that port ion of the monocular visual f ield
with in 25 ° from fixation. Central vision is a description of cen-
tral visual acuity and determines the integrity of the visual field
of the central 2 ° . It is quite different from the central visual
field.

In measuring visual fields , the monocular peripheral fields
and the central fields of each eye separately are the only tests
ordinarily made .

Perfect visual fields are normal visual fields, both mono c-

V 
u lar ly  and binocula rly.  As has al ready been slated , anything
other than perfection is abnormal , and must be investigated
and defined. The field defects may also be divided into progres-
sive and non-progressive defects. If the defect is of a progres-
sive nature then treatment should he insti tuted , and the patient
disqual ified.

Those visual fields defects which are stationary or non-
progressive in nature , such as those due to an old injury , or old
inflammatory chorioretinal scar , can be separated into decre-
ments or degrees of i mpairment of visual function.

Decre ments

The following 10° of funct ional , visual f ield loss are listed in
order of degree of impairment. This division into degrees of
functional impairment  is arbitrarily arranged by the author ,
and to his knowledge , this is the f i rs t  t ime such a division has
been suggested. If such a division into decrements proves use -
ful , it probably will be improved.

1. Normal vi sual fields in both eyes with binocular vision
(simultaneous macular perception).

2. Normal visual field and good vision in each eye without
binocular vision (simultaneous , macular perception).

3. -Smal l scotoma in one eye outside of 20 ° and inside of 60 °
on the nasal side (in the area overlapped by the other eye).
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4. Small scotoma in one eye outside of 20° and inside of 60 °
on the temporal side (in the area ov’~rIapped by the other eye).

5. Small scotoma either eye w i th in 10 °-20°.
6. Small scotorna either eye inside of 10°.
7. Bjerrum scotoma , or sector defect in one eye.
8. Large , field defects of any type in one eye , or blindness

in one eye.
9. Hemianopsias.

10. Absolute blindness - both eyes.
Field defects can he described qualitatively as well as qu an-

t i tat ively.  The nature or name of the defect is important because
it suggests the etiology of the disorder and also hints as to the
degree of functional impairment.  Thus , hemianopsias , ring sco-
tomas , Bjerrum scotomas , and sector defects should , probably ,
always disqualify an individual for fl ying, regardless of how
small the defect is.

Testing the Visual Fields

The thre e pr incipal , standard methods of testing the vi sual field
which are i n current  use are the tangent screen for testing the
central field , t’~e arc perimeter , and the Goldmann or hemisphe-
ric perimeter for testing the peri pheral fields. Any standard
textbook of perimetry (Harrington , 1956; Traquair , 1948) de-
scribe s the methods used in detail.

Two aspects of the central field are of particular importance:
(a) ninety-li ‘e per cent of field defects can be picked up by exam-
ination of the central field; (b) from a functional standpoint , de-

V fects in the central field are far more important than those in
the peripheral field outside of 20° f rom f ixation . From a prac-
tical standpoint , central field-testing is more sensitive and more
importan t than peripheral field-testing.

Visual Field-Screening

Visual field-screening can be done by the confrontat ion technique
with the examiner using his own finger as a test obje ct between
his eye and the patient’s eye. However , beyond question , the
Harrington-Flocks Multiple Pattern Method of visual field-
screening is the best way in current use to achieve this objective
(Danielson , 1956). It is desi gned to screen the great mass of
people , but could easily be modified to test pilot-candidates so
as either to make it more sensitive , or to have fewer false-
positives , depending on the objective and needs. By s imultaneou sly
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stimulating more than one quadrant of the visual field , i t  utilizes
the phenomenon of extinction to provide added sensitivity. The
rapid exposure of the st imuli  (0.25 seconds) prevents the patient V

from losing fixation and following a stimulus in the periphery.
Th is apparatus and technique has been adequately described
el sewhere (Harrington & Flocks , 1954; 1955). In addition , the
apparatus could easily be automated so that a technician would
not be necessary for the test.

Visu al field function cannot be improved by training. Decre-
mental change is not predictable , except to state that , as the
Individual becomes older , he Is more likely to get one of the
degenerative disorders which produces a field defect.
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ELECTROPERIMETRY: A LABORATORY METHOD
V 

FOR THE STUDY OF THE VISUAL FIELD

R. M. Copenhaver and N. W. Perry, Jr.
Colleges of Medicine and Health-Related Professions
University of Florida

The aim of perimetry has been described as “the quantitative
examination of visual acuity in all portions of the visual field”
(Harrington , 1964); however , “visual acuity ” is a term usually
reserved for the measurement of vision in the central part of
the visual field. Particularly with ill or uncooperative patients ,
time is a factor which requires that the visual field be measured
in a relatively crude manner , usually by the detection of moving
test objects of different sizes. Quantitative perimetry, in its
finest sense , requires standardization of all parameters of test
stimuli , such as background illumination , intensity of stimulus , -

size , color of stimulus, and speed , or motion , of the test stimu-
lus. In clinical practice these are rarely standardized , and for
clinical purposes the presence of field defects , or scotomas ,
becomes more significan t than generalized depressions of vari-
ous Isopters. The former contributes information about the
locations of pathological lesions, whereas the latte r are more
difficult to distinguish from established norms because of ques-
tionable standardization of stimulus parameters, poor ocular
fixation , variable accuracy of the patient’s response , and van -

able reliability of the examiner in interpreting and recording
the patient’s response. Harrington has emphasized that “It is

V of the utmost importance to remember that perlmetry is a sub-
jective examination of the sensory pathways. That it frequently
Involves the analysis of a disorder in sensory perception , and
Is , therefore , open to all of the objections of any subjective test.”

It was hoped that , through an electrophyslologi cal approach ,
visual field-testing could become completely objective by elimi-
nating the need for an interpretive response to the stimulus by
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the patient , and a subsequent interpretation by the examiner of
the examinee ’s response. It is the purpose here to summarize
and review some of the progress which has occurred in this area ,
and the many problems that t~ave ari sen.

Adrian and Matthews (1934 ) described rhythmic changes in
th e electroencephalogram in response to f l ickering ocular illumi-
nation. This “photic driving ” is best demonstrated with high-
intensity, stroboscopic flashes located close to the eye , and a
flicker frequency approximating the inherent rhythm of the
electroencephalogram. Bartley (1935) recognized the importan t
part played by stray light in stimulating large retinal areas , in
produc ing photic dr iv ing and electr oret inograms. The recording
of occipital potential s evoked from the occiput , using such gross
stimuli , has sometimes been useful in ind icat ing the side of a
cerebral lesion (Brazier & Barlow, 1956; Ellingson , 1960; Kooi
& Bagchi, 1962; Vaughan & Katzman, 1964; Vaughan, Katzman,
& Taylor, 1963).

In the past decade, elaborate electronic devices have been
developed capable of extracting signals bearing an established
relationship in time to the stimulus from other potentials which
are not “time-locked ,” such as movem ent arti facts. Using
electronic devices such as computers, smal l potent ials evoked
from the visual , auditory, and somatic sensory systems have
been extracted from larger background potentials—noise (Barlow ,

V 1957; Brazier & Barlow , 1956; Communications Biophysics
Group-MIT, 1959; Goff, Rosner, & Allison, 1962). With conven-
tional recording techniques , it was difficult to detect signal s
less than 20 microvolts (Mv ) from noise. Recentl y, 0.1 ~v visual-
evoked potentials have been detected and displayed using comput-
ers (Gouras , Armington , Kropfl , Tepas , & Gunkel , 1962). Light
sources which flood the entire retina wi th light have generally
been employed. The diffuse stimulation of these light sources
has generally been recognized , as when using stroboscopic lights ,
or when stimulating through closed lids. Not uncommonly , how-
ever , smaller , high-intensity stimuli have been used where back-
ground illumination and the state of retinal adaptation are either
uncontrolled or unspecified. It has long been appreciated that
the use of such small light sources as test stimuli does not nec-
essarily result in discrete retinal stimulation (Asher , 1951; Boyn-
ton & Riggs, 1951; Boynton , 1953; Crampton & Armington , 1955).

Copenhaver and Beinhocker (1963) employed smal l , flickering
light stimuli with moderate background illumination to achieve
relatively discrete retinal stimulation to test specifically t’le
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1”J C. I . 1)iagra m in(IJcating method of ocular
s t i m u l a t i o n , recording, and actua l tracings
of evoked responses obtained f rom computer.
Ar ea of filtered evoked response below base
line between 50 and 1 75 milliseconds inte-
grated to serve as qu an t i t a t i v e  measure of
size of ~~ Uk ( d resi)onsc. ‘‘Nois e ’’ (dashed
lines) representing :i V( ’r age(t  response With
l ig ht v i s u a l l y  occ lu ded hu (  clicking.

feasibility of objective visual field-testing. Evoked occipital
potentials were recorded from two disc -electrodes placed on
the sk in and vert ically or iented over the occ iput . These poten-
ti als were amplif ied , passed thr ough a narrow band-pass fre-
quency-f i l ter , and the area of each summed , evoked wave form
between 50 and 200 mil l iseconds af ter  the st i mulus was inte-
grated to give a digital response. Fig. I is a diagrammatic
representation of the recording method. Either the single light
subtending 2.5 ° of the arc could be moved to different points in
the field , or fixation of the eye could be shifted for testing of
different  areas within the visual field. Twenty-five patients wi th
visual field defects were tested , and , in the major i ty ,  field de-
fects could be crudely detected by this  method , corresponding
to those obtained subject ively.  Experiments were performed Ofl

normals  to demonstrate that under optimal  conditions the blind —
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spot scotoma could also be detected. Actually, experiments
utilizing the blind-spot scotoma were initially used to determine
the intensity , size of stimulus , and the amount of background
illumination necessary to achieve a degree of local retinal sti m-
ulation. It was felt that only in this way can one be relatively
certain that stray light is not stimulating the visual system
through retinal receptors , outside of the “blind” areas of a
visual field , which would cause false-positive , evoked responses.
This approach has sometimes been critized by arguing that , since
fixation is often a problem , diffuse stimulation is more rational.
Vaughan, Katzman, and Taylor (1963) reported that using full-
field stimulation through closed lids and lateral electrode place-
ments over the occiput , they are able to detect hemianopsias
reliably by recording visual-evoked responses. However , the
detection of smaller field defects cannot reasonably be expected
with such techniques without recognition of the need for accurate
fixation and the use of stimuli small enough to explore visual
space. Certainly, the electrophysiological approach should ini-
tially be most useful where the patient is unable to respond, as
when in coma, or when anesthetized. Under these circum-
stances , fixation by the subject is not possible. For such occa-
sions, a fiber-optic ophthalmoscope has been proposed which
could project a stimulus onto the retina under direct observation
(Copenhaver & Perry, 1964). Such a device is now nearing com-
pletion in the laboratory at Florida State University . A skilled
ophthalmologist should be able, with such a device , to stimulate
almost any, desired , retinal location through a dilated pupil ,
and to maintain the stimulus with an accuracy of plus or minus
10 for the necessary time to record the visual-evoked response.

In addition to discrete retinal stimulation in detecting small
scotornas , such as the blind spot, a narrow band-pass frequency-
filter has been most helpful in reducing the number of averages
necessary by enhancing the signal-to-noise ratio. Even withou t
the use of an average-response computer , such narrow band-
pass frequency-filtering has been used to separate signal from
noise (Fricker , 1962). A criticism of this approach has been
that, through such narrow-band frequency-filtering, the evoked
response always necessarily has the configuration of a sine
wave, and that valuable Information is lost. However , the ampli-
fied, raw electroencephalogram can be recorded on tape to be
studied at leisure, while the amplified, filtered, and processed
evoked response may be observed “on line.” The use of a tape
recorder for storage of raw data has the advantage of allowing
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FIG. 2. Photograph of recordin g and stimulating equip-
ment showing In left for .ground cylinder with single mov-
able stroboscopic light Initially used in visual field ex-
periments. New multilight stimulator on right to be used
in future experiments. Display panel anterior and central
to corner of multiight stimulator with series of lights
corresponding to those in hemisphere . Computers in
center background.

the same data to be restudied repeatedly, using different pro-
cessing techniques.

The authors’ are presently experimenting with a computer
capable of sequentially flashing each of 45 Xenon stroboscopic
lights embedded at different locations in a 1/2 meter-radius
hemisphere (Fig. 2). After stimulation of each retinal point , the
computer is capable of determining whether an evoked response
has been obtained, provided the criteria for such a response
have previously been inserted into the computer. Determination
of the best criteria for recognition of an evoked response is a
major problem receiving much attention. A light on a display
panel, corresponding to the stimulus light in the perimeter, will
then change to a color indicating that an evoked response has
been obtained , or go out if an evoked response has not been ob-
tained. The computer automatically clears itself , and then pro-
ceeds to the testing of the next retinal location unti l all 45 points
have been tested, and the results are recorded on the display
panel. Preliminary study suggests that at a stimulus frequency
of 16 cycles per second (sec) only 64 averages may be necessary
to separate evoked responses from “noise ,” when using the total,
Integrated area under the wave form as a measure of response
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size. If fu rtlw ~ study cou f I rms this. (jill y 8 sec would he requ i red
at each test point. It is significantly easier to d i s t ingu ish  an
evoked response obtained from macular s t imulat ion , than f rom
perip heral , retinal stimulation (Fig. 3). It is already apparent
that  a system of st imulat ion , employing test obj ects  of fixed
size and location , is an inflexible arrangement  that does not
allow the direction of adequate attention to the scotomatous area
of the visual f ield . Little experience with this device allows no
statement to be made , as yet , of its ability or reliabili ty to de-
tect visual field defects.

30 25 20 15 0 5 25 F 25 5 10 l5 20 25 30
An gular Deviat ion of Stimu lus in Degrees f rom F ix a t ion  Point (F) in Horizontol

and Vert ical  Meridians

FIG. :i. Evoked occipital response shown when 2 .i~ -diameter
s t imulus  light is located at different  points in v i sua l  field of ri ght
eye of one trained observer . Each point represents mean of six
tr ials  (n 128 flashes each trial) with all t r ia ls  randoml y recorded.
Means plotted as ratios of peak response (fovea). Ver- v isun il y
evoked response .

As in many other laboratories , much of the time of the authors
has been spent not in the study of subjects with visual defects,
but in studies of various stimulus parameters , and other vari-
ables that may affect such responses.

A lack of knowledge about many characteristics of the com-
plex , cortical-evoked responses has delayed the interpretation
and , hence , the application of such recorded responses. For
example , the study of wave configuration has yielded little con-
crete information about the significance of different components
of the wave forms.  The different  components of the electroretino-
gram have been identified with both photopic and scotopic pro-
cesses , even in dealing with the smaller, averaged responses
(Gouras , Armington , Kropfl , & Gunkel , 1964). Few studies have
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att e iiipted to relate COfl1~~ ments (>1 the v i sua l  — e’~’ liked , C ( ) r t i  cal

~eSt )OllS(~ to 1)hOt O 1)JC and scutopic f) f ’ oecSSeS (van l3alen & Hvnkes ,
1960). It has been established that the average evoked elertro—
re t inugr am is p r i m ar i ly  seotopic , al t hou gh , with high ra tes of
flicker and colored lights , photopic processes have been identi —

fled (Arm ington , Tepas , Kropfl , & Hengst, 1961). The cortical
response appears to be p r i m a r i l y  a photopic response as deter-
mined from study of spectral sensitivity (

~IJI~~fCS (Arm ing tun , 1964),
and dark adaptation. Dur ing the (

~our5(~ of partial dark adapta-
tion , Perry & Copenhaver (in press) found no consistent changes
in the amplitude or shape of vi sual cortical responses , whi le  the
evoked electroretinogram increased markedly in amp litude .
Therefore, it is difficult to relate any particular component (If
this wave to a scotopic process. In addition , high rates of f l icke r
and orange lights favoring photop ic processes have enhanced
macular sensi tiv ity in recording average evoked electroretino-
grams (Arm ington et a!., 1961), quite comparable to that obtained
with slow rates of fl icker and white lights (effective scutop ic
s t imul i )  when recording evoked occi pital FC S~~Ofl S~~S (Fig.  3)
(Copenhaver & Perry,  1964). This fur ther  suggests that the over-
all amphtud e of the evoked occipital response is p r i m ar i l y
representative of photopic processes. The d i f f i cu l ty  in ident i fy-
ing scotopic components in the cortical-evoked responses may
relate to the large representation of the inacula in the visual
cortex , directl y underlying the recording electrodes.

The di ff iculty is further compounded by the marked var i-
ability in configuration of wave shapes caused by different  elec-
trode placements (Cobb & Daw son , 1960; Monnier, 1952) , and
among different individuals.

Nor is there agreement as to the or igin of these potent ials.
Several studies suggested the earlier latency components are
derived from pr imary ,  visual cortex (Ciganek , 1954; Vaughan
et al., 1963), while other studies suggest that these responses
probably arise rrom visual—association areas (Hill & Parr , 1963).

It was hoped that the clectrophysiological approach would
eliminate the subjectivity in present , c l inical  methods (if record-
ing the visual f ields.  Unfor tunate ly ,  many of the same factors
that mak e standard pen m etry “subjective.” such as lack of
attention , habituation , and fatigue ~Haider , Spong, & Lindsley,
1964; Perry & Copenhaver, in l)~~P SS (a) also cause signif icant
decrements  in the amplitude of visual —evoked cortical potentials.
There is even a suggestion that  force d vigi l an ce  may enhance
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such re sponses (Davis , 1964). Compl ex interactions may occur
when different , sensory modalities are being concurrently sti m-
ulated (Brazier , 1964).

The cortical-evoked response is a complex wave showing
much in tersubject variation and , whil e fairly stable in the same
subject to one set of stimulus parameters (Dustman & Beck ,
1963), will vary with wave length , fr equency, luminance , and
location of the stimulus (Armlngton , 1964). Mu ch difficult y un-
doubtedly arises from the fac t that intervening tissues , such as
skull and scalp, separate the generated , cerebral potentials
from the recording electrodes. Thu s, the potential s recorded
from the scalp are only about 20 per cent as large as those re-
corded simultaneously from the cortex (Giblin , 1962), and the
wave form is altered in shape as well as amplitude (De Lucchi ,
Garoutte, & Aird , 1962).

Some reports Indicate that differences in evoked cortical
responses between individuals are unrelated to differences In
the electroencephalograms of these Individuals (Dustman & Beck ,
1963; Ebe , Aki , & Miyaz aki , 1962), while others have associated
some features of the evoked cortical response with various corn-
ponents of the electroencephalogram .(Tepas , Arniington , &
Kropfl , 1962 ; Kooi & Bagchi , 1964).

Changes in pupil size affect the intensity of the stimulus
reaching the retina and , therefore , may cause changes in the
evoked response. Some studies have implicated changes in pupil
size from attentional factors or habituation to alterations in
evoked cortical responses (Fernandez-Guardiol a , Harmony,
& Roldon, 1964), while , in other studies , pupillary changes were
not found responsible for such alterations (Garcia-Austt , Van-
zulU , Bogaiz , & Rodrlquez-Barrios , 1962).

If anesthetized patients are to be examined , another variable
is the choice of anesthetic , since some anesthetics may cause
decrements In the occipital responses (Domino , Corssen , &
Sweet , 1963).

These problems and others such as artifacts f rom myogenic
muscle potentials (Bickford , Gaibraith , & Jacobson , 1963), and
differences with age (Copenhaver & Perry , 1964) will, of course ,
require further investigation if control of such variables is to
be achieved.

The evoked retinal response is more stimulus-dependent ,
better understood , and apparently little affected by the many
extraneou s factors which may alter the cortical evoked response
(Copenhaver , Tepas , et al. 1962; Tepas & Perry , 1962 , & Perry,

178



1964). However , because of the lack of sensitivity of th is response
(Tepas et al., 1962; Copenh aver & Per ry ,  1964), which requ i res
the use of relatively intense light stimuli , focal , retinal responses
appears to hold little potential for studies of the vftual field ,
where anything but extremely gross resolution is desired. Never-
th~L s s , c~ mpL4ter techniques al low a sensitivity sufficient to de-
tect relatively small areas of functioning retina (Gouras , Gunkel ,
& Jones , 1962), as in retiniti s pigmentosa , where an evoked re-
sponse may be detected while the field is absolutely constricted
to within 3° of the fixation point (Gouras et a!., 1962). Conversely,
lesion s of the central retina , which are several square millime-
ters in diameter , cause significant decrements in the visual-
evoked retinal response (Gouras et al., 1964).

Such decrements from central retinal lesions have been
crudely related to the degree of visual loss when recording at
the occipital level (Copenhaver & Perry , 1964).

Recording of the evoked retinal response may then be of value
in helping to distinguish retinal diseases from those located
more posteriorly in the visual system , such as an optic nerve ,
trac t , or radiation lesions (Ebe et al., 1962; Copenhaver et al.,
1963; Gouras et a!., 1964). Present , subjective testing of the
visual field allows a three-dimensional interpretation of the loca-
tion of a lesion . For example , it may assist in the localizat ion
of a lesion in the vertical and horizontal meridians of the visual
system , as well as contribute information about its location in
the anterior-posterior axis of thi s system. The recording of
simultaneous, evoked retinal and cortical responses allows a
kind of crude , f ourth dimension by contributing .obj ective infor-
mati on detected at different depths in the visual system.

In summary, the resolution of current methods of electro-
perimetry is extremely poor as compared to quantitative , visual
field-testing by standard means in a cooperative patient. In
addition , the complexity of the cortical response , which is poorl y
understood , the expense and complexity of the equipment required ,
and the sensitivity of the response itself to subjective variables
promises to delay the entry of this exoti c techniqu e on the clini-
cal scene . Nevertheless , the advent of new electronic techniques.
which allow the recording of visual-evoked responses at the
retinal and cortical levels of the visual system from more phys-
iological light stimuli , has spurred study of the many variables
which may affect these responses. Since such attempts are still
in their infancy, there remains room for optimism. It is antic-
ipated that , ultimately , electroperimetry will become more
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) ) eraln ent a l  , and s imple r  to operate.  More i n ip or t  ant , ho wever ,
is that  even if the e lec t rophys iu lugica l  approach caim t dup l ica te
th e  resolut ion of subjective tes t ing ,  i t  may y i e ld  i n f or m a t i on  of
s ign i f i cance  about visual physiology , and in fo rmat ion  c l i n i c a l l y
useful  which  is unique to such methods.
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CLINICAL MEASUREMENT OF INTRAOCULAR
PRE SSURE

Mansour F. Armaly
Department of Ophthalmology and University Hospital s
University of Iowa

Interest in intraocular pressure and in its clinical measurement
rests mainly, if not exclusively, on the possible relationship
between this parameter and visual function. An examination of
the relevant evidence and opinions would be , indeed , essential

- for the proper characterization of the clinical significance of
this measurement; however , such a monumental--undertaking is
beyond the scope of this presentation.

In open-angle glaucoma, a raised intraocular -pressure level
is , in general , associated with the typical , progressive loss of
visual function which may end in blindness. It is this tragic
association which is responsible for the interest in the clinical
measurement of intraocular pressure with the hope that it will
significantly improve detection and management of this disease.
However , while this association may be true , in general, for the
advanced stages of the disease , the characteristics of the early
stages are far from being definitively established. Advanced ,
glaucomatous field loss has been known to occur in the absence
of ocular hypertension, and normal visual function has been
known to exist in the presence of marked ocular hypertension.
Th is  absence of correlation between intraocular pressure level,
.ind the presence or future development of glaucomatous field
i~~~ j~~d to the terms “physiologic ” and “pathologic ” levels of 

i1 ~~r pressure ( Friedenwald , 1949). However , by defini-
..ueh Ip v e l ,  are not predi c tive in nature , but , rather , are
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or t he fu tu re  status of visual function , a knowledge of this func-
tion is necessary to characterize the pressure level.

In the absence of a simple , cause-and-effect relationship , one
next inquires as to whether different pressure levels signify
different risks and probabilities of the future development of
glauconiatous visual damage . Critical evaluation of available
evidence reveals absence of reliable information in this respect.
No definitive information is available which could permit one to
state that individuals with high pressure levels either have glau-
comatous field damage , or will inevitably develop this damage
in the future , or are more likely to develop this damage than
individuals with lower levels of intraocular pressure (Armaly,
1960; 1962 a). In the presence of normal visual fields , a pres-
sure level has no empirically established, predi ctive value with
regard to the future of visual function . Any implication in this
respect is of the nature of opinion and is not an empirically
established relationship.

“Physiologic” or “normal” pressure levels have been too
often confused with frequent , and “pathologic ” w5 th infrequent.
Thus , data collected from ill-defined samples were analyzed to
determine levels of “normal ” and “abnormal” intraocular pres-
sure. This determination was done by arbitrarily equating “ab-
normal” with a certain level of frequency, say the 5 or 1 per cent
level , such that pressure levels that are two or three standard
deviations away from the mean value are considered “suspect”
and “abnormal” ; the intensity of the abnormality being directly
commensurate with its distance from the mean , or its infre-
quency. This , of course , assumes that in the presence of normal
visual function , high pressure levels are indicative of a threat
to the future of this function; such an assumption has not been
empirically validated.

Ingenious models have been suggested to explain the manner
in which intraocular pressure produces field loss and to account
for the marked variability of vulnerability among individuals
(Armaly, 1962 b; Gaffner & Goldmann , 1955) . These models
introduce a vascular factor on which the intraocular pressure
acts to produce ischemia of the nerve-fibre bundle and the result-
ing functional loss. These models have been , in general , veri-
fied by clinical observation and investigation (Harrington , 1959).
Numerous investigators are attempting to assess this inter-
action in the individual subject with the hope of determining
whether a certain pressure level is likely to be associated with
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glaucomatous visual loss in the future. These attempts , however ,
are still at the investigative level.

It is the author ’s belief that in the final analysis, the signif i-
cance of the measurement of intraocular pressure is int imately
determined by therapeutic limitations. The only variable which
can be modified in this respect is a raised intraocular pressure.
Thus , in the presence of glaucomatous field loss , a raised intra-
ocular pressure dictates active hypotensive therapy; the expecta-
tion being that its reduction will beneficially modify the course
of the visual function loss. There is very little that one can do ,
therapeutically, for glaucomatous loss of visual field when it is
not associated with high pressure.

Amid this background of inadequate information on the natural
history of open-angle glaucoma , and under the oppressive pres-
sure of the threat of blindness which it carries, the following
practical guidelines hav e evolved. In the presence of glaucoma-
tous field defect , a high pressure level should be energetically
counteracted with hypotensive therapy. A treatable pressure
level , in thi s respect , may be as low as 20 millimeters of mer-
cury (mm Hg). In the absence of glaucomatous field defect , such
levels indicate a closer follow-up once every three to six months
in order to follow visual function carefully for the earliest evi-
dence of glaucomatous damage , which will then dictate hypoten-
sive therapy. Some feel that pressure levels of 30 mm Hg, or
more , should be treated , even when evidence of visual damage
is absent.

It is of the utmost importance to realize the limitations of
ocular pressure measurement as a preventive measure in glau-
coma detection . More important is to transfer thi s knowledge
accurately to the individual subject or patient. Glaucoma and
its blindness are , in this respect , too well known by the general
population. The limitations of pressure measurement should be
clearly explained in order to avoid the development of harmfu l
reactions , such as a false sense of securi ty , or an unwarranted
scare of glaucomatous blindness.

Within the above formulation of the problem , the clinical
value of routine , ocular pressure measurement becomes readily
apparent. For , using arbi tr ary guidelines of pr essur e levels ,
one may expect to divide the population into two groups on the
basis of intraocular pressure measurement: Group I, with low
pressure levels , constitutes the group for which there is little
or nothing to offer therapeutically in the event that a glaucoma-
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tous field defect is present. Group II , with high pressure levels,
constitutes the potentially treatable group . and includes those
cases in which def inite therapeut ic interventi on is indicated in
the event a glaucomatous f ield defect is present.

Thu s, pressure measurement in this manner will uncover
cases of treatable glaucoma that would have otherwise remained
undetected until a very advanced stage of the disease, and only
after permanent loss of considerable visual function. It should
be emphasized, however, that in this manner , only a fraction of
individuals with treatable glaucoma is detected. Even when a
pressure level of 20 mm Hg is used as a criterion , 40 to 50 per
cent of treatable glaucoma are missed by single pressure mea-
surement (Armaly & Becker , 1961). In these cases , a treatable
pressure level is demonstrable only on repeated measurement
and follow-up. This realization is extemely important in deter-
mining interpretation and advice following a single determination
of intraocular pressure. -

It should be added , however , that all cases of treatable glau-
coma will be detected by visual field examination. Thus , a great
improvement in the yield of detection of treatable glaucoma can
be achieved by the routine examination of central visual fields.
This test will detect all those with glaucomatous field defect;
such subjects are then thoroughly exam ined and followed up by
pressure measurement to determine whether they are treatable
or not.

To help obtain an idea of the size of the problem at hand , the
findings are briefly summarized of a study of 2400 subjects over
the age of 21 years who , to the best of their knowledge , had nor-
mal eyes (Armaly, 1965). These subjects received a complete
eye examination, including applanation tonometry and central
visual field examination. They came from different income
levels and occupations , and were representative of the popula-
tion of the city of Des Moines, Iowa.

Preliminary examination revealed that this sample cannot be
considered as a homogeneous group having a single Gaussian
distribution of applanation pressure. This hypothesis had to be
rejected at the 1 per cent level of confidence. The distribution
was markedly skewed to the right , such that using the statistics
of a single Gaussian distribution will markedly underestimate
the frequency of high applanation pressure.

Further analysis revealed that age and sex are significant
factors in this respect , such that each age and sex group may
be descr ibed as a homogeneous , single Gauss ian distribution ,
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T A R  LI I . The A V e  ge ~i od the  Staii d~i i’d D ev ia t u )n  of App l:i nat ion
Read ing

Age in
Yea rs Males Females Percenta ges

20—29 14.93 2.47 14 .97 ± 2. 51 11.9

15.17 + 2.97 15.1% t - 2.82 18.0

40— 19 15.55 ~ 2.96 15 .71 3 .04 < O.O Wi

50-59 nj .~ ij ~ :~~ i 16.47 -
~~ 2.89 — 0.006

60—6 9 16.33 + 3 .80 16.79 -~ 3.79 < 0.006

70— 79 16.1 I i -1 .15 17.15 ± 3.83 6.28

but that different groups have significantly different statistics
(Table 1). Both males and females show a progressive increase
of pressure with age . Furthermore , after the age of 40 years ,
females show a significantly higher pressure than males. If a
pressure of 20 mm Hg or more is used as a criterion for clini-
cally significant pressure level , then it is evident that this por-
tion will become greater with age , and it will be more in females
than in males. Interesting, in this respect , is that this fraction
increases exponentially with age at the same rate in males as in
females (Fig. 1). if the sample frequency in different age and sex
groups is now used to calculate the expected number of individ-
uals with a pressure of 20 mm Hg or more in the United States ,
it is found that the total numbe r is , indeed , startling (Table 2),
coming close to 16 million individuals. Keeping in mind that
cases of known , open-angle glaucoma and those with ocular com-
plaints were excluded from this sample , it becomes evident that
the calculated value represents a minimum estimate .

In conclusion , although understanding of the relationship be-
tween intraocular pressure level and visual function is far  from
being complete , or even adequate , and the present level of con -
trol of disease states involving these parameters is far from
being satisfactory , nevertheless , a good part of the problem
remains the detection of treatable cases of glaucoma. This is
especially important because of the virtually symptomless nature
of open-angle glaucoma. Routine measurement of intraocular
pressure will  signifi cantly improve the extent to which treatable
cases are detected and brought to medical attention. This yield
can be markedly improved by including, in add iti on , an exam ina-
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FIG 1. Percentage of frequency of individuals with applanation reading
of 20 or more in different age groups of both sexes. Solid circles (males) ,
solid triangles (females) . Abscissa denotes age groups in years . Ordi-
nate: logarithmic scale of percentage of frequency. Most secure points
are th ose for age group between 40 and 69 years , due to size of sample.
Line can be drawn to all points without significant deviation of any one
point. Note parallelism of two lines and greater frequency in females.

TABLE 2 . Frequency of A pplanation Reading of 20 or More

Males Females

Estimated M m -  Estimated Mm -
Percentage imum * No . of Percentage imum~ No. of

Age in of m d .  in Individuals in of m d . in Individuals in
Years Sample U.S. Population** Sample U.S. Population**

20 -29 4.5 501 ,000 5.5 611,000

30-39 11.2 1,351 ,000 9.4 1,655,000

40-49 11.5 1,295,000 13.8 1,603 .000

50-59 15.7 1,418 ,000 19.3 1,813,000

• 60-69 21.8 1.390 ,000 25.4 1,818 ,000

70-79 23.7 865 ,000 28 .9 1,283 ,000

Total 6 ,820 ,000 8,783 ,000

*Actua l n umber in U.S. Population will be large r since cases of known
glaucoma were excluded from this study.

~~ To the nea rest 1 .000.
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t ion of the visual field. A proper understanding of the arbitrary
nature of this performance , and the correct information of the
subjects about the meaning of a pressure measurement can
markedly reduce the harmful effects that could otherwise result
from the improper interpretati on of clinical measurement of
intraocular pressure .
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INSTRUMENTS FOR MEASUREMENT OF
INTRAOCULAR PRESSURE 1

Robert A. Moses
Department of Ophthalmology and the Oscar Johnson Institute
Washington University School of Medicine

So far as vision is concerned , the intraocular pressure must be
somewhat above atmospheric pressure for the soft leather eye-
ball to maintain its shape. If the intraocular pressure becomes
too high, the eye loses vision , a syndrome which is clinically
called glaucoma. No one knows where to draw the borderline
between safe and unsafe intraocular pressure. Moreover , speak-
ing of intraocular pressure is almost like speaking of the li ght
intensity as one drives through a wooded area. Intraocular pres-
sure varies with blood pulse , respiration , position (whether
erect or recumbent), time of day , and so on.

Pressure is defined as force per unit-area. Any estimate of
intraocular pressure must , in some way, be based on estimates ,
direct or indirect , of force and area. Intraocular pressure , P0,
is the result of aqueous secreted into the eye at rate F , escaping
through a leak , or facility, C , into blood veins at pressure ~~~

F=(P -P ) C
0 V

The common laboratory technique of cannulation of the eye
and measurement of pressure with a manometer as not germane
to this discussion , except as a method for calibration of other
measuring devices. Such measuring devices , or tonometers ,
must necessarily measure intraocular pressure through the wall
of the eye. Since the cornea is of relatively uniform structure ,
measurement at the cornea may be expected to give more uni-

1. This research has been supported by Grant NBO-36%9-03 from the
National Institute of Neurological Diseases and Blindness , Nation al
Institutes of Health , Public l.ealth Service. Bethesda , Mary land.
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form results than elsewhere , where the tonometer will rest over
conjunctiva , sciera, and ciliary body, or choroid and retina.
Only corneal tonometry is discussed in this presentation .

Classically, tonometers are divided into applanation and
indentation types. Applanation tonotneters may be divided into
those in which fixed force is used and the area of contact between

- tonometer and cornea Is measured, and those in which the force
necessary to flatten a fixed area is measured~ The fixed-force
type of applanation tonometer Is exemplified by the Maklakow
tonometer which has changed little from its introduction in 1885.
FIg. 1 shows one of these tonometers. A thin coat of dye is
smeared on the end of the weight. After the weight Is lowered
on the anesthetized cornea of the supine subject , the diameter of
the disturbed area of dye is measured and, since force and area
are known, pressure is defined. Tears disturb the dye as well
as corneal contact , so a wet eye will appear to have a lower pres-
sure than a dry eye.

FIG. 1. Maklakow tonometer. Dye smeared on flat surface of tonometer
is disturbed when tonometer is lowered onto cornea. Diameter of im--
print is measure of intraocular pressure—larger Imprint , lower pressure.

The modern descendent of the FIck (1888) fixed-area, variable-
force tonometer Is the Goldmann tbnometer (FIg. 2). The fluo-
rescein-stalned tear meniscus surrounding the area of applana-
tion defines that area. When the circle of applanation Is viewed
by blue light through a field-splitting prism two fluorescent arcs
are seen. The force of the prism against the cornea Is varied
until the Inner edges of the arcs Index, Indicating standard ap-
planatlon diameter (Fig. 3). At 3.06 millimeters (mm) diameter,
the force required to bend the cornea Is balanced by the surface
tension of the tears (FIg. 4).

The Goldmann tonometer , largely because of Its beautiful theo-.
retical development, has become the standard against which other
tonometers are gaged.
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FIG. 2. Goldmann applanation tonometer. Used in conjunction with slit-
lamp microscope. Force with which prism, above , bears against cornea
is varied by knob, below.

Ti. Sau l Ti. %...i. S~u~Is~~

FIG. 3. Fluoresceln-stalned tear-menlscus as êeen through pr ism of
Goldmann applanatlon tonometer. Prism displaces half-fIelds 3.06 mm.
When Inner borders of semiciroles are In line, applanatlon diameter is
3.06 mm.

IN T RAOCULAR PRESSURE MEASURED FORCE
+ —+114—-. +

CORNEAL BLND MENISCUS SURFACE
TENSION

FIG. 4. DIagram of forces Involved In applanatlon tonometry. At equilib-
rium force pushing prism toward eye, plus meniscus surface-tension
pulling prism toward eye equals force of intraocular pressure over area
of contact plus spring force of bend In cornea.
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Other applanation-type tonometers are the Mackay-Marg, and
that made by Block Engineering, Inc. These both record on a
paper strip. The Mackay-Marg records the deflection of a stiff
spring on which a small, central plunger is mounted (Fig. 5).

~;•i

FIG. 5a. Mackay-Marg tonometer.

c I t~

I~~~~~J J
FIG. 5b. Relation of extent of contact
between cornea and Mackay-Marg
probe to recorded plunger deflection.

As the probe Is advanced toward the eye, the plunger first sup-
ports Intraocular pressure plus the corneal bending force. When
the bend In the cornea passes over to the footplate the relief
from this force Is registered as a dip in the plunger-displace-
ment record; now the plunger supports only Intraocular pressure.
This tonometer Is so rapid that it may be touched to the unanes-
thetized cornea before the subj ect blinks.

The Block tonometer exerts gas pressure against a membrane
applIed to the eye. When the pressure Is sufficient to balance
Intraocular pressure a shift In membrane position and a flex ,
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FIG. 6a. Schematic diagram of Block
tonometer.

HL HL

FIG. 6b. Relation between degree of
contact of Block tonometer probe with
cornea and recorded pressure.

or dip, in the gas back-pressure is recorded (Fig. 6). This to-
nometer is quite new and is not further considered at this time.

The Schiotz tonometer (FIg. 7) Is the typical , Indentation to-
nometer. A handle supports the footplate and plunger so that each

. .

0 0

FIG. 7. Schlotz tonoineter.

196



bears on the eye w i th i t s  own weight. The relative depth of the
plunger indent ation is associated with the force per uni t-ar ea
definition of pressure rather indirectly.  The plunger forms a
somewhat conical indentation. The altitude of the cone is mea-
sured , but the base of the cone is the area over which pressure
acts to support the weight of the plunger. Recording Schiotz to-
nometers are available.
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FIG. 8. Comparison of pressur e mea-
surement made with two Goldma nn appla-
nation tonometers arranged for supine
subject. Line is reference slope 1, and
not regression line.

If one takes the Goldmann tonometer as a standard, the re-
peatability of measurement with thi s tonometer should be a
standard for repeatability . Figure 8 shows the results of two
successive measurements on a group of subjects with two sepa-
rate Goldmann tonometers. In this case the tonometers were
arranged for the supine patient. The variation between the read-
ings is of the order of ±2.0 mm Hg. Figure 9 is a comparison
of Goldmann and Makiakow readings. As expected , the Makiakow
tonometer tends to underestimate pressure in an erratic manner.
Comparison of the Goldmann and the Schiotz tonometers (Fig. 10)
gives more scatter than the repeat Goldmann measurements.
Comparison of the Goldmann and the Mackay-Marg with corneal
anesthesia (Fig. 11) is not very different from Goldmann versus
Schiotz. When no anesthesia is used with the Mackay-Marg the
scatter is worse.
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FIG. 9. Comparison of pressure measure-
ments with Makiakow tonometer and wi th
standard Goldmann applanation tonometer.
Line is reference slope 1, ~nd not regres-
sion line.
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FIG. 10. Compa rison of pressure mea-
surements made with Schiotz and Goldmann
applanation tonometers (desi gned for use
on supine patient) . Line is reference
slope 1. and not regresssion line.
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FIG. 11. Comparison of pressures mea-
sured by Mackay -Marg and Goldmann
applanation tonometers.

For mass screening, the author would eliminate the Makiakow
tonometer as too inaccurate , unless methods can be developed to
reduce the erratic underestimates of pressure.

Technicians can be taught to use any of these tonometers.
The time required for use of each is about the same, although
no studies on this point have been reported. If the Goldmann is
used in its hand-held form the portability of the instruments is
about the same. Both the Schiotz and the Mackay-Marg may be
enclosed in sterile , disposable , rubber coverings ensuring
against transfer of infection. Only the Mackay-Marg, and pos-
sibly the Maklakow, can be used as corneal tonometers without
anesthesia.

These considerations would seem to suggest that the Mackay-
Marg would be the instrument of choice for screening purposes.
However , the only published study comparing the Mackay-Marg
with another instrument is the early one by Marg, Oechsll , and
the author (Moses , Marg, & Oechsli , 1962). It would seem rea-
sonable that further studies should be conducted before a choice
of screening instrument is made .

The grading of intraocular pressure on a scale of ten steps
is straightforward. Thus, a simple scale from 0 to 45 mm Hg
could be divided In nine equal steps of 5 mm Hg, leaving the
tenth step open for very high pressures. There is no Insistence
on the specific width of the steps.
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The emphasis on the measurement  of intraocular pressure is
questionable. The eye could be more adequatel y charact erized
with regard to its hy draulic system if rate of secretion of aque-
ous , f acili ty of outflow , and episcieral VCflO US pressure were
mea sured as well . Prediction of visual field loss will probably
require an estimate of retinal blood-circulation parameters as
well.

RE FE RENC E
Moses , R. A. ,  Marg, E ., & Oechsli , B.. Evaluation of the basic validity

and clinical useful ness of the Mackay-Marg tonometer. Invest. Ophtha l .,
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E FFECTS OF STRESS ON VISUAL FUNCTION
Introductory Statement by the Chairman of the Section

John Lott Brown
Kansas State University

The concept of stress , although ill-defined , continues to be used
widely. In the discussion of the effects of stress on visual func-
tion , the concern here is with any readily identifiable agency
which disturbs , degrades, or disrupts any aspect of visual func-
tion. This section treats both the clinical aspects of stress and
the laboratory studies of the effects of stress on various of the
visual functions with which this meeting is primarily concerned.
Dr. Heinrich Rose , who has had long experience both as a flight
surgeon and as an investigator in various agencies of the U.S.
defense establishment , has been asked to comment mainly on
the clinical aspects. The second paper is primarily concerned
with laboratory studies of stress. It is important to point out ,
however , that the division of this topic by the authors has been
somewhat arbitary, and there is a certain amount of overlap In
the presentation.
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CLINICAL AND FIELD CONSIDERATIONS OF
VISION UNDER STRESS

H. W. Rose
Stanford University

Stress in this paper is not restricted to the meaning of the word
in Selye ’s sense . Although some of the stresses discussed will
cause effects through that mechanism , a broader meaning of the
word is used here . Included are a variety of effects that influ-
ence vision , generally in the sense of deterioration of function.
However , some functions may be improved under a stress which
causes the deterioration of others.

The measurement of visual parameters unde r stress is not
yet common in clinical usage nor in the selection tests for avia-
tion . However , the improved discrimination of visual tests under
stress should justify a wider usage. Stresses are discussed that
warrant consideration in the clinic , and in the selection of avia-
tors , as well as stresses that are of practical interest in aero-
nautics and astronautics. There exists a vast literature about
the effects of aerospace stresses on man , but due to space limi-
tations , only a few classical studies and some recent work in the
field can be quoted.

One can conveniently subdivide stresses into those , that (A)
affect the eye indirectly while acting primarily on other organs ,
and that (B) act directly on the eye.

Hypoxemic Hypoxia (A-i)

Vision is one of the functions most sensitive to the effects of low
partial pressure of oxygen in the atmosphere. During ophthal-
moscopic examination , both the retinal arteries and veins can
be seen to dUate in hypoxia (Dampert , 1929). Cusick et al. found
at altitudes of 18,000-21 ,000 fe et (ft) an increase of 10-20 per
cent in the diameter of retinal vessels. (Cusick , Benson , &
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Buuthby , 1940). Dugu el et a!. saw di la t ion be ginning at 4000 M
(about 13,000 I t ) and reaching a m a x i m u m  at 6000 M (about
20 ,000 ft )  within 15 mm at altitude (Duguet. Dum ont , & Baill i art ,
1947). They found an increase in the diameter of the retinal
arteries by 10-39 per cent and of the veins by 10-34 per cent.
The enlargement of the vessels can also be demonstrated by the
en largment of the blind spot in hypoxia. Ophthalmoscopically, a
pronounced change in the colors of the retinal arteries is seen;
they become darker and more bluish in hypoxia. The optic disc
changes in hypoxia from a light reddish-pink to a bluish gray.
Examination with the ophthalmodynamorneter shows , as a rule ,
an increase in the blood pressure of the retinal arteries which
goes parallel to the increase in the intrac ran ial arteries.

These reactions of the circulation do not provide a complete
compensation for the effects of hypoxemic hypoxia. One finds
therefore , a variety of disturbances of visual function in hypoxia.
Early balloon and aircraft  flights had resulted in reports of im-
proved visual acuit y at altitude . These early reports , however ,
refer largel y to experiences that were not properly controlled
as to luminance , pupillary diameter , and atmospheric transmis-
si on.

Mc Farland and Halperin (1939-1940) found a decline in visual
acuity during hypoxia , especially at low luminances. They report ,
at a high luminance producing at the retina 1320 “photons”
(Troland), and at 18,000 f t equivalent altitude , a visu al acui ty of
94 per cent of that at ground level. However , with moderately
low luminance , producing at the retina 0.144 “pho tons ” (Troland),
they report , at 12 ,000 ft , a decline to 60 per cent of the ground-
level visual acuity , and at 18,000 ft , a decline to 45 per cent of
the ground-level visual acuity . This decline of visual acuity is
even more pronounced at scotopic levels. Visual acuity recovers
within seconds with the Inhalation of adequate oxygen at altitude .
Braun (1950) found in a 7 per cent oxygen atm osphere , corr es-
ponding to 7500 M , or 24 ,000 ft , at lumiriances of 0.25-0. 125
apostilb (asb), or about 0.8-0.4 nit , decreases in visual acuity
to 70 per cent of that at ground level.

The size of the pupil has considerable influence on visual
acuity and night vi sion , also , indirectly , on depth perception .
For thi s reason the effect of altitude , especially of hypoxia , on
the pupi l is of interest. ZUst (1940) examined the pupils of
twenty subj ects in the low-pressure chamber at air pressures

1 . ‘‘photon ’’ I mill  h a  mbcr t I O/ ~ area el pupa i in in in -~
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‘ l  720. 520. and 320 mm Hg, and of three subjects on the Jung-
i rau J uc h  at a ii pressure of 520 mm Hg. He used il lumination of
0. 15 . and 85 lux ( lx ) .  In the short experiments in the low pres-
sui.e chamber , the transition from 720 mm Hg to 520 mm Hg
produced a decrease of the pupillary area of 10 per cent in dark-
ness. 14 per cent under 15 lx , and 15 per cent under 85 lx . At
an air pressure of 320 mm Hg, the decrease was 1.5 per cen t in
darkness , 32 per cent under 15 lx , and 24 per cent under 85 lx.
He also found an increased excitability of the light reflex of the
pupil. In the longer-term experiment on Jungfrauj och , the pupil-
lary constriction was no longer found , but the light reflexes were
still  more excitable. Z~ist considered the constriction and excit-
ability of the pupil an expression of increased parasympathetic
tonus in hypoxia. Mc Farland , Hoiway, and Hurvich (1942) have
confirmed these findings with a different technique , and studied
the time course of the pupillary diameter in prolonged hypoxia.
For aerospace flight by night , these effects are undesirable; in
bright daylight , however, the effect should he considered bene-
f ic ia l .

With sufficiently sensitive tests , a decline of dark adaptation
through hypoxia becomes noticeable during fast ascent to alti-
tudes between 1200 and 2000 M (4000 and 6500 ft) in sea-level
acclimatized persons. Testing dark adaptation with an Engelking-
Hartung adaptometer , Claman n (1938a) at 4000 M (13 , 100 ft) ,  an
increase in threshold by a factor of ten. The difference in mo-
nocular and binocular thresholds persisted at altitude , and even
increased on breathing oxygen at altitude .

Mc Farland and Evans (1939 ) measured at 4600 M (15 ,000 ft)
an increase in threshold after 20 mm dark adaptation by a factor
of 2.5. Raber (1941) examined the effect of hypoxia on the re-
covery of mesopic vi sual acuity after glare. His test had a
luminance of 0.16 nit (0.5 asb). After 120 sec at the end of his
tests , he found a visual acuity of 0.8 at sea level , 0.7 at 2000 M
(6500 f t ) ,  0.55 at 3000 M (10 ,000 ft) ,  and 0.5 at 5000 M (16 ,000 ft) .

The reported effects of hypoxia on dark adaptat ion are quite
noticeable. They can easily be used to demonstrate to flying
personnel the strong effects of hypoxia at altitudes at which the
general well-being of the pilot is not yet affected. However, the
value of dark adaptation in fl y ing has changed. Scotopic vision
has to he re-evaluated in the light of technical advances in flying.
A moderate degree of cone adaptation to the mesopic range seems
sti l l  useful  for or i enta t ion  in present—day f lyin g . Due to the cen—
ral seotoma and th e  low t’P SOlUt iO fl . S( ’Ot ( pI C vision with fu l l  rod
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adaptation appears of little value for flying with present-day
techniques. It is doubtful whether or not , even in World War H ,
much dete c t ion , aiming , and shooting in fighter aircraft was per-
formed wi th true scotopic vision. Present speeds and weapons
systems seem to make the use of scotopic vision in combat
largely obsolete . Cnly a few rather special missions are excep-
tions to this rule. In the practice of flying, one should , therefore,
he concerned with maintaining adequate rnesopic adaptation ,
which , as Raber (1941) showed , is strongly affected by hypoxia.

The influence of hypoxia on color vision was for many years
doubtful , due to difficulties in test technique. Reviewing the work
of Velh agen (1936), Schmid t (193?a and b), Fichter (1940), and ,
recently, Okamoto (1962), it seems established that in hypoxi a
normal trichromates generally remain normal , but equate a
wider range of red-green mixtures with yellow on the anomalo-
scope . Sensitivity for color differences decreases , and the thresh-
old for red is elevated. Red-green retinal rivalry is affected
by hypoxia (Rizzo , 1958). Normal trichromates very rarely
become color asthenopic. A similar decrease in sensitivity is
experienced by color asthenopes and color defectives. The stan-
dards of color vision for selection in aerospace flight are poorly
validated , and the trend in the practice of flight control is away
from color signals in favor of radio communication. There seems
to be , at present , a very limited use for color vision in orienta-
ti on and reconnaissance. Hypoxic effects on color vision , there-
for e , can at present be considered not critical.

During ascent in the low pressure chambe r , Wilmer and
Berens (1918) saw a slight enlargement of the visual field at
5000-10 ,000 f t., but a reduc t ion at 16 ,000 and 20 ,000 ft. , which
concerned mainly the lower part of the field (abou t 7 ° for white).
Goldmann and Schubert (1933) found nasal and superior restric-
tions beginning at 4200 M (14 ,000 f t.), reaching 15 ° at 6500-7000
M (2 1,000-23 ,000 ft.). Kyrieleis et al ., however , showed that the
alleged visual field restrictions were largely due to decreasing
attention and that there is no evidence of a true hypoxemic re-
stri ction of the peripheral visual field (Kyrieleis , Kyrieleis , &
Siegert , 1935). The enlargement of the blind spot can be shown
to be real and is conroniltant with engorgement of retinal ves-
sels. Recentl y, Smith and Tully (1965) reported 16-17 per cent
loss of visual field at 18,000 ft. in five subjects after 20 mins.
They repo rted a fast recovery : 14.7 per cent of the field was
recovered on a r r iva l  at ground level , af ter descending at 5000
fp n i  to 5000 I t . .  and then at 500 f pm to ground level.
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i\ fu l l  v i sua l  f i e l d  must  he consider ed au essent ia l  safety
f~~•t ~~

. in f l y i n g  unde r v isua l  control  . It does not seem to be C I’~ t —

ic~ l] y affec t ed by hypo xi a .  as long as high levels oif lu in inance
are ma in t a ine d .  The combination of hypoxia wi th  low br ightness
(II’ other stresses may ,  howeve r , affect the f ield.

Binocular  depth per ception with Koc h ’s apparatus was tested
on eleven subjects in twelve tests by Heinke (1942) at equivalent
alti tudes of 5000 , 6000 , and 7000 M (16 ,400 , 19 ,700 , and 23 ,000 f t . ) .
He presented each subject with transverse disparities which for
him , at sea level , just permitted fusion into a three-dimensional
image. Seven subjects showed a decrease, two an increase, and
two others wider scatter of the fus ion range . Heinke attributes
his results to decreasing concentration and a decrease in the
efficiency limits of depth perc eption. Duguet (1947) subjected
seven subjects , age 17 to 40 years , to hypoxi a in simulated
ascents to 6000 M (20 ,000 ft ) .  Only tw o of the seven subjects
had increases in parallactic angle. The others retained sea-level
parallactic angles to 6000 M.

Apparently , depth perception is not affected by mild states of
hypoxia. In serious h ypoxia near collap se , depth perception is
affected but no longer essent ial. The most critical use of depth
perception occurs during refueling and during landing, whi ch
generally would not be nerformed in severe hypoxia.

The range of accommodation seems to deteriorate sl ight ly in
hypoxia (by about 1 cm—5 cm at 6000 M or 20 ,000 ft),  but accom-
modation is a highly subjective test. A determined effort  of an
ambitious subject easily overrides hypoxic effects during the
test. For this reason , the results reported in the li terature are
contradictory. Nevertheless , there should be some concern with
accommodation during longer exposures of unacclimat ized sub-
jects to hypoxia .

In an atmosphere of 10 per cent oxygen , as compared to 21
per cent oxygen , Newberry et a!. report an increase of 61 per
cent in the angular velocity of the nystagmus slow phase (New-
berry, Johnson , & Sm iley, 1965) . Hypox ia, thus , increases the
distur bances caused by nystagmus.

Hypero xia (A-2 )

For denitrogenation of high altitude and for spacecraft pilots.
atm ospheres of more than 160 mm Hg part ial pressure of oxygen

have been used. Cusick et al. (1940) saw in 760 mm Hg
a diminut ion  of re t ina l  arterioles (10.5-37.7 per cent), and

if veins (16 .2—37 per cent) .  Twen ty—thre e  per cent of the subjects
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d Conkr oe (‘I al . ( C o uui r oo  , l)r ipps . Dunke . & D ewing .  1945 )
devel o ped C O  i n ju n c i  iva I I rn  t a t i  oil a l t e r  br e a th ing  760 ni m Hg oxv —

gen for 24 hours .  Morgan et al .  report that  seven of eight sub-
j ect s developed eye i r r i t a t i o n  in an atmosphere of 174 15 mm
Hg 

~
02 and total pr essure of 192 15 miii  Hg (Morgan , Ulvidal

Cut ter  & Welch.  1963). Herlo che r et a l .  exposed four a i rm en
for t h i r t y  days to a 1)02 o) f 254 mm Hg in a total pressure of 264
mm Hg (Herlocher . Quigley, Behar , Shaw, & Welch , 1964). Two
of the subjects reported “burning eyes. ” The night vision of all
four subjects was not changed.

Within the limitations of time and the partial pressure re-
quired fo r the protection of the lung, there are apparently no
serious effect s of high oxygen tensions on the eye .

Carbon Dioxide (A-3)

Wald et al. observed a rise in light thresholds by 0.27 logarith-
mic units after voluntary hyperventilation which caused hypo-
capnia (Wald , Harper , Goodman , & Krieger , 1942). Spalter saw
a dilation of retinal vessels in hypercapnia (Spalter , Ten Eick ,
& Nahas , 1964).

Ocular changes from variations in blood pCO2 seem moderate .
and the effects do not appear limiting for tolerance during aero-
space flight.

Dy sbarism (A-4)

In fast decompression to about 30,000 ft , gas bubbles are formed
in tissues and the blood vessels of the body. Ocular symptoms
are highly variable, depending on the location of the bubbles ;
blurring of vision , central scotoma , scintillating scotoma, and
diplopia have been seen. The visual field defects are often hemi-
anopic or irregular peripheral restrictions (Flinn & Womack ,
1963; Whitten , 1946). Goodman (1964) describes in three cases
diplopia, divergent strabismus, random eye movements , and
blurring of vision. He treated the symptoms successfully by
compression to 2-6 atmospheres absolute , and by oxygen breath-
ing. Fryer (1946) recently described a case of an overweight
pilot who suffered , after two hours at only 18,500 ft , what ap-
peared to be decompression sickness with difficulty in focussing .
blurred vision, and pupillary disturbances .

Pressure Breathing (A-5)

Green (1961) examined the retina during pressure breathing
tinder 60 mm Hg overpressure and without counter pressure at
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‘he eve . He found slight narrowing of the vessels (5.2 p~ r c e u l t )
hut no hem orrha ges.

Accelera t ion  (A-6 )

Although there is n o ’  ~e of acceleration as a stress in clinical
examination , acceleration has great interest  in actual f l ight , and
is used as a stressor in the evaluation of already trained pilots.

Retinal ischemia due to acceleration forces causes blurring
of vision , losses of the peripheral and later central field , and ,
u l t ima te ly ,  complete blackout. The relative position of the eye
to the heart is a major factor in determining blackout levels of
acceleration—about 5 (G) in “eyeballs down ” acceleration , 11 G
in “eyeballs out ” acceleration , and about 14 G in “eyeballs in ”
acceleration (Ruff & Strughold , 1942). Tolerance is lowest for
the “eyeballs up ” acceleration; at 2-3 G , central scotoma and
conjunctival hemorrhages appear (Staff , 1959).

A crouching attitude and pressure on the lower body by an
anti-G-suit brought tolerance for “eyeballs down ” acceleration
to about 6 G, which is sufficient for aviation , even in fast air-
craf t .  For spacecraft re-entry,  which produces 10-12 G tem-
porarily,  it is customary to position the pilot in an attitude which
causes “eyeballs in ” acceleration. “Eyeballs out” accelerations
have resulted in extensive subj unctival hemorrhages. Scano
(1961) reports retinal detachment through acceleration. l-fayashi
(1965) has caused repositioning of the detached retina by adjust-
ing the direction of acceleration on the centrifuge. Howard (1962 )
has demonstrated that strong lights can be seen in earl y phases
of the blackout.

Pigg and Kama (1961) have reported 6 per cent reduced visual
acuity at 2 G. Frankenh~user (1938) reports impairment of visual
acuity after 2-10 mm in 3 G acceleration. Whiteside (1962 b)
found , after vertical accelerations , a deviation of the eyes in the
upward direction. Visual field defects developed in the subjects
of Jaeger et al. in a standard pattern , at first nasal restriction ,
which approaches hemianopsia , then marked temporal field loss
(Jaeger. Severs , Weeks , & Duane , 1964). The last remaining
field is confined to an island located 5-10 ° tempor al from fixa-
ti on . Holleman et a!. evaluated visual field losses from the point
of view of the astronaut during launch and injection (HolJeman ,
Armstrong.  & Andrews , 1960). In spite of some loss of the pe-
r ipheral  f ield.  contr ol WaS good to 15 G. There was no serious
imp a i rmen t  to 9 G , and by pre-breathing oxygen , control could
he maintained during 12-15 G. Steiner (1959) determined the
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differences in sensitivity to blackout in red and , after dark adap-
tation , in white light. He found individual differences ranging
from 1.1 G-2.8 G. In the subjects of Beckman et al . volitional
ocular motility , optokinetic reflex , and ability to follow a targe t
disappeared with the loss of peripheral vision (Beckman , Duane ,
& Coburn , 1961; 1962). Schubert and Kolder (1962) found visual
clues sufficient to determine the vertical during accelerations
up to 2.5 G on the centrifuge . Clark and Gray biel (1962) exposed
four men to four hours in a slow rotation room: the subjects
exp erienced no changes in the oculo-gravic illusion. In 20 sub-
jects exposed for three hours to 5, 7.5 , and 10 rpm , Lagerwerff
observed changes in lateral and vertical phorias , macular stere-
opsis , divergence and convergence capabilities , as well as periph-
eral vision (Lagerwerff & Newson , 1964). Whiteside and Camp-
bell (1959) found a size constancy effect during angular and radial
acceleration.

Miller and Leverett (1965) determined tolerance to accelera-
tion afte r four weeks bedrest with loss of central vision as end-
point. Bedrest did not affect  tolerance to transverse ( i-Ck~) 

~~~~~~
-

celeration. It had only insignificant effects on headward ~+-G~~)
acceleration (rapid onset: before bedrest 3.52 G; after bedrest
3.48 G; g~’aduai onset: before bedrest 4.46 G; after bedrest 4.12
G). During vertical turns , loops , dive recovery, Immelmann
turns , and cloverleaf patterns , performed in a T-33 , Salto and
Ishisakl experienced no adverse effects on vision (Salto, Neno ,
& Ishi saki , 1962).

A greater visual stress is apparently induced during high
speed , low altitude flight. In such flights Fraser (1964) measured
a buffeting frequency of 2.35 cps, repetitive accelerations of 0.5

G interspersed with 1 G accelerations , and occasionally maximal
accelerations of 4 G. His pilots reduced instrument- and map-
reading activity to a minimum , and flew mostly in a “heads up”
attitude . Wempe (1964), as well as Mercier and Perdriel (1962),
attribute s degraded performance to fatigue and disturbed vision
in low altitude , high speed flight and gusts.

Zero Gravity (A-?)

During short periods of acceleration , Gerathewohl and Stallings
(1958) report displacements of visual afterimages in the direction
of the acceleration. In short periods of weightlessness “. . .the
visual afterimage appeared to rise into the upper part of the ap-
parent visual field Roman et al. observed opposing direc-
tion s of illusory movements of real objects and afterimages in
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accelera t ions  and il l 0 G f l i gh t  (Roman.  Warren . Niven . & Gray —
hi d , 1962). Pigg and Ka nta  ( 1961), dur ing  flig ht in a C 131 13
compared visual acu i ty  in I G and 0 G, and found a decrement
of 6 per cent in 0 G. This was the sant e decrement found in the
transit ion f ront  I G to 2 G. Sasak i (1964; 1965) saw in transient
zero G no significan t e f fec ts  on binocular depth perception , but
an indication of enhancement during zero G.

White (1965) reports slight , but consistent improvements in
brightness discrimination (in I G at 0.03 f tL :  15.14 per cent , at
0.28 f tL :  7.05 per cent , at 30.0 f tL:  4.45 per cent; in 0 G at 0.03
f tL:  12.56 per cent, at 0.28 f tL:  6.49 per cent , at 30.0 f tL:  3.99
per cent). However , his one G contrast thresholds must he con-
sidered slightly high . Warren et al. could exclude angular accel-
erations as the principal cause of visual illusions in parabolic
flight maneuvers (Warren , Roman , & Graybiel , 1964).

Vibration (A-8)

Subjecting the whole body to vibrations , Coermann (1939) saw
maximal deterioration of visual acuity in the frequency bands
of 20-40 cps , and 50-90 ops. Visual resolution declined by about
1.2 angular minutes. Loeckle (1950) connected vibrations with
autonomic nervous disturbances , which might indirectly influence
the eye. Schmitz detected a significant decrement in visual acuity
at frequencies of 2.5 and 3.5 cps.

Noise (A-9)

After five minutes exposure to a noise field of 98-105 decibels
at frequencies of 50-5000 cps , color recognition was delayed in
Grognot and Perdriel’s subjects. The visual , field for red , and
dark adaptation were reduced (Grognot & Perdriel , 1959).

Heat (A-b )

Brandis (1960) exposed dark-adapted subjects to 440 C (111 ~F).
During the first 30 mm dark adaptation improved. During the
following 60-90 mm it deteriorated 13-15 per cent below normal.
After a temperature exposure of 55 mm to 65.6 ’~C (150 ° F), sub-
jects of Kissen experienced a facilitation of dark adaptation by
hea t (Kissen , 1963).

Magnetism (A-I l)

By compensating for the normal earth-magnetic field , Beischer
et al. exposed men for ten days to fields of only 100 gamma (1
gamma 10 5  Oerstedt) . Such low magnetic fields may occur
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( I n the f l IO (  )n . They (ibse rved a gr adual  dec rease ol the f l i cke r
fu sI () n threshold ( llei scher . M i l l e r .  & Knept on, 1965).

Exercise , Fatigue (A- 12)

Af te r  exercise of 1 - 1-1/2 hours , Filatov et al. measured a
drop of ocular pressure averaging 4.5 mm Hg (Filatov , Iercho-
witz , & Fisher , 1937; 1938). Mercier (1962) discusses the nt any
facets of fatigue like exercise, day-night rhythm , cl imate , emo-
tion , and fat igue by sustained work, all of which can influence
vision . Galatioto (1959) considers fl icker fusion frequency a
sensitive indicator of visual fatigue , caused by turbulence and
long’ flights. Paerisch (1961) saw in recruits no influence on
accommodation range by the work week or by prolonged rifle
practice. Zagriadskii and Listova (1961) found after fatiguing
flight duty a decrease in the number , latency, and duration of
afterimages. Heinsius (194 1) reports impairment of mesopic
and scotopic vision by physical stresses. Graf (1944) could not
establish significant differences when he gave five tests each to
three subjects before and after a sleepless night. Rose and
Schmidt (1947) did not see differences in mesopic and scotopic
vision when muscle exercise was performed before or during
the tests.

Toxic Substances (A-13)

After an exposure of one to three hours to atmospheres contain-
ing 20 , 35, and 50 parts per hundred million of ozone , Lagerwerff
(1963) established a considerable decrease in scotopic and me-
sopic visual acuity , but an increase in peripheral vision. During a
toxicological evaluation of the aircraft disinfectant, 0, Odimethyl-
2 ,2 -dichlorovinylphosphate , Rasmussen et al. did not see toxicity
for visual functions (distant vision , near vision , accommodation ,
depth perception , latent phoria near , latent phoria distan t , ver-
tical phoria distan t , pupil and visual field (Rasmussen , Jensen ,
Stein , & Hayes , 1963).

Low Luminance (B -b)

Insufficient luminance makes all visual functions difficult .  Dif-
ferent functions vary in their sensitivity to low illumination.
Visual acuity is quite representative . A visual acuity of 1.7
(20/ 12) under 300 lx illumination dwindled in K6nig ’s measure-
ments to 0.15 (20/130) under 0.03 lx illum ination (Kbn ig . 1903 ).
McFarland (1953) had similar results with 293 airl ine p ilots
tes ted , f irst  with 40 ft-c (431 lx ) at the chart  and 30 f t -c  (323
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l x )  at the eye , and then with 0.05 f t - c  (0.54 lx) at the chart  and
0.13 I t - c  (1.39 lx) at the eye. Their average visual acuity dropped
t r ou t  20 14 to 20/32 . When the pupil opens in low brightness to
a diameter  of more than 4.5 mm , definition suffers.  At 7 mm
pupillary diameter , one-third of the visual acuity is lost (Tonner ,
1944). These effects can be of practical concern in night fl ying,
in orbit on the night side of the earth , or in shaded areas on the
‘nOOn.

Glare (B-2)

A detrimental effect can be produced by an excess of light , or
by excessive contrast in the visual field; it affects various visual
functions. Outside the atmosphere , contrasts are high and solar
illumination is about 1/3 higher than at sea-level. In the orbit
of Venus , illumination is twice that of the earth orbit. While
goggles can reduce the level of apparent luminance , they do not
reduce excessive contrast. It is advisable to illuminate deep
shadows artificially .

In pilots of World War I, Zade (1916) had described ring-
shaped scotomata produced by visible light. These findings were
confirmed by Ten Doesschate (1918). But neither Clamann in
1938 nor Rose during World War II could demonstrate such visual
field disturbances. It must be assumed that the pilots of the later
era were better protected from visual glare. Detailed studies
of short-time glare effects on dark adaptation were reported by
Kyrielels (Kyrleleis et al., 1935). Comberg ’s method was exten-
sively used during World War II to examine the mesopic visual
acuity of pilots during simultaneous glare (Comberg, 1941).
Significant Individual differences were found that could be related
to scatter In the media of the eye. Severin et al. reported indi-
vidual differences in the after-effects on visual acuity of strong
glare 86 ,080 lx , 150,640 lx , and 242 ,100 lx (Severin , Alder ,
Newton & Culver). The time of recovery was linearly dependent
on Illumination. The sun viewed from earth orbit produces an
illumination of about 146 ,000 lx . The luminance in cockpits and
the environment at alti tudes 5000-20 ,000 ft. under a variety of
weather conditions were measured recentl” by Pltts and Loper
(1963). They found a band 10° above the h rizon brightest , and
snow and cloud tops about equally bright. Mote et al. reported
the effects of pre -exposure to light on visual contrast discri m-
ination (Mote. Biersdorf, Kent & Myer s, 1954). Under simulta-
flPouS glare or dur ing the af ter-effects  of a glaring light source
hr i~,hter displays overcome the blinding effect.  1-1111 and Chisum
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(1964 ) give data for necessary disp lay luminances. Fry and
Alpern (1952) report the effects of simultaneous glare. Local
adaptation plays a considerable role even at blinding luminances.
larbu s (1960) reports that if a test field is kept motionless with
respect to the retina , after 2-3 sec., differences within the field
cease to be perceived , even when separate parts of the field at-
tain blinding luminances.

Red Light (B-3)

For the protection or rod adaptation , red cockpit illumination
is commonly used (see , however , the discussion in A-b about
its usefulness). Reading maps and charts , as well as instrument-
reading requires added accommodation (DIamond , 1963). This
is due to the chromatic aberration of the eye. More serious are
difficulties in map and chart-reading that are caused by the
changes in contrast as well as In color , due to the altered spec-
tral composition of the reflected light (Chapani s, 1953). Map and
chart features , represented in red pigments , are no longer visi-
ble. Many other pigments change apparent contrast and apparent
color.

Flicker (B-4)

The effects of intermittent light were studied by Strughold ,
Autrum , Kornmüller , and Noeti for application in flight during
World War Ii. Strughold (1950) found under 200 lx illumination ,
the frequencies from 3-5 cps especially unpleasant. Flicker
light of these frequencies can cause vertigo, discomfort , and
drowsiness. Such frequencies occur when pilots look through
propellers at idling speeds and through helicopter blades In flight.
Johnson (1963) reported flicke r In helicopter flight as a problem
for one-fourth of 102 pilots. While flicker was generally only
annoying, it nearly caused one pilot to have an accident. Recently ,
Altken et al. found 1.33 cps scarcely disturbing.

Ganzfeld (B-5)

This is literally the “whole field ,” a catch-all expression includ-
ing night myopia (Otero & Duran , 1941), night presbyopia , and
empty field myopia (Whiteside , 1962a) or space myopia. The
inability to focus in an unstructured field or in a dark field leads
in sufficiently young persons to accommodative effort and conse-
quent myopia. The amount depends on age. In night myopia due
to spheric aberration and chromatic aberration , combined with
Purkinj e shift , addi tional myopia is produced. Ten Doesschate
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( 1961- 1962)  saw ganzfe ld effects under 1.2 lx and 500 lx ,  and
in f ie lds  as sm all  as 20 ~ . larbus (1958) saw a decline of ’ m ot ion
perception and color vision in the empty f ie ld .  Held and White
(19 59) conf i rmed the underestimation of motion . Miller (Mil ler
& Ludvigh , 1961) emphasized the d i f f icu l ty  of location and the
easy disappearance of a once-located object. Mercier  (1962 )
found a lesser susceptibility of myopes to hyperaccommodation .
In the refract ive measurements of Heath (1962) ganzfeld myopia
tended to increase during the f irst  3-5 minutes. Thereafter ,
accommodation fluctuated rapidly-abou t 0.75 diopter (D), occa-
sionally up to 1.5 D. Pomeran z (1963) suggests selection for
hyperopia of 0.75 D in pilots on accoun t of ganzfeld effects. How-
ever , this could reasonably be applied only to young applicants ,
and they easily accommodate about 2.5-3 D in the ganzfeld.

Aircraft and Satellite Visibility (13-6)

The problems of seeing small , f ast-moving objects under the
special conditions of illumination in earth orbit have been exam-
ined by Schmidt (1958) and by Rose (1969). Spacecraf t and small
natural objects in space have the combination of small subtended
angle , luminance, and velocity that make the m visible only as
point source of light up to the time when they may be too close
for evasive action . A very similar problem has been presented
by atmospheric flight of fast a’rcraft. Even large transports
at super sonic speeds cannot always be seen in time (Fichtbauer ,
1963). Diamond (1959) has discussed the lack of time for stereo-
scopic vision when fast aircraft are on a collision course.

Moving Visual Target (B-7)

The deterioration of visual acuity by a moving target has been
studied extensively by Mill er and Ludvigh (1961), Goodson and
Miller (1959), and Rose (1969) and is well represented in reports
to this committee. Jones (1965) has recently demonstrated the
failure of the compensatory movements of the eye during air-
craft rotational maneuvers.

Visual Fatigue (B-8)

A fatiguing effect on the visual functions by prolonged execution
of one task or by other previously performed visual tasks has
been demonstrated. Mercier et al. (Mercier , Perdri el , & Ganas ,
1959) have discussed the fatiguing effect of the fast moving mul-
titude of visual objects passing thr ough the f ie ld in low , fast
flight. Zuhow (1958) proved visual f.itigue a f te r  close visual  work.
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( ‘ l l t ns ,ti1 ( I 1~ru ei i  ( 1962 d i w in s t r a t e d  f a t i g u e  of a( conIn Ioda t i ( ) n
a t t e z ’  tW ~ h ’ ) U I S  of set t in ~ a v e r n i e r  gat ige .  Raider  and l ) ixo n
(19 61 foun d f a t i g u e  e f f e c t s  w i t h i n  2 — 1 0  t i i i n u t e s  ol p er for m ance
of a d i f f e r e n t i a l  thr e sho ld task.  Masci ( 1962)  saw visual f a t i g u e
i n one hou r (I f t a ch i s tosc o l ) l (  obs ervat i ( ,n.  This form of presenta-
tion is appro aeh~ d in low , fast f l i gh t .  Elerest (Berest , Perdriel ,
& Coh n , 1958), Fleming , and Soussen et al. (Soussen , Perdriel ,
& Lehlan c , 1962) found fatigue in radar observation .

Summary

A wide variety of aerospace stresses has been described which
act directly or indirectly on visual functions. Some , e.g., hypoxia ,
dy sbari sm , glare , fatigue , produce signific ant visual deteriora -
ti()n with serious consequences for aerospace flight. Strenuous
efforts for improvement in procedure and in flight technology
are warranted for this reason.

The possibility of refining the diagnostic value of vi sual tests
in selection and evaluation of pilots should make desirable a
wider use of visual tests under stress (low brightness , glare ,
hypoxia).
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LABORATORY STUDIES OF THE EFFECTS OF
STRESS ON ViSUAL FUNCTION

John Lott Brown
Kansas State University

The present discussion is primarily concerned with three general
classes of stress. These include (a) unusual patterns of motion
to which an observer may be subjected; (b) various agents which
may be ingested , inhaled , or contacted; and (c) aspects of the
visual world itself , such as excessively high light levels. There
are a variety of other forms of stress which are extremely im-
porta .nt , but these will not be treated in this report. They include
various psychological factors, prolonged use of the eyes , and
general fatigue . Emotional stresses are of obvious importance ,
but these have not been treated extensively in the laboratory.

There are a variety of ways of assessing effects of stress on
quantitative scales. A scale of individual tolerance may be estab-
lished in terms of the amount of a stressing agent which is re-
quired to produce a criterion sensory effect. An example of
this is a procedure which is commonly employed in connection
with studies of the effects of accleration. A fixed visual crite-
rion , such as the inability to respond to a flashing light , is em-
ployed , and the amount of acceleration required to disrupt the
subject’s response to the light is determined (Brown , 1961 a:
White , 1961). An alternative procedure is sometimes used in
the study of hypoxia. A num ber of subjects may be expose d to
a given pressure altitude , or to reduced partial pressure of oxy-
gen , and the effect of exposure in terms of the amount by which
a visual threshold is elevated can then be determined as an in-
dex of stress (McFarlan d , Halperin , & Niven. 1944).

The problem of selecting an appropriate sensors’ effect is a
serious one. The conventional criterion of “blackout. ” which
has been widely used in acceleration studies. may not be the
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i i i i i s t  ~‘ a l R l  c r i t e r i o n  th~ t could be used. There are a v a r i e t y  Of
v~ ~~~ I I i i  r i d i~ ins w hi c  11 I n  ig ht  he employ ed : v isua l  a c u i t y .  stere —

‘psis . v i s u a l  f i e ld s .  luminance  d i s c r i m i n a t i o n , and o thers ,  w it h
v a r i a t  i~ ins in such parameters  as luminance , adaptat io n , and
w~ive — l en g t h  (list r ihut ion . Ideal ly .  the cr i ter ion should be tme
w h i c h  has sonic re la t ion  to the prac tical  situations in which a v i a—
lo rs  may be exposed to stress. It is not always easy to relate
a complex  op era t ing  s i tua t ion  to a single , basic visual func t ion ,
h wever .  The best laboratory approach , if not ruled out by eco—
00I111C O1~ p r ac t i c a l  considerations , may be one in which func-
ti onal re la t ions  of a number  of the relevant parameters for sev-
eral  basic v i sua l  func tions are established over a wide range of
condit ions for  all possible variables.

MOTION

Ac cele ration

Ser ious effects  upon visual function may accompany changes in
v elocity in both aircraf t and rocket vehicles. Acceleration is
p r i mar i ly associated wit h ch anges in di rection in ai rcraf t , and
wi t h chan ges in l inear speed in rocket vehic les. The most dra-
mat ic effects on vi sion are encountered under conditions of posi-
t ive accelerati on. As used here , “positive ” refers to the line of
action of the accelerating force with respect to the long axi s of
t he body. An acceleration in the headward direction , suc h th at
bod y f lu ids wi ll tend to move toward the lower extremities , is
called positive acceleration by physiologists (Hardy , 1964). It
is accompanied by a decrease in venou s return from the lower
extremities , and an increase in the hydrostatic pressure differ-
ential between the region of the eyes and the heart. Normally,
intraocular pressure exceeds intracranial pressure by approxi-
mately 16 millimeters of mercury (mm Hg). Circulation to the
ret ina may, therefore , be cut off earlier than general cerebral
c i rcu la t ion  dur ing exposure to positive acceleration. Observa-
tions of the retina , which have been made during exposure to
acceleration , reveal that retinal ischemia can be observed at
about the same time that the visual symptoms of blackout occur
(Duane . 1954). Central factors may also be significant in the
determination of blackout effects , but it is well documented that
visual loss may occur prior to the loss of consciousness (Brown ,
1961 b) .

Gross effects  of accelera t ion on vision have been studied in
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:i v a r i e t y  ( i f  ways.  In the ea r l y  expe r imen t s ,  subjects were si UI —

t 1 y  required to report the i r  symptoms. They gave in t rospect iv e
:u ( ount s  ( i f g r a y i n g  of v i s ion  and a clo s ing  in of the visual f i e ld
to a sinai I , cen t ra l  regi on pr ior  to complete loss of vision. A
n ior e  r ef ined  approach to the stud y of visual effects was intro-
d u ced by requ i r ing  subjects to respond to the presentation of
l i gh t s ,  located either in the peripheral or central visual f ie ld ,
by press ing  a button immediately  when the light was observed
to come on. This provided the objective information of whether
the observer was able to respond accurately to a li ght presented
at random intervals.  It has been suggested that additional quan-
titative information may be obtained by measuring reaction time
of the response to a visual stimulus.  The reaction time repre-
sents a specific quantitative measure of the time interval between
presentation of a visual stimulus and the subject’s response.
This could conceivably show some continuous relati on to the
“state of the organism ” as influenced by acceleration exposure.
Several experiments have been performed to study visual reac-
hon t i m e  under various conditions of acceleration exposure
(Brown & Bu rke , 1958). Average reaction time shows a positive
correlation with level of acceleration . As acceleration is in-
creased , reaction time to a visual st imulus also shows an in-
crease. Thi s is true for both high luminance and low luminance
test lights. The order of magnitude of reaction time is strongly
influenced by the luminance level of the test light. Results of an
experiment on reaction time are illustrated in Fig. 1. The vari-
ation in level of reaction time with luminance is clearly evident ,
as is a difference In the nature of the function for two subjects.
Unfortunately, the variability of visual reaction time in an accel-
eration experiment Is high , and individual measures are of little
value in assessing a given subject’s condition. Functions , such
as those presented in Fig. 1, are obtained only by averaging
many responses.

A distinction is frequently made between subjective and ob-
jective measures of the response of an experimental subject.
In this context , even though reaction time Is an objective datu m
based on a relatively precise measurement of the interval be-
tween presentation of a st imulus and the objective fact of a sub-
ject’ s response , this is considered a subjective measure because
it depends on the subjective awareness of the subject of the sti m-
ulus presentation . An example of an obj ective measure would be
the e lectroret inogram (ERG). This is a measurement of a phys-
i ra l  -physiological process which is induced by the action of the

227



700
Control (2 .O-Z.~) (2-9-3.4) (3 5-40

0U-, - /c~
600 - ,‘GP

~~~ TT7~~
400 

_

~~~~~~~~~~~~~~

4560 MilliIombe~~~~~~~.-~~

I
0— 0

3~~ I • I • I
1.0 2.0 3.0 4-0

ACCELERATION -G UNITS

FIG. 1. Average reaction times of each of
two subjects during exposure to peak accel-
eration values as indicated for each of two
test ligh t luminances (Brown & Burke , 1958).

stimulus. At least one experiment has been performed in which
the electroretinogram was measured during the exposure of sub-
jects to various levels of acceleration on a centrifuge (Lewi s &
Duane , 1956). Amplitude of the ERG response did not provide a
measure which varied in any clear systematic way with the level
of acceleration exposure. Data have been presented which indi-
cate that the electroretinogram is relatively insensitive to re-
duced oxygen (Brown , Hill , & Burke , 1957; Hill , 1960); and , if
the visual symptoms which accompany acceleration are actually
a manifestation of local ischemia , then the relative insensitivity
of the electroretinogram is not surprising. Another measure
which has been employed is based on ocular motility (Coburn ,
Beckman , & Duane, 1963). The eyes of an observer are moni-
tored by closed circuit television during exposure to accelera-
tion . A reduction in eye movement may be observed as the level
of acceleration is increased. Observation of spontaneous eye
movements and their reduction would constitute a kind of objec-
tivc measure. On the other hand , if eye movements are made in
response to lights illuminated at various regions in the visual
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f i e ld  to which  the subject is i n s t ruc ted  to d i rect  h i s  gaze , th en
th i s  type of measure is s i m i l a r  to the reac t ion  t ime  expe ci rn ent
in whi ch the subject l)rCSSCS a key .  Loss ri f m o t i l i t y  may repre-
sent the direct  action of acceleration on eye movement , or may
accompany visual loss (cf ~ Brown & Burke , 1958). Which type
of measure is more appropriate can be established only by corn —

parat ive study.
An interest ing series of experiments on visual funct io n as

influenced by acceleration has been performed by White and his
colleagues (White & Monty, 1963). They have denion~ trat ed an
increase in both f ovea l  and parafoveal thresholds during expo-
sure to positive acceleration (Fig. 2). Other acceleration orien-
tations were shown to have a lesser effect  on visual thresholds.
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F IG.  2. Foveal luminance thresholds as func-
tion ol ;i ( c e l c r at i o n  (White &‘ Mon t v , I 9( 3).

In studies of visUal acuity , impa i rmen t  of this funct ion was found
to be relatively unrelated to the orientation of acceleration (Fig .
3). The investigators concluded that the mechanism of in t e r f e r  -
ence with visual thresholds may be reduced retinal c i rcu l a t ion .
but that the effects on visual acuity are more readily e x p l a i n e d
in terms of distortions within  the ocular media .  which are rela  —

tively independent of the orientation of the accelerat ion ve ct o r
in the scope of their effect .  Of practical importanc e , th ese in -
vestigators have shown that an increase in posit iv e acc e le ra t  iou
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FIG. a. Binocular visual  acuity as j unction of
acceleration for both posit i~ e and transverse
G exposures (White & Monty , 19G3).

may be accompanied by an increase in the number of errors
committed in the reading of instrument dials. Performance could
he improved by increasing the level of illumination . Exposure
to positive acceleration of four (G) could he compensated by an
increase In luminance of one log unit.

in a discussion of the subject of acceleration , it is appropri-
ate to consider the effects of weightlessness, or the absence of
a gravitational accelerative force , on visual processes. Pigg
and Kama (1961) have observed a moderate decrease in visual
acuity under zero G. Some negative effects of exposure to zero
G on visual function are referred to by Dr. Rose. White (1964)
has recently reported a slight improvement in brightness di s-
crimination at zero G.

Vibration

A kind of motion which may have a di rect negative effect on
vision is vibration (Wulfeck , Welsz , & Reb , 1958 b). Vibration
frequencies of approximately 40 cycles per second (cps) are en-
countered in passing through the sound barrier.  The most se-
vere deterioration of visual funct ions occurs between 12 and 23
cps. There is considerab le in t er ind iv i dua l  va r i ab i l i ty  in the
effects  of v ibra t ion on vis ion , some of which may be explained
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in t e rms of the fac t  that  v ibrat ions  are often measured on the
s t ructure  supporting the subject , and that  the v ibra t ion  ~if the
eyes var ies  grea t ly  f rom one subject to another in accordance
with d i f fe rences  in physique (Fig.  4).  At somewhat lower fre-
(luencies (3 to 8 cps), higher ampl i tude  vibrations may cause
severe chest pains which are associated with internal in ju ry .
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FIG . 4. Decrease in visua l acuity (min-
utes of visual angle) as fu.nction of vibra-
tion frequency for each of five dif L~ ent
subjects (Wul feck , 19 58).

In one study of visual effects (Teare & Parks , 1963), frequen-
cies between 1 and 27 cps were investigated in terms of their
effect on the number of errors made in reading counters. Ampli-
tude was adjusted for each frequency in orde r to maintai n sub-
jectively equivalent levels of discomfort , independent of fre-
quency change . Some of the results are illustrated in Fig. 5 for
counters having each of five digi t height s. These represented
visual angles of f rom 6 to 24 minutes  of arc. It IS (‘lear tha t  the
visual task is mark edly  influenced only for the two smal les t
digi t s izes,  and tha t  ‘he ef f e c t  is greates t  between 12 and 23 cps.
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FIG .5. Mea 11 error of reading as func t ion  ol v i b r a t i o n  I r e —
quency for  each of f ive  counters w ith di git hei ght s  i’~ng ing
f rom 0.05 to 0.20 inches ((i to 24 minutes  of :i rc). A m~il itu de
adj  tisted to a subjective c i’itcr ion at each fr’equen~ y (Tea cc
& Parks , I 9 ; :~).

Disorienting Rotations

Angular rotations of the pilot of a vehicle which is moving in
three dimensional space may result in visual illusions (Clark ,
1963). An example of this is provided by rotating a subject on
a centrifuge device when he is removed from the center and
facing the vertical axis of rotation. If he is in a seated position
he will experience an illusion of tilting backward as the angular
rate of rotation is increased , and the component of centripetal
acceleration builds up. As thi s occurs , the resultant accelera-
tion vector rotates from the vertical orientation of gravity to
the rear , as would the gravitational vector were he actually
being tilted to the rear. If a li ght or other object visible to a
subject and in a fixed position relative to him is observed under
these conditions , it will appear to move upward at the same t ime
the subject feels himself to he til t in g backward. The illusion is
a most compelling one. It is clear that visual perception is de-
pendent on more than just vision.

An excellent example of the multisensory dependence of pe r-
ception is pr ov ided by a recent experim ent report ed by Kle in
and his associates (Klein , Wapner , Shaw , Cohen , & Werner , 1964).
Klein measured the bilateral  difference i n muscle action pot en-
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lal  in the s tern ocle idoznasto id  muscle s  of subj e ’t s  t i l t e d  l a t e r  —

a l ly  away from the ve r t i c a l .  Subjects t i l ted in t h i s  fashi on were
able to correct  the or ien ta t ion  of a luminous  rod w h i c h  t i l t e d
w i t h  them back to a near ver t ica l  posit ion. In a subsequent cx-
pen ment , d i f f e r e n t i a l  b i l a t e ra l  tension in the s ternoc leidomas  —

told muscles was induced by off-balance weighting of a harness
on the head. Under these conditions , when both the subject and
the luminous  rod were in the vertical position , the rod appeared
to be ti l ted. Subjects were instructed to adjust the rod position
so that it appeared vertical . The direction and the amount of the
apparent t i l t  thus measured were comparable to the actual
amount of tilt which induced the same differential  muscle action
potential .

It is clear that variation in the tension of postural muscles ,
as well as vestibular effects , may influence visual perception.
It is probably not possible , un der most circumstances, to ab-
stract the inf luence of any one sensory di mension on one ’s per-
ception of the environment.

Another visual i l lusion associated with angular rotation is
the impression of continued rotation after actual rotation has
ceased. This is called the oculogyral illusion (Graybiel & Hupp ,
1946). The appropriate stimulus for this effect  is angular accel-
eration , or deceleration. Thus , when angular rotaiion is stopped ,
the impression of continued rotation is induced by the decel era-
tion. This kind of effect may be a serious factor in the false
percept ions to which the pilots of vehicles which move in three-
dimensional space are subject. Angular rotations in one direc-
tion , wh ich are achieved with high acceleration , may give rise to
a cont inuing sense of rotation in that direct ion , even after return
to the original position has been initiated , if the accelerations
which accompany reversal of direction are sufficientl y low.

The effects of stimulation of the semicircular canals by an-
gular acceleration have been explained in terms of a theory
which treates the crista as a damped pendulum , the displacement
of which is proportional to the excitation of the mechanism (von

- Egmond , Groen , & Jongkees , 1949). The adequacy of this kind
of theory has been tested in a number of experiments. One of
these (Guedry, Peacock , & Cramer , 1957) is i l lustrated in Fig.
6. A fixed amount of angular acceleration in one direction is
introduced. The t ime required for compensation of the e f fec t s
of this initial acceleration is then measured for various magni-
tudes of acceleration in the opposite direction.
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VARIATIONS IN THE ATMOSPHERIC ENVIRONMENT

Atmospheric Gxygen

Variations in atmospheric oxygen can produce a variety of effects
which influence vision . In 1921 , Dautrabande and Haldane (1921)
observed that breathing 100 per cent oxygen at sea level pres-
sure is accompanied by a slowing of blood flow , and a constric-
tion of retinal vessels. Effects on visual function in the human
of breathing 100 per cent oxygen at sea level have not been oh-
served (Gallagher , Mamman , Nobrega , & Turaids , 1965), but
retinal degeneration in rabbits under these circumstances has
been reported by Noell (1955). An atmosphere of 100 per cent
OX ’~ ‘en at sea level pressure is known to he toxic , and it has
been ( st i  mated tha t  the l i m i t  on du rat  I ~in ‘i f exposure for men
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w i t h o u t  i r r eve r s ib le  effects is approximat e ly  70 hours. The re -
duct ion in caliber of retinal arteries and veins may be as much
as 37 per cent afte r breathing 100 per cent oxygen at sea level
for 30 m inutes  (Cusick , Benson , & Boothby . 1940).

Effec ts  of hyperbaric oxygen have become of concern recently
i i)  connection with the U.S. space f l ight  program. An a tmosphere
of 100 per cent oxygen is employed in the satellite vehic les  at a
pressure equivalent to 28 ,000 feet ( f t ) .  Under these conditions ,
the oxygen pressure is in excess of the partial pressure of oxy-
gen in normal air at sea level. A recent stud y of visual processes
under these conditions for exposures up to 72 hours revealed no
deleterious effects cm vision (Gallagher et a!., 1965). Such func-
t ions as flicker fusion frequency, dark adaptation , retinal fields ,
the electroretinogram , and intraocular pressure were measured.

Reduced Oxygen Pressure

The sensitivity of visual function to reduced oxygen pressure
has been recognized for some time. Extensive studies of the
effects  that reduced oxygen pressure has on vision were con-
ducted during World War II (Berger , McFarlan d , Halpenin , &
Niven , 1943; Hecht , Hendley, & Frank , 1943; Mc Farland et a!.,
1944; Wald , Harper , J3ookman & Kreiger , 1942). When experi-
mental procedures are sufficiently sensitive , reduced visual
sensitivity becomes evident at altitudes as low as 5 ,000 ft .  Re-
duction of sensitivity increases with increased al t i tude up to the
maximum altitude which can be tolerated safely without special
adaptation , or increased oxygen concentration. This is approxi-
mately 20 ,000 ft.  The results of one experiment (McFarland &
Evans , 1939), in which the course of dark adaptation was studied ,
are presented in Fig. 7. When subjects were breathing in an
atmosphere of lower than normal partial pressure of oxygen ,
the final dark adaptation threshold was higher than normal.

- Upon administration of 100 per cent oxygen to these subjects ,
the threshold was fur ther  reduced.

Carbon Monoxide Effects

Carbon monoxide has a high affi nity for hemoglobin and , there-
fore , when inspired , tends to reduce the amount of hemoglobin
avai lable  for bindin g oxygen and , hence , the effectiveness of oxy-
gen exchange. Visual sympt oms may provide the most sensitive
indicator  of the effects  of small  amounts of carbon monoxide
(Mc Farland , 19i3 ; Mc Far land , Roughton . H a lp en in ,  & Niven ,
1944 ) . A good example  of t h i s  can be found in the elevat ion of
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threshold which results f rom cigarette smoking . Carbon mon-
oxide inhaled with cigarette smoke is bound by hemoglobin , re-
ducing the efficiency of oxygen utilization. There is an attendant
elevation of visual thresholds. The results of an experimental
evaluation of this problem are illustrated in Fi g. 8. Othe r effects
of cigarette smoking hav e also been observed. These include
a reduction in size of the retinal field. This kind of effect  might
arise from the vasoconstricting action of nicotine , rather than
from the binding of hemoglobin by carbon monoxide.
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At , I t ( 1S j ) l l e r i r  Conta in  m i n t s

A v a r i e t y  of agents ma~ IM found  in  th e at nlosp h( ’re pro ’’ ided to
i v i  at ors and a s t ronau t s  for  b r e a t h i n g .  Con taminan t s  found in the

oxygen suppl y of m i l i t a r y  av i a t o r s  have occasional ly given rise
to problems.  In space f l i g h t , i i r r e a s e d  a tmospher ic  iorn ,a t ion
may give rise to a var ie ty  of e f fec ts .  One p055w ty is an i n —
crease in the concentrat ion of OZ oflC (Lagerwerf l , 1963). There
is a natural increase in ozone concentra t ion wi th al t i tude . Con-
centra ’ ion reaches a maximum of 15 parts per mi l l ion  at an al —

t i tude of approximately 70 ,000 ft.  Measurements in jet  passenger
cabins have detected ozone in amounts of f rom 6.5 to 12 Parts
per hundred million . Young (Young, Shaw , & Bates , 1962) has
calculated that the ozone concentration in a jet passenger corn-
partment may rise to as much as 30 or 40 parts  per hundred
mil l ion.  A study of the effects of ozone has been performed by
Lagerwerff (1963). Concentration of 20 parts, 35 , and 50 per
hundred million were studied in exposures of three and six hours
duration . An excessive fatigue , or lethargy , was reported by
approximatel y one-third of the subjects. Visual functions such
as acuity , stereopsis , vertical phor ia , and color vision showed
no effects of ozone exposure. There was some indicati on of
change in lateral phori a in 111 out of 145 pairs of pre-exposure
and post-exposure measurements by from I to 4 1/2 prism di op-
ters. These effects were found in 38 out of 41 subjects. An ai~-
parent increase in the peripheral field was found in 25 subjects.
Two showed a decrease in peripheral fields. In addition , there
were some indications of a deterioration of night vision.

DRUG AND CHEMICAL EFFECTS

One of the effects of ingesting alcohol is a reduction in the effec-
tiveness with which body tissues can utilize the oxygen of the
blood. Excessive alcohol may result in a reduction of depth per-
ception , contrast discrimination , and field size. An incoordina-
tion of the extraocular musculature may also result .  Many of
the effects of alcohol on vision may he central rather than pe-
ripheral (Alpern , 1962).

A variety of drugs have been found to have an effect  on vision
(Becker , 1954; Faucett , 1953; Mackworth & Winson , 1947: Row-
land , 1942; Wulfeck , Weisz , & Reb , 1958 a). These include the
sulfonamides , antihi stainines , atabr ine . and aspir in .  These have
been shown in var ious experiments  to in terfere  wi th depth per -
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( c l ) t t o f l  and a c u i t y .  to enlarge the blind spot , and to reduce mUS —

‘u l a r  coordina t i on . A positive ef fe ct  of chemical  ingestion is
i l l u s t ra ted  by the fact  that the ingest ion of sugar may offset ef-
lects  of hypoxia (Simonson , Brozek , & Keys , 1948).

There are a var ie ty  of chemicals  and drugs which  appear to
hav e specific ef fec ts  on vision . These include acetazolamide ,
or “Diamox , ’ which is an inhibitor  of carbonic anhy drase (Becker.
1954). This drug causes an immediate fal l  in intraocular  pres-
sure , and slows or inhibits bodily secretions in general. This
has been used in the treatment of glaucoma. Diamox poisons the
active transport mechanisms responsible for the elaboration of
fluid.  A reduction in pressure may be due to modification in flow
resistance.

Dinitrophenol (D .N.P.) has been used as a s l imming agent
(Hom er , 1942). This , and certai n basic dyes inhibit oxidative
metabol i sm and result in a lowering in intraocular pressure.
Sodium iodoacetate (Cibis , Constant , Pribyl , & Becker , 1957)
appears to have direct effect  on the retina , causing retinal de-
generation and degeneration of nearly all tissues of the eye , in-
clu ding the lens. The cataract which results a f te r  injection of
20 to 60 mill igrams of sodium iodoacetate per kilogram body
weight resembles x-ray cataract. The drug is an enzyme
inhibitor .

A variety of drugs can cause catarac t (Bellows , 1944; van
Heyningen , 1962). These include ergot , thallium , adrenaline ,
morphine-like drugs , and myleran . The latter is used in the
treatment of myeloid leukemia. There are a numbe r of hallucino-
genic drugs which have stirred increased interest in recent years.
Many of these have effects on visual experience. They have not
been treated here because they are not , or should not , be poten-
tial stressors of operating personnel , and , in any case , there is
very little information of a systematic sort on their effects.

THE VISUAL WORLD

Flash Blindness

A number of experiments have been performed to assess the
effects of intense , short flashes of illumination on vision (Brown ,
1964 b). Interest in this problem stems from the development
of atomic weapons. An illustration of one experiment is provided
in Fig. 9 (Brown , 1964 a). The upper graphs in the figure repre-
sent results with a criterion requiring one level of visual acu i ty .
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L OG D I S P L A Y  LUMINANCE

FIG. 9. Ti me required for ident if icat ion of
acuity gratings as function of grating lumin-
ance for each of six adaptin g luminances .
Visual acuities of 0 .2G and 0.08; subjects
J. B., F. S., and F. N. (Bcown , l J i I ; I a) .

The lower graphs show a different , visual acuity requirement.
Data are presented for each of three subjects . It is of interest
to note that the least experienced subject shows performance
superior to that of the experienced subjects , where performance
is measured in terms of time required for detection. In several
experiments of this type , it has been found that , wi th increased
experience , variability of the results is decreased; and at the
same time , the average detection time for a given set of condi-
tions may show a slight increase . In the experiment illustrated ,
the adapting flash was of one second (sec) duration . This rela-
tively long duration was employed in the laboratory in order to
compensate for the l imited , maximum available flux density from
the adapting flash lamp. The more experienced subjects probabl y
received more complete radiation during the 1 sec exposure than
did the inexperienced subject. The latter may have blinked , thus
excluding some of the adapting f lash energy prior  to the termina-
tion of the f lash .  This would have resulted in a shorter t i me for
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recovery f rom flash exp osure . and would explain the shorte r
recovery t imes  shown by th is  subject .  These resul t s  m a y  be
compared with those which have been found for  studies of the
effects of hypoxia on visual funct ion . In the latt er , the less ex-
per ienced the subject , the higher his thre shold , and the more
poorly he performs. This is generally attributed to the fact  that
there is some anxiety associated with breathing an oxygen-poor
gas mixture. In inexperienced subjects , this anxiety is frequentl y
associated with an increased level of motor activity, which
results in higher oxygen requirements and , hence , a greater
effect stemming from oxygen reduction.

An illustration of the way in which flash blindness may influ-
ence vision for various conditions is presented in Fig. 10. In

too —

Log adopting flash •n.rgy

FIG. 10. Hypothetical relations between recovery time
and adapting flash ener~~’ for each of six disp lay lum i-
nances , increasing logarith micall y from top to bott om
(Brown , 1964b)

this illustration the ordinate axis shows recovery time measured
to the point where a subject is capable of achieving a criterion
visual function. The axis of abscissas illustrates the luminous
energy within the adapting flash. A family of curves is presented
for a series of different , criterion task i l luminat ion s , starting
with the lowest level at the top and in.~ r easing task i l luminat ion
in ratio steps from the top to the bo~totn curve. At low levels of
adapting flash energy, recovery t imes are short for all task ii-
luminations , approaching the min imum visual reaction time for
the given task and the luminance employed. As adapting f lash
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r~, v inc  reases. th e  r e co v e r y  t ime  inc t ’eases , w i t h  the Inc rease
o c c u r r i n g  at a gre at (  r ra te , th e lower the l u m i n a n c e  of the c ri —

ten on task. It is c lear  that the i l l u m i n a t i o n  provided for perform —

ance of a task m a y ,  in i tse lf , provide a way in which flash blind-
ness e f fec t s  can be offse t .  When the level of i l lumina t i on  is
suff ic ient ly  high , the duration of recovery is reduced to only a
few seconds. At higher levels of adapting f lash energy , the re-
covery time functions are shown to level out over a l imi ted
range of adapting f lash energy . This kind of result appears in
data of Hill and Chisum (1962), and of Whiteside (1960). White -
side has interpreted this leveling to indicate a range in which
energy has reached a value where bleaching is maximum. Under
these circumstances , fur ther  increases in the adapting flash
energy presented to the eye in a very short duration cannot
cause fur ther  bleaching. Hence , such increases are not accom-
panied by fur ther  increase in recovery time. Beyond thi s range ,
the curves show a subsequent rising portion which is of the same
form in the illustration for all of the cr i ter ion task luminances.
Whiteside has suggested that , under extreme conditions , furthe r
increases in recovery time reflect the effects of reversible
ret inal injury.  Recovery time is shown in this region to increase
at an increasing rate . It approaches an asymptote in the region
where energy becomes sufficiently high to cause irreversible
injury.  It must be emphasized that these relations are hypotheti-
cal . For obvious reasons , it has not been possible to do a com-
plete study on human observers over a range of adapting flash
energies which includes the regi on in which irreversible injury
will occur. Most aspects of the form of the curves illustrated
reflect results which have been obtained in individual experiments ,
however.

The problem of flash duration has not been considered. Vari-
ations in flash duration for a given amount of adapting flash en-
ergy may be accompanied by appreciable changes in recovery
time. This matter has been discussed in detail in an earlier
report (Brown , 1964b).

Ionizing Radiation

Ionizing radiation is not , strictly speaking, an element of the
visual world , since it is not an appropriate st imulus for vision .
Nonetheless. it is reasonable to consider it in conjunction wi th
the problem of flash blindness. As a matter of fact , ionizing
radiat ion is probably not a serious problem as a visual  s tress.
At high levels , i ts  effects on other than the visual system w i l l
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Ia ’ of in ’ st s i gn i f i cance , and at tow levels  it probably wi l l  not
‘ aus i serious d i f f i c u l t y .  It has been demons t ra ted  that exposure
P I P ni i z in g rad ia t ion  can cause cataract .  It may also reduce
v i s u a l  s e n s i t i v i t y  by direct or indirect action in bleaching the
photosensi t ive substance of the eye (Lip itz , 1955).

F l icker  E f f e c t s

It has long been recognized that a slowly f l ickering light may be
a cause of considerable i r r i ta t ion (Bac h , 1957). Maximum annoy-
ance seems to he associated with a rate of 3 to 6 flashes per sec.
At a rate of approximatel y 9 flashes per see , a fl ickering light
may induce some drowsiness. At this frequency, the phenomenon
of br ightness enhancement appears to be a maximum (Brown ,
1965b). A variety of subjective effects may be induced by fl icker-
ing light of frequencies as high as 20 flashes per sec (Brown ,
1965b; Smythies , 1957). These include the visualization of a
var ie ty  of patterns , phot ic driving of the alpha rh ythm , and in-
duced seizures. Some of the studies of subjective irr i tat ion
induced by f l ickering lights of very low frequency have found the
am ount of i r r i ta t ion to be increased with a decrease in the dura-
tion of the light flash for a given flash frequency. The shorter
the flash duration , the more nearly the flashing source acts as
a strobe light .  A flashing light of very short duration presented
at a low frequency results In a sequence of motionless scenes
something like early motion pictures , but at a much slower rate.
Some of the diff icul ty  encountered in the performance of motor
tasks under these circumstances may be related to problems
which have been observed with delayed vi sual feedback (Smith ,
McCrary,  & Smith , 1960). If the interval between flashes is suf-
ficiently long , the observer may have diff icul ty in some kind of
intellectual process of interpolating perceptions of continuous
motion.

The subjective fusion of apparent fl icker of a flashing light
source has been employed as a measure of the effects of stress
in a variety of situations (Simonson & Brozek , 1952). The flicker
fusion frequency has been suggested by a number of investigators
as an Index of the effects Ofl the central nervous system of both
physical  and mental ac tivity.

Exten sive Use of the Eyes

It is common knowledge that the eyes become fatigued by pro-
longed or excessive use. The r esult  may he headache , or re-
duced coordinat ion of extraocular  musculature .  There is litt le
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evidence for  any I)eI~IP lieral  r et ina l  fa t igue  effects .  Ef fe c  Is are
pI ’Ol)aI)l y , predominant ly  motor and cent ra l .  Indiv idual  v a r i a b i l i t y
in susceptibility to th i s  kind of stress is so great that it is nu t
possible to make any generalizations concerning these e f fec t s .

Othe r Factors

A variety of other stressing situations may be added as contrib-
utory to visual stress without detailed explanation. These in-
clu de such th ings as glare , whiteout , night myopi a , and empty
field myopia. The latter two are sometimes considered related ,
hut they represent quite different  effects. Night myopia has been
described in detai l by O’Brien (1953), and empty field myopia
has been described by Whiteside (1957). Spectrally selective
lighting may also cause visual stress. This is clearly apparent
with the use of red light , which grossly alters normal contrast
relations in a natural scene . The unusual contrast relations
render the use of red goggles disturbing, and has limited pilot
acceptance of these as protective devices (Brown , 1965a).
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CLINICAL AND LABORATORY
MEASUREMENT OF VISUAL

FUNCTIONS OTHER THAN
THE PREVIOUS TEN



SEE IN G—THE ENGINEER ’S POINT OF VIEW

Richard Trumbull
Office of Naval Research

The visual system is one of man ’s most important means of
contac t with his environment. Determination of its capability
and development of devices for such determination is a proper
and challenging area of interest . Equally worthy of considera-
tion is the functional employment of that capability . Here , one
is faced with the fac t that no system in man functions perfectly.
In addition , vision is susceptible to distortions and illusions ,
which are normal . Its employment is characterized by other
“normal ” behavioral variables which are determined by habit ,
motivation , experience , and personality.

The system can be brought to bear on and to control the influ-
ences of these variables through training and deliberately intro-
duced anti-distortion , real-world stimuli. This is an area which
is in need of collation and emphasis. When engineers , designers ,
and others have to al l ow for natural propensities such as these ,
they require something other than handbook information on thresh-
old , parallax , ERG , and quanta data. They have even a greater
need to know about perception when they discuss detection , track-
ing, signal-to-noi se ratios , and other areas in their fields. Fur-
ther , while thresholds and sensory data might be required for
in i t i a l  selection , t he perceptual mass developed through experi-
ence requires some other measures when the retention or the
elimination of an experienced Individual is concerned. This leads
one to the interest ing question of experience-control which
really is the basic part of training. It is quite nabiral to ask if
one with perfect vision can learn an operation which can continue
to be performed later  as visual acuity deteriorates. Is there not
some way to provide perceptual t raining for someone with less
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p er l ect  visual capability init ial ly ? Thi s reminds one of the
World War II effor t  to see just how handicapped a person could
be and s t i l l  learn how to fly an airplane . Even as the n-iil itary
now seeks weapons which can continue to be used by a wounded
or incapacitated man , one m ight ask how one would design a
v isual display compatible with increasing fatigue , loss of stere-
Opsis, and other combat-incurred degradation . There are othe r
searching questions arising from sensory (perceptual) depriva-
tion-experiments. Could one design a non-flowable display panel
for Hauty ’s pilots ?

These questions are introduced now to raise the interest of
the reader and invite him to join in a stimulating analysis of

isb n in operational contexts.
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CONC LUDING RE MARKS
by the
Chairman of the Symposium

Arthur Jampolsky
Institute of Visual Sciences , Presbyterian Medical Center
San Francisco

GENERAL CONCLUSION S

It has been the purpose of this symposium to attempt to focus
sharply on (a) the type of visual parameters to be considered ,
and (b) the scientific basis for the practical tests to be selected ,
and (c) the methods of quantifying or grading the test results.

From the impressive array of laboratory tests, it should be
possible to extract clinically applicable test-procedures, with
appropriate scoring or grading , for use by professional or tech-
nical personnel , or machine devices.

The fol lowing is the Chairman ’s brief view of some of the
common denominators , points of disagreement, and general
concepts which were expressed during the meeting and discussion
periods.

The needs for a visual classification system are very real.
It was recognized that the composition of the Committee on Vision
was broadly based enough so that it should and could respond ,
in a practical way , to the needs of the agencies and services.

The rather confining ground rules stated in the introduction
necessarily elicited some disquieting feelings (depending on one ’s
orientation and background) relative to the uncomfortable , corn -
promised conclusions reached. It is relevant to note here that
the concluding discussion consisted of the expression of concern
by two eminent veteran members of the Committee on Vision—
that unless one specified the uses for which the test or grading
was performed one could not properly describe the test or dec-
rements of fitness for each visual parameter. It was countered
that such a tradi tional view , of beginning with specific uses ,

25 1 -



brought one the ful l  circle back toward validation procedures ,
and the setting of standards as a beginning rather than as an
intended end . If one begins with specific uses , one necessarily
ends with validation of standards.

In order to appreciate fully the present di rection , that of
describing tests and graded results with regard only to general
purposes and uses , the reader is invited to study the report of
Working Group 20 , which describes the role of the visual scien-
tist. There was unanimous agreement among all of the consul-
tants and members of Working Group 20 that validation of visual
standards in terms of performance was costly , usually unneces-
sary , of questionable objectivity , and of questionable validity in
regard to the methods for validation , and was not recommended
as a solution to the widespread problems.

Admittedly , the alternative view of generality of uses neces-
sitates an uncomfortable compromise with judgmental decisions
relative to the type of tests to be recommended , and the grading
score for the tests. The discussion established agreement that
the grading scores were purely arbitrary, were to be considered
as labels , and had no necessary implication relative to standards
or limits; and that the recommended tests would describe the
capabilities in the concerned visual function per se without im-
plying that the score of the tested function necessarily related
to detection of some other visual parameter. The information
from the testing procedures would be expressed in terms of
grades of visual fitness. The admittedly compromised result may
then be used for general visual classification purposes , by anyone
with the need , with the flexibility to alter judgments regarding
standards for selection , placement , or retention , which may be al-
tered as the circumstances demand. In this way , the role of the
visual scientist can best be fulfilled. The participant me mbers
are to be congratulated on their responsiveness to the format
which sometimes required a gentle coercion or a simple threat.

The following summary of the specifics is intended only to hit
the high spots in order to give the sense of the presentations , and
of the oral and written discussions. It will be the responsibility
of the core-group team , augmented by appropriate experts , to es-
tablish judgmenta lly selected , practically useful tests and judg-
mentally graded decrements in order to fulfill the stated purpose
of a matr ix  of grades of visual fitness for the visual apparatus
which will be flexible and adaptable for whoever wishes to use it ,
for whatever performance task , with whatever changes and later
constructed standards might  seem appropriate , at whatever t ime.
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SPECIFIC CONCLUSIONS

Visual Acu i ty

Tests should he per formed under a l ighted surround with or with-
out habitual optical correcti on in order to el ici t  the vision “t he
subject lives wi th . ”

The Armed Forces Vision Tester is a machine adaptable for
technicians ’ uses, (Jr automation , and uti l izes available , accept-
able cards (Sloan) and should incorporate the newer concepts
of letter spacing relative to letter size (contour interraction).

There are no practical objective substitutes for subjective
visual acuity testing.

Grading of results should he in terms of visual angle , in 10
logarithmic decrements. Previous Vision Committee recommen-
dations of logarithmic decrements may be updated to recognize
the stated need for more sensitive grading around the 20/20
range , with the other convenient limit set at 2 0/200 (legal blind-
ness). There need not be equal logarithmic decrements.

One may predict a visual acuity decrease with age , pr imar i ly
due to intraocular pathology such as cataracts , change in pupil
size , vascular defects , etc . Recognition of the predictive value
of change in visual acuity associated with other parameters
which are measured , such as refractive error state , age , and
accommodative amplitude , would obviate an importan t problem
of retention and waivers. The information-user should be well
aware of the predictive value of these correlations , and it is the
duty of the visual scientist to point these out.

There are no prac tical , useful , training techniques which will
significantly improve visual acuity.

Refractive Error

The recommended test is retinoscopy with the aid of an appro-
priate lens bar . It was recognized that this technique requires
professional skill , with appropriate assistants to aid in the flow
of the subject traffic.

The machine assessment of refractive errors offers an objec-
tive method suitable for technicians or machine automation (the
Fincham Optometer , or other electronic optometers).

The panelists careful ly pointed out the difference between the
refractive error state per se , and , on the other hand , the ref rae-
tive error correction that might be used to correct refractive
error symptoms.

The discussion brought  out the points that the usual  subj -e t i v e
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(1* • r m i nat ion of the r e f rac t ive  error  ften is influenced by the
use to which the numbers  wi l l  he put , as well as a consideration
of ( ‘yclop legia screening. It was agreed , however , that a numbe r
representing the re f rac t iv e  en (Jr of each eye per so could be
determined  by ei thei’ a ski l led , p rofessional s(~r(~(~n( ’r~ using ret-
inoscopy , by technic ians ,  or by automated m a ch in e s  u t i l i z i n g
the optomete r pr inc ip les. The fu ture  potential of later determina-
ti on of refract ive  errors was also discussed.

Grading of ref ract ive  errors requires consideration of several
numbers making up the charac teristics of a given ref rac t ive
( rror , such as the sphere , cylinder , ax i s, and r ight  or left  eye.

The panelists offered a unique and valuable suggestion , where-
by a complex refractive error could he reduced to three valu es:
(a) right eye , (b) left  eye , and (c) the difference between the two
eyes. These values could be utilized for the right-eye fitness ,
or both-eyes fi tness. If necessary, this could he still  fur ther
reduced to a single number describing the binocular refract ive
error  status which would incorporate the anisumetropia.

The prediction of ‘~hange in refractive error for near-f ixat ion
objects as a result of presbyopia may be made w i t h  sonic reli —

a b i l i t y  when correlated with age , visual  acui ty ,  and accommoda-
tive amplitude.

The following predicted changes in refract ive error may be
anticipated: 0-10 years—decrease in hyperopia; 10-20 years—
increase in myopia; 20-40 years—increase dispersion; 40-60
years—increase  in hyperopia and astigmatism; 60-80 years—
in”rease in myopia.

1 i-aining techniques do not significaiit ly affect the refractive
erro r. This clear expression of agreement is worthy of emphasis.

Color Vision

The recommended test is the Farnsworth-Munsell  100 Hue Test
which sensitively grades color defects.

An ingenious machine-test ing device , eas i ly  automated for
scoring , was suggested , which consists of rotating color-wheels.

The discussion brought out the fact  that  such a two-wheel
te st ing device had been proposed many years ago , and a re-exam-
i1 ~ation of i ts practical use is warranted.

Grading of color deficiencies into ten decrements  was reluc-
tan t ly  hut cheer fu l ly  offered by the Panelists.
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Distance Vision

Distance vision and dep th perception were deemed inappropriate
terms since they are composed of highly complex factors with
no appropriate tests possible. Rather , it was agreed that the
term stereopsis, defined in terms of retinal disparity , is a quan-
ti tat ively measurable parameter. Stereopsis is a recommended
re-title of this visual parameter.

A machine-testing device , the Armed Forces Visual Tester ,
is available with acceptable screening cards. This machine -
device is suitable for professional or technical personnel , or
automation .

Grading should be done in terms of parallactic angle (rather
than percentage of stereopsis) and expressed on a log scale.
The previous work of Fry and Shepard with such a scoring was
made so as to be useful in terms of the compensation scale of
the American Medical Association.

An alternative machine device , the Verhoeff Stereopter , is
also suitable for use by a technician or by automation . In its
present form the monocular clues are excessively weighted , and
a modification of equal-width bars is available and adaptable for
screening purposes.

One may predict some decrement of stereopsis with age , pri-
marily due to decreases in visual acuity and image blur.

Training, or enhancement of the quality or degree of stereop-
sis , is possible if the stereoscopic percept is present at all.

A demonstration of the stereoscopic percept is advisable be-
fore subject-testing.

Heterophoria and Ocular Rotations

Since the term heterophoria is limiting, it was suggested that
the term binocular coordination may better describe the objec-
tives of simultaneous consideration of heterophoria and ocular
rotations.

The preferred test for the motor deviation (basic deviation)
is the applied , psychophysical , subjective determination by white
Maddox rod , with a brief , flash exposure of the line image , for
both distance and near fixations , with good accommodative stim-
ulus control. The zero points should be randomized.

The test for fixation disparity reflects the motor imbalance
during fusion , which could be compared with the motor imbalance
when fusion is disrupted.
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The test objectiv e should be to det ermine  ii I U SH ) I 1  i s  present
and how well the two eyes are coordinated. The (( ‘St to deter ni inc
if fusion is present is impl ic i t  in the determinat ion that no dcvi —

ation exists for the p r imary  positions. The fou r—pr i sm diopter
test was suggested as a supplementary test for this assessm ent.

The binocular coordination test could be assessed by niea-
suring the recovery point of fusional amplitude , and by ocular
rotations which should be expressed in p r i s m—di up t e r decrements
of difference from the pr imary position deviation.

Machine automation is possible for the recommended tests.
It was recommended that the many variables in the testing situ-
ation could best be controlled by machine-test ing,  which Dr. Sloan
has shown to have good correlation with non-machine tests.

Grading of fusion status (presence on absence of hifoveal fu-
sion) may be made on a pass-fai l score. The deviation in the
primary positions (latent or manifest deviations) could be cx-
pressed in prism-diopter decrements for both the horizontal and
the vertical meridians. Ocular rotations elicit differences f rom
the primary position deviation , expressed in prism-diopter
decrements.

There is no predicted significant change in these assessm ents
with age , except for some deficient upgaze capability, and for
some anticipated shift in near phoria at the pre-presbyopic and
post-presbyopic ages.

Training, or enhancement of the security of fusion lock , is
possible by anti-suppression orthoptics , or by increasing the
fusional amplitudes. There is questionable maintenance of these
enhanced capabilities.

Accommodative Amplitude

The suggested test is the “push up ” determination for each eye
of the nearest point where print of a designated size can he read.
Thi s test is adaptable for professional-technical personnel , or
machine automation.

Electronic optometers , which accurately measure changes of
accommodation , and which attain maximum efficiency with solid
state components , were described.

Also described were ultrasound techniques for the assessment
of accommodative changes.

Grading of accommodative amplitude in one-diopte r decre-
ments was suggested . It was pointed out that th ’3 accommodative
unit is dependent Ofl whether a correction is or is not worn du r-
ing the test.
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Thert - is gu d p red ic t ion  of the an t i c ipa te d  (~~ in gt~ in the ac —

comi in io dat iv e  ampl i tude  w i t h  age. This.  of course , may again be
f r u i t f u l l y  correlated with other factors such as refract ive  error ,
distance and near visual acuity , et(’ .

Visual Fields

The tests of practical usefulness are : (a) the finger-confrontation
field determination , especially for gross temporal field defect ;
and (b) the Harrington -Flocks Multiple Pattern Field Screener.
The latte r may be utilized by technicians, or automated. The
discussion brought out that this multiple-pattern screen device
utilizes Bender ’s concept of simultaneous, bi lateral field sti m-
ulation , which results in the detection of a large number of false
positives.

Grading is suggested on the basis of pass-fail (no defect—any
defect) insofar as detection-referral grading is concerned. A
secondary grading system should be derived from careful , clini-
cal , subjective field-testing in order to describe the type and
severity of field defect relative to the possible importance or
unimportance of the detected defect.

Objective electroperimetry Is , at present , a laboratory tool
requiring further refinement and validation before it may be
used as a screening device , or as a clinical instrument. It offers
much promise for future laboratory and clinical usefulness.

Ni ght Vision

There was considerable discussion regarding the complicated
nature of night vision , and the fact that no simple index fully
characterizes thi s com plex function .

The recommended test is of dark adaptation and rod vision.
The Army Night Vision Tester is available for this purpose , but
has not enjoyed wide acceptance. It employs a short (five minute )
testing procedure at a selected mesopic level. The discussion
pointed out that superior , as well as inferior , capability could and
should be detected by present testing techniques, and that these
needs might be met by tests made at different mesopic levels.

It was suggested that separate consideration might be given
to the parameter of glare resistance.

Intraocular Tension

The test of intraocular tension can practi cally be made in ap-
proximately one minute  by ut i l iz ing (a) the Mackay-Marg Eler-
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tron ic Recording Tonomneter , or (b) the hand—h eld Goldmann
‘I’onoxnet cr,  or (r )  the Schiotz Indentation Tonometer. These in-
s t ruments  can be ut i l ized by professional or trained technician s,
preferably  wi th  the use of corneal anesthesia for more reliable
test scores.

Grading of the intraocular tension can be made in terms of
three groups , (a) pressure too low , (b) pressure in safe range ,
and (c) pressure too high. Or , grading could be on a scale of
mil l im eters of mercury from 0 to 45.

The test purpose is to detect those with the glaucoma syn-
drome , and to detect those who may develop glaucoma. It was
emphasized that a single , intraocular tension measurement for
the test of glaucoma does not detect 40 per cent of those who
have glaucoma. As a predictor of glaucoma , a single , intraocular
tension determination lacks scientific validity.

The discussion brought out that an elevated tension is a reli -
able predictor of glaucoma , even though presently lacking statis-
tical confirmation. It was agreed that the intraocular tension
per se does not characterize the glaucoma syndrome, but that
other visual defects are required to establish the di agnosis.

The value of the test utilizing a single , intraocular tension
determination as a detector or predictor of glaucoma was left
an open question. This matter is to be further pursued and re-
evaluated by the core group and by the experts charged with the
investigation of this visual parameter.

Stress Tolerance

The panelists expressed an unwillingness to define the term
“stress.” The discussion elicited an alternative suggestion of
“vision In unique environments , ”

Obviously, there is no recommended test which could be con-
sidered all-Inclusive. There was a discussion of direct and in-
direct visual consequences of the different stresses, such as
acceleration , vibration , high and low oxygen tensions, structure-
less fields of different types , anxiety , and other psychological
factors. It was emphasized that one stress may augment or ne-
gate another stress.

It was suggested that stress factors should be assessed in a
situation as similar as possible to the complex , real situation.
Simulated testing situations were discussed along with the many
UnknoWfl and known interactions.
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Seeing , The Engineer ’s Point of View

Thi s s t imula t ing  analysis of vision in operational context went to
the core of the problem toward which thi s sym posium was di —
rected , n a m e l y ,  that of st imulatin g the interest of visual scien-
tists iii bringing their various disciplines to hear U~ Ofl the solving
of practical , operational problems.

The point was made that the measured eye is not necessarily
the operating or functioning eye. The functional employment of
the visual capability is worthy of consideration , and development
of devices for such determination is challenging and appropriate.

Unique tests requiring other than the usual and traditional
measurement techniques will be necessary to get at the knotty
Problem of perception , and the perceptual mass developed through
experience , in order to assess adequately the visual capabilities
of detection , tracking , etc .

This led to a discussion of the question of experience control ,
which really is the basic part of training. Is perceptual training
possible and feasible?

It was pointed out that an additional responsibility of the “core
group” selected to comnpose the matrix of visual fitness, will be
to explore the need to list visual parameters other than the tra-
ditional ones discussed at this symposium , to describe tests ,
and to define grading scores for them.

In conclusion , the chairman wishes to thank the participants
for bringing their skills and advice to bear upon these practical
problems. He wishes also to thank the members and guests of
the Com mittee on Vision for their expressed comments, sugges-
tions, and criticisms , and requests that their continued expres-
sions be sent to the Executive Secretary of the Committee on
Vision for consideration by the continuing working groups.

This symposium was a test of the adaptive qualities of the
participating scientists representing m any different capabilities
who have responded to the real needs of the services and agen-
cies who collectively support these mneet ings and efforts.

One gains the impression that machine-testing, preferably
automated , has the outstanding advantage of standardizing the
testing variables. Maximally automated records of machine-
testing would assure that selected tests are done , and done ade-
quately, if the machine devices are practical and available.

The core groups , appropriatel y augmented by selected experts ,
will assimilate , sharpen , and further define the results of these
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combined effor ts , and the conclusions thus derived f rom this
symposium will forni the basis for implementing the concept of
visual fitness as a flexible , visual classification system for
general use in the spectrum of performance tasks from flying,
to driving, to cooking. 
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