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Retinal photoreceptor orientational tendencies were as-

sessed within both eyes of samples of control and selected

functional amblyopic observers, using the psychophysical

photopic Stiles-Crawford effect (SCE) function as an indi-

cator. SCE function determinations were made at visual field

testing locations spanning 30° of the horizontal meridian

of the visual field.

One aim of this research was to help define the role

of possible receptor alignment anomalies as a potential con-

tributing factor to the visual resolution deficits within

amblyopic eyes. A second aim of these studies was to iden-

tify individuals having anomalous patterns of inferred reti-

nal orientatioji and to characterize the nature and extent of

these anomalies. The nature of disturbed retinal receptor

alignment witliin such eyes can provide information about the

characteristics of hypothesized retinal photoreceptor align-

ment mechanisms within normal eyes.



In order to define the extent of visual resolution

deficits in the sample of amblyopic eyes tested, resolution

thresholds for flashed grating targets, formed by two beam

interference, were determined at several of the visual field

locations at which SCE function determinations were made.

The SCE function peak locations for the range of visual

field locations tested were found to cluster within a sub-

region of the pupil for all but one of the eyes tested.

Hence, in confirmation of previous such studies, retinal

receptors within these eyes are presumed to tend to align

toward the exit pupil of the eye.

The single exception to this generalization was found

for tlie nonaiubiyopic eye of one of the amblyopic observers.

Within tins eye, SCE function peak locations, estimated

across 4 5"" of the horizontal meridian of the visual field

and 15'^ of the vertical field, indicated that photoreceptors

at these testing locations tended to align more closely

toward the center of the eye than toward the exit pupil.

Photopic increment and dark adaptometric thresholds, deter-

mined at peripheral visual field locations, v;ere found to

be elevated within this eye, consistent with predictions

based upon the SCE function results. Preliminary electro-

retinographic results indicated disturbances in the late

components of flasli initiated electroretinograms in this

eye. This eye represents a possibly unique opportunity to

understand the mechanisms and consequences for vision of

retinal photoreceptor alignment in humans.



Within the sample of amblyopic eyes tested, inferred

retinal receptor alignment did not markedly differ from the

pattern found within control eyes, either at foveal or other

tested visual field locations. Thus, within this sample of

amblyopic eyes, visual resolution deficits seemed not to be

related to retinal photoreceptor alignment anomalies.

A nonari±)lyopic observer was identified, having a dis-

placed foveal SCE function peak in one eye and a more nearly

centered SCE function peak in the second eye. Foveal visual

resolution results for this observer revealed modestly in-

creased resolution thresholds for low photopic luminance

level targets within the eye having the displaced SCE func-

tion peak and no apparent differences for higher photopic

luminance targets. These data suggest that the modest amount

of foveal receptor tilt present in this eye has only a slight

effect upon visual resolution.

Within four of the sample of five amblyopes tested,

resolution thresholds within the amblyopic eyes were found

to be poorer than tliose of the corresponding nonaniblyopic

eyes at both central and near peripheral (to 10" visual

field) locations. Additionally, in two amblyopic observers

having eccentric monocular fixation positions, best resolu-

tion thresholds were determined at the region corresponding

to the location of the fovea, rather than at the locus of

eccentric fixation.

The results of this dissertation have implications for

both the nature of retinal photoreceptor alignment mechanisms

and for the understanding of functional amblyopia.

X



CHAPTER I

INTRODUCTION

This dissertation is an attempt to define the extent to

which possible anomalies at one level of the human visual

system contribute to the pathophysiology of functional am-

blyopia.

E'unctional amblyopia is characterized by a diminished

visual acuity, usually in one eye only, which is not resolved

by optimal refractive correction. Gross indications of pa-

thology are either absent or are of insufficient magnitude

to account for the acuity loss.

A rather extensive body of evidence indicates that the

psychophysical Stiles-Crawford effect (SCE) function reflects

the or ientational properties of retinal photoreceptor groups.

This evidence, as well as a fuller description of the SCE,

is presented in Chapter II. Since grossly maloriented recep-

tors have been observed to degrade retinal resolution capa-

bility (see Chapter II), a direct relationship is indicated

For the purposes of this argument, any ocular or sys-
temic condition which impairs vision and is localizable in
its effect is deemed to be pathological. Thus, for example,
opacification of the lens, which may simply be related to
the ageing process, and various a\'.i taminoses which impair
photopigment production, transport and/or regeneration, are
here considered to be pathologies.



between possible photoreceptor orientation anomalies and at

least a modest amount of visual resolution impairment.

As the major portion of this dissertation research,

the orientational tendency of groups of photoreceptors at a

number of retinal test locations within amblyopic eyes, for

the most part having only limited visual loss, and non-am-

blyopic eyes has been inferred from SCE function determina-

tions. In order that inferred receptor alignment might be

compared with visual resolution capability in the same eyes,

minimum angles of resolution for an interf erometrically

formed grating target were measured at a number of locations

at which SCE function measurements were carried out.

This research was approached from a second and comple-

mentary point of view as well. In the eyes of all species

so far examined histologically, photoreceptors at all regions

of the retina tend to align toward the anterior part of the

eye and presumably toward the pupil , which is the source of

relevant visual stimuli. This analysis has been extended to

human observers utilizing the SCE function as an indicator

of retinal receptor orientation. The results from the eyes

of normal human observers indicate that the photoreceptors

tend to aliyn toward a region near the center of the pupil,

for test locations as far as 35° in the peripheral visual

field. Additionally, a limited number of cases have been

documented, in which the 'SCE function, and hence presumably

receptor aligniuent, was disturbed during the active phase

of retinal patliology but subsequently recovered in conjunction



with remission of the pathological condition. All of these

data are more fully reviewed in Chapter II. Taken together,

they strongly indicate that an active process governs photo-

receptor orientation. The mechanism or mechanisms by which

receptors obtain and maintain their alignment vi/ith respect

to the pupil remain to be clarified.

Previous SCE function measurements in amblyopic eyes

(reviewed in Chapter III) indicate that, in some cases, re-

ceptor alignment at the locus of fixation is disturbed. Such

disturbances might reflect a general alignment tendency for

all receptors within such eyes tov/ard an anomalous alignment

centrum displaced from the exit pupil center. Alternatively,

photoreceptor alignment at more peripheral retinal locations

might show a tendency for orientation toward the pupil center,

In either case, measurements which assess photoreceptor align-

ment v/ithin these amblyopic eyes at a number of retinal loca-

tions would presumably give information concerning the nature

of the mechanism or mechanisms by which receptors maintain

their alignment. For example, one might distinguish whether

alignment is governed by retina-wide (global) or by more

local control mechanisms. Thus, the nature of receptor

alignment ii^ amblyopic eyes was approached with the idea of

elucidating a possible model in which normal receptor align-

ment mechanisms might be studied.

As a part of this investigation, a unique individual was

identified. Photoreceptor orientation within one eye only

of this individual was determined to be directed more closely



tov;ard the center of the retinal sphere than toward the eye

pupil. Studies of this individual are presented in Chap-

ter VII. The identification of this individual has important

implications relative to mechanisms subserving receptor

alignment and, moreover, promises to permit the consequences

for vision of anterior" (pupil) pointing of photoreceptors

to be assessed.

Thus, this study is an attempt to characterize possible

photoreceptor alignment anomalies within amblyopic eyes with

relation to the visual loss sustained in these eyes and,

moreover, to evaluate the implications of these findings for

hypothesized receptor alignment mechanisms within normal eyes.



CHAPTER II
THt: STILES-CRAWFORD EFFECTS

De sc ri ption of the Stiles-Crawford E f fect

The discovery of the Stiles-Crawford effect arose from

an attempt to determine pupil size from visual photometric

matching data. The technique employed by Stiles and Craw-

ford assumed that a homogeneous beam of light, limited by

the pupil, should change in apparent brightness exactly with

the area of the pupillary opening. By making a visual bright-

ness match betv/een such a homogeneous beam, for which the

pupil forms the aperture stop, and a second beam which passes

through the pupil in sufficiently small cross section so that

retinal illuminance is unaffected by the pupil size, one

ought to be able to determine pupil area, and hence its di-

ameter, from the luminance ratio of the two beams at the sub-

jective match point. VJhen Stiles and Crawford (1933) per-

formed this experiment, calculated pupil sizes consistently

deviated, in the direction of underestimation, from reported

objective (photographic) results. By then employing two

beams, both of which entered the artificially dilated pupil

in small cross section (using Maxwellian view) , and by making

brightness matches v/hen these beams were separated by vary-

ing distances in the pupil (one held at the pupil center for



convenience), it was found, under conditions of foveal view-

ing, that a beam entering the periphery of the pupil had to

have a luminance of from 5 to 10 times that of a beam enter-

ing the pupil center to provide the same subjective bright-

ness. That is, a beam passing through the periphery of the

pupil was judged considerably less bright than a physically

equal beam entering at the center.

Stiles and Crawford plotted the parameter >/ , defined

as the ratio of the luminance of the standard beam (at the

pupil center) to that of the displaced beam at the photo-

metric match point, against the position of entry of the

displaced beam in the pupil. The resulting curves were es-

sentially symmetrical about a maximum value at or near the

pupil center and decreased monotonically to the pupil margins,

Stiles (1937) empirically fit the psychophysical retinal

directional sensitivity function, or SCE function, with the

equation

2
log ff - log ?7 max - /?r

Throughout this discussion luminance will be used to
refer to the physical properties of the light stimulus, as
corrected for the spectral response characteristics of a

standard observer, whereas brightness will be reserved for
the subjective impression occasioned by the stimulus. Thus,
the Stiles-Crawford effect represents a situation in which
luminance and brightness, as defined here, are dissociated,
in that a source of constant luminance is judged to change
in brightness depending upon the region of the pupil through
which light from the source enters the eye. Some authors
have attempted to incorporate a correction for the SCE into
the definition of retinal illuminance (VJyszecki and Stiles,
1967; LeGrand, 1968, see beiow)

.



The parameter yi is as defined above and ?1 max is the value

of /7 at the function maximum. Distance within the entrance

pupil from the function peak, in mm is represented as r. The

shape parameter ,
^^''

, provides an index of the directionality,

or the spread, represented by the function. Enoch and Bedell

(1978) have suggested the use of the half sensitivity half

width, i.e., the distance within the entrance pupil, in mm,

from the SCE function peak to tlie position at which y falls

to one-half of // max, as a more readily interpretable indi-

cator of SCE function directionality.

Stiles and Crawford (1933) calculated the differential

light absorption which would occur within the eye media for

beams entering the pupil centrally and peripherally, based

on publislied data for ox eye media. Since the calculated

difference in absorption v>;as small, they concluded that the

effect they described was not preretinal in origin. Craik

(1940) determined that preretinal absorption in cat and frog

eyes was insufficient to account for the SCE; however, Stiles-

Crawford-like effects had not been measured for either animal,

Good evidence that the SCE is, in fact, retinal in origin

derives from Crawford's (19 37) discovery that the phenomenon

is greatly reduced in going from photopic to scotopic vision.

Presum.ably the change in adaptation state represents a change

of the retinal receptor type mediating brightness rather than

of preretinal absorption^ Moreover, the SCE has been shown

to be greatly altered, and in some cases to subsequently re-

cover, in some retinal and pigmented epithelial pathologies

which do not alter preretinal absorption (see below)

.



The underlying basis of the SCE is currently thought to

be the differential sensitivity of the photoreceptors and as-

sociated morphological elements to light striking them at

different angles; one mm in the pupil corresponding to nearly

2.5° of angle at the fovea (O'Brien, 1946). Light entering

the receptors parallel to their long axes is presumably the

most effective for producing excitation. Hence, the SCE

function apparently samples the orientational properties of

groups of retinal photoreceptors.

Technique s of Measurement

Psychophy s ic^

In their original measurements. Stiles and Crawford em-

ployed both direct photometric matching and flicker photome-

try, both techniques giving essentially the same results.

Flicker matches were reported to have the advantage of reduc-

ing the disturbing effects of ocular aberrations for beams

displaced toward the periphery of the pupil and hence imaged

along an off-axis optical path within the eye. Enoch (1958),

who also compared direct matching and flicker photometric

techniques for Stiles-Crawford effect curve determinations

,

found that blurring introduced by the peripheral pupil path of

the displaced beam caused a brightness decrement for beams

passing eccentrically in the pupil in addition to that pro-

duced by the SCE itself. ' Flicker photometrically measured SCE

curves were found to be less sensitive to optical blur. Ad-

ditionally, when SCE functions were determined v/ith narrow



band spectral stimuli, rather than with white light, the ef-

fect of chromatic aberration upon beams which enter periph-

erally in the pupil, and which disturbs both flicker and di-

rect matching judgments, was minimized.

Wright and Nelson (19 36) were among the first authors

to confirm the basic SCE phenomenon, using Wright's binocular

colorimeter to obtain measurements. A field produced by a

moveable beam entering one pupil was matched to a closely

apposed field seen by the other eye and fixed in its entry

position at the pupil center.

Crawford (1937) measured SCE functions by finding the

incremental threshold for a small test field. The test beam's

entry position in the pupil was displaced for successive

threshold determinations whereas the background beam always

entered at the pupil center. The SCE curves determined by

the increment threshold procedure were comparable in all re-

spects to those determined by direct photometric matching.

Some of Crawford's measurements were made with the background

field extinguished, i.e., as the absolute threshold for the

test beam as a function of its pupillary entry position.

For test fields confined to the foveal region, absolute and

increment tlireshold determinations of the SCE gave similar

results. Crav;tord's experiments indicated that the foveal

SCE is relatively unaffected by the condition of light adap-

tation (but see below) and, moreover, provided the empirical

justification for the use of sensitive threshold techniques

in SCE measurements. [At about the same time, Goodeve (1936),
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who \\?as investigatiny the visibility of stimuli in the far

red region of the spectrum, also utilized a threshold proce-

dure to indicate the existence of an SCE at wavelengths of

about 8 30 nm.J

Flamant and Stiles (1948) used the increment threshold

technique to determine peripheral photopic and scotopic SCE

functions. In the procedure they adopted, the test beam

was fixed at the pupil center and the surround field beam

was displaced across the pupil. This modification of the

earlier increment threshold technique has the advantage that

the larger surround field, rather than the smaller test field,

is subjected to the off-axis optical aberrations of the eye.

Thresholds for small fields are highly dependent upon blur,

as evidenced by the use of stigmatoscopy for visual refrac-

tion (Ames and Glidden, 1928), whereas larger fields are less

so (Ogle, 1951a, b) . Additionally, since the surround field

beam is displaced across the pupil, its image undergoes what-

ever shifts of position on the retina may accrue from spheri-

cal and other aberrations, instead of the test field's image.

This assures that thresholds are always determined for the

same retinal locus with respect to a stationary fixation

target.

The particular increment threshold technique employed

by Flamant and Stiles (and others) measures the SCE indi-

rectly, however. What is actually determined is the threshold

change in the incremental field produced by the change of

brightness of the surround field due to the SCE. Fortunately,
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insofar as the Weber relation holds, i.e., A L/L =^ constant,

which is over a considerable range of luminances in normal

observers, the change in the surround field brightness, in

logarithmic units, is accompanied by an equal change in the

log luminance of the increment at threshold:

A L/L = constant (Weber relation)

thus A Lo/Lo = A.Lx/Lx

where A L and L are the luminances of the incremental and

surround fields, and the subscripts refer to the reference

(o) and displaced (x) beams.

Therefore, log ( A Lo) - log (Lo) = log ( ^ Lx) - log (Lx)

hence, log (Lo) - log (Lx) = log ( a Lo) - log ( A Lx)

(or change in log surround = change in log

increment)

.

Moreover, since

71 = Lx/Lo

and log ^ ^ log (Lx) - log (Lo)

log -h may be plotted as the differences in log increment

threshold values between the displaced and reference beams.

Thus, over the Weber range of the increment threshold curve,

measurement of changes in increment threshold is equivalent

to measurement of changes in effective background luminance.

It is apparent, however, that for regions of the increment

threshold curve other than the Weber portion, increment

threshold changes are not equal to changes in the effective

luminance of the surround field; hence, increment thresholds

as a function of the pupil entry position of the background

beam do not adequately represent the SCE

.
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In practice, an increment threshold function is obtained

with the entry position of the background beam held fixed

in order to determine a background field luminance for which

a valid SCE function may be obtained.

Blank et al. (1975) described a rapid method for de-

termining the location of the peak of the SCE function (also

see Enoch, 1959a) . Two beams are made to enter the pupil at

a fixed separation (2 mm in practice) ; light from each beam

forms one-half of a bipartite photometric field. The pupil-

lary entry positions of the two beams, which move in tandem,

are adjusted to give a photometric match. If symmetry of

the SCE function about its peak is assumed or has previously

been determined, tlien at tlie match point the entry positions

of the two beams in the pupil straddle the position of the

SCE peak in the tested pupillary meridian. In principle,

this peak finding technique might be modified to generate

entire SCE functions as well.

Objec tive Measures

In 1937, Crawford, using a subjective psychophysical

technique, measured the recovery of visual sensitivity in

the dark following a light preadaptation mediated by a beam

either entering at the pupil center or near its margin. As

expected, higher thresholds were evident during the early

phase of the recovery of sensitivity (the cone portion) when

the adaptating stimulus entered at the pupil center, i.e.,

close to the peak of the SCE function.
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Presumably, the recovery of visual sensitivity after

exposure to bright light depends in large part upon the re-

generation of bleached pigment (Rushton, 1972). Crawford

measured the recovery of sensitivity in time, from which the

pigment bleaching effectiveness of adapting beams entering

the pupil centrally or eccentrically could be inferred. With

the development of fundus ref lectometry techniques, by which

retinal photopigment could be measured directly before and

after exposure to pigment bleaching adapting lights, pigment

bleaching efficacy could be directly measured as a function

of the pupil entry position of the adapting beam. [Goldmann

(1942) performed an experiment, similar in principle, which

anticipated fundus ref lectometry . He noted ophthalmoscopi-

cally that retinal images formed by central and peripheral

pupillary beams were unequally bright when the observer

whose retina he v^/as observing had photom.etr ically matched

the two fields.] Thus, Ripps and Weale (1964) determined

that the relative efficacy of monochromatic lights in bleach-

ing foveal photopigment when these entered either at the

pupil center or 3 mm displaced was comparable to the rela-

tive efficacy of these lights in producing brightness. Coble

and Rushton (1971) found adapting light intensities which

produced equal photopigment bleaching for entry positions

spaced across the eye pupil. The obtained "equal bleaching"

function was in excellent agreement with a psychophysically

determined SCE function for the same observer.



14

Spring and Stiles (1948) changed the pupil entry posi-

tion of a large (52°) Maxwellian view adapting field and

measured the consensual pupillary reflex in the contralateral

eye. They observed a relative dilation of the contralateral

eye when the adapting beam entered peripherally in the pupil

as compared with central entry; however, the effect was con-

siderably less than was expected on the basis of the psycho-

physically determined SCE . It seems probable, however, that

the large white field used by these investigators favored

peripheral rods rather than central cones, in which case a

much reduced SCE would be expected (see below) . Alpern and

Benson (1953) rept^ated the Spring and Stiles study using a

centrally viewed 1'^ red adapting field in order to favor

cone vision. Under these conditions, a considerable change

in contralateral pupil diameter was recorded, consistent with

the psychophysically determined SCE, when the entry position

of the adapting light was displaced in the ipsilateral pupil.

Both Armington (1967) and Sternheim and Riggs (1968)

employed electrophysiological methods to determine SCE func-

tions m human observers. In both cases constant luminance

but pattern modulated stimuli were used to evoke electrore-

tinographic (ERG) responses favoring cone activity. ERG

and psychophysically determined SCE functions were highly

similar. Sternheim and Riggs also measured fast flicker

(25 Hz) ERGs for different pupil entry positions of a homo-

geneous stimulating beam whicli yielded a function quite like

the psychophysical SCE as well. Slow flicker (4 Hz) ERGs
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showed much less amplitude change as pupil entry position

was altered; presumably scotopic activity was preferentially

tapped with this procedure.

Summa ry and Compar i son

The SCE is a remarkably robust phenomenon in terms of

its insensitivity to the technique by which it is measured.

Thus, psychophysical, electrophysiological and other objec-

tive techniques all yield very similar functions, although

the variability of data and potential artifacts encountered

with some techniques make them less attractive than others.

[The techniques described here by no means exhaust the pos-

sible alternatives. For example, at the suggestion of

Dr. Michael Halasz, of the National Eye Institute, an SCE

function iias been successfully determined using a supra-

threshold magnitude estimation direct scaling paradigm.

Stiles (1959) , Westheimer (1968) , and Heath and Walraven

(1970) all describe procedures by which the SCE can be

visualized entoptically . Local variations in the SCE may

also be seen entoptically (see below.)] In general, psycho-

physical threshold measures show the least variability; when

coupled with criterion independent (signal detection) para-

digms a remarkable degree of sensitivity can be achieved.

Basic Experimental D ata

Retinal II luminance/Photopic vs. S ectopi c Adaptation

Crawford's (1937) study indicated that the foveal SCE

function was essentially independent of the background
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luminance. Both Stiles (1939) and Crawford (1937) showed a

similar independence of background luminance for the extra-

foveal SCE provided the level was relatively high (greater

than ca. 1.2 log photopic td at 5°). At lovi background in-

tensities or at absolute threshold, extrafoveal SCE functions

were reported to be much more nearly flat (Crawford, 1937;

Stiles, 1939; Flamant and Stiles, 1948), indicating that in

scotopic vision, brightness is much less dependent upon entry

position of the beam in the pupil. Using a sensitive signal

detection psychophysical procedure, vanLoo and Enoch (1975)

definitively demonstrated the existence of a scotopic SCE on

the order of 0.2 - 0.3 log units v/hich had been previously

hinted at in Stiles (1937) data and occasionally in subjects

whose SCE functions were decentered in the pupil (Flamant

and Stiles, 1948; Daw and Enoch, 1973; Bonds and MacLeod,

1978). When correction v/as made for the differential path

lengths of central and peripheral beams through absorbing

lens pigment (see below), the magnitude of the scotopic ef-

fect was found to be quite similar at all wavelengths tested.

Moreover, both photopic and scotopic SCE functions taken at

the same retinal locus had common axes of synmietry with re-

ference to the pupil. This finding is highly significant in

terms of the retinal receptor orientation properties which

the SCE apparently reflects.

In the mesopic range, the SCE makes a gradual transi-

tion between tlie small scotopic effect and the larger photopic

effect. This so-called "rising-sun" phenomenon was first

reported by Crawford (1937).
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At very high pho topic levels, the magnitude of the SCE

at the fovea increases, i.e., there is more difference in

brightness between beams passing through the center and pe-

riphery of the pupil (Stiles, 1937; Miller, 1964). Walraven

(1966) has also confirmed this effect for midspectral mono-

chromatic lights and proposed that it may be due to cone pig-

ment bleaching (see below) . In an often cited article Le-

Grand (1948) reported that the peak of the SCE curve shifted

with respect to the position of the corneal reflex (produced

by the photometric field) in an orderly fashion as the testing

luminance was changed. This intriguing finding is not re-

plicated in either Crawford's (1937) or Miller's (1964) data.

LeGrand's results may reflect a change in position of the

corneal reflex with luminance changes, due perhaps to altered

fixation (Simon, 1904) , rather than of the position of the

SCE peak in the pupil.

Comparisons Between Diff eren t Retinal Locations

Westheimer (1967) argued that if the SCE reflected re-

tinal photoreceptor optical properties, and if these were

physical optical rather than geometrical optical in charac-

ter, due to the small size of receptor apertures (Toraldo

di Francia, 1949), then foveal and extrafoveal photopic SCE

functions might be expected to differ, reflecting anatomical

differences between foveal and extrafoveal cones. In fact,

he found that the foveal SCE was of lesser magnitude than that

measured 3-3/4° parafoveal ly . Similar results can also be
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although these authors failed to comment on this finding.

Stiles' (1939) results also indicate a larger SCE parafoveally

(5°) than fovea lly for lon g wavelength stimuli; the same re-

lationship is not seen in his short wavelength data (but see

below) . Enoch and Hope (1973) measured SCE functions for

orange test and surround fields at 0°, 2°, 3-3/4° and 10°

and found that the change in magnitude of the SCE occurred

between 0° and 2° with little change thereafter out to 10°.

Recently, Bedell and Enoch (1978) determined that the SCE at

35° is similar in magnitude to that at the fovea.

Histological investigations in many species have shown

that photoreceptors do not point tovv^ard the center of the

eye but rather toward some anterior location, presumably

within the pupil (Laties et al., 1968; Laties, 1969; Laties

and Enoch, 1971; Enoch, 1972; Enoch and Horowitz, 1974;

Baylor and Fettiplace, 1975). Webb has drawn similar conclu-

sions based upon the X-ray diffraction patterns produced by

photoreceptors in intact eyes (Webb, 1972; 1977) . Thus,

only in the vicinity of the posterior pole are receptors

perpendicularly aligned with respect to the underlying pig-

ment epitheliura substrate.

Inasmuch as the SCE represents the orienting properties

of the photoreceptors (Enoch and Laties, 1971), one would

expect that peaks of SCE "functions measured at different

retinal loci would mirror these histological findings, i.e.,

SCE peaks should maintain an approximately constant relation
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to the pupil center. In the earliest study in which the SCE

was determined over a considerable range of retinal locations,

Aguilar and Plaza (1954) found that SCE peaks up to 37° from

the fovea remained within the dilated entrance pupil. Enoch

and Hope (1972a) carefully measured SCE functions from 5°

in the temporal visual field, approximately the posterior

pole, to 20° in the nasal visual field. Their findings were

that both horizontal and vertical traverses of the pupil

yielded SCE peaks clustered about a point, slightly different

for each of their three observers but for each near the cen-

ter of the entrance pupil of the eye. They confirmed these

results for three more observers at loci between 0° and 10°

in another study (Enoch and Hope, 1973). Bedell and Enoch

(1978) extended this analysis to 35° in the temporal periph-

eral field and found that receptor alignment within the pupil

is maintained. Because the optic disc is interposed between

this peripheral region and the fovea, forces which act on the

retina, such as occur in accommodation and during rapid eye

movements (see below) will have somewhat different effects

in these two areas. Thus, receptor alignment toward a region

within the eye pupil en both temporal and nasal sides of the

optic disc is quite remarkable.

VanLoo and Enoch (1975) found that photopic and scotopic

SCE functions had a common axis of symmetry when measured at

6° in the nasal visual field. Results of Bedell and Enoch

(1978) for one observer at 35° in the nasal retina are also

indicative of conmion alignment of photopic and scotopic
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receptors (see also Fiamant and Stiles, 1948; Daw and Enoch,

1973; Bonds and MacLeod, 1978).

Given the consistency of their results, Enoch and Hope

(197 2b) sought to determine whether the foveal SCE peak

better aligned to the center of the dilated or constricted

pupil, since the pupil center shifts slightly nasally from

complete dilation to complete constriction (Gullstrand, 1962;

Enoch and Hope, 1972b) . Moreover, normal SCE functions have

a slight bias toward peaking on the nasal side of the dilated

pupil center (e.g., Dunnewold, 1964). Enoch and Hope measured

SCE curves with respect to the corneal reflex, since the

pupil center obviously could not be used. They employed a

"peak finding" technique, in which observers adjusted two

equal luminance beams having a fixed separation in the en-

trance pupil, to that position of pupil entry which rendered

both fields equally bright. Although for two of three ob-

servers SCE peaks were nearer to the constricted than to the

dilated pupil center, the result must be taken to be incon-

clusive .

While the overall pattern of receptor pointing, as in-

ferred from the SCE , is remarkably constant across at least

a considerable region of the retina, there is apparently

some degree of variability, as would be expected in any

biological system, in the alignment of groups of neighboring

receptors. This was first recognized by O'Brien (1950) who

constructed an aperture which corrected for the photopic

SCE but saw residual bright and dark patches in what was
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expected to be a uniform field. Brighter and darker regions

shifted with respect to one another as the entry position

of the compensated beam in the pupil was altered. The ef-

fect rapidly faded when the beam was not moved, presumably

due to image stabilization. The same phenomenon has been

reported by Enoch (1967) and by Heath and Walraven (1970)

for short flashes. Enoch et al. (1978) have observed that

a similar, if somewhat more difficult to observe, effect

also occurs in scotopic vision, apparently reflecting local

variations in orientation of groups of rods. All observa-

tions to date have been qualitative only.

Heath and Walraven (1970) proposed that in the central

4° of the retina, receptors are parallel rather than point-

ing toward a common point in the eye pupil. Their evidence

consists of slight shifts of SCE function peaks measured in

this region. Since the shifts involved are rather small and

since these results have not been replicated (Enoch and Hope,

1972b), this proposed departure from anterior pointing of

photoreceptors must be regarded as questionable.

Waveleng th and Absor p t^i o n__ of Ocular Media

Stiles (1937) reported that the magnitude of the foveal

SCE changed systematically with the wavelength of the test

stimulus. He found the smallest SCE in the green region

and larger effects at both ends of an equal luminance spec-

trum. In later work (Stiles, 1939), he confirmed this gen-

eral wavelength dependence; however, he measured a smaller
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SCE at all wavelengths using different measurement techniques

Both sets of measurements were on Stiles' own eye, which

during this period also evidenced a shift in the peak of the

SCE (see below)

.

Foveal SCE data as a function of wavelength have also

been published by Enoch and Stiles (1961) for two subjects,

as raw data only, also for two observers, by Safir and Jiyams

(1969) , and for one observer by Wijngaard and van Kruysbergen

(1975). In all cases, a larger SCE is observed for long and

short wavelength than for mid-sprectral monochromatic targets

In 1939, Stiles also measured the \^/avelength dependence

of the photopic SCE for parafoveal targets. Here the SCE

was largest at the red end of the spectrum, falling to a

rather constant (non-zero) value in the green and blue re-

gions. This experiment has apparently never been repeated.

It is curious that the wavelength dependence of the SCE for

the foveal and parafoveal photopic retina should differ.

Although the parafoveal curves are not at all scotopic in

appearance, a possible rod contribution at the more eccen-

tric pupil entry positions needs to be considered. This is,

in fact, suggested by discrepancies between SCE functions

determined by increment thresholds in which test and surround

fields were of the same wavelength and functions determined

with test and surround of different wavelengths. (Compare

Stiles, 1939, Fig. 13 with Fig. 20, 23.) It can thus be

said that the v/avelength dependence of the photopic SCE out-

side of the fovea is an open question. On the other hand.
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the magnitude of the scotopic SCE seems to be less dependent

on wavelength, after correction has been made for absorption

by the ocular media (Flamant and Stiles, 19 4 8; VanLoo and

Enoch, 197 5) .

Returning to the foveal data, the function of magnitude

of the SCE vs^. wavelength has been suggested to represent a

composite of the somewhat different directional sensitivities

of three cone types posited for trichromatic vision (Stiles,

1937, 1939; Enoch and Stiles, 1961; Walraven and Bouman, 1960;

Safir et al., 1971). Stiles (1939) approached this problem

by determining increment threshold functions for a variety

of test field, surround field wavelength combinations and

either central or peripheral pupil entry of the test beam.

For some combinations of test and surround wavelengths, the

difference between increment threshold curves for central

and peripheral pupil entry of the test beam changed more or

less abruptly as a function of the background luminance, in-

dicating a change in the directional sensitivity of the de-

tecting mechanism. Stiles interpreted these data in terms

of three cone mechanisms, the blue cones being more direc-

tionally sensitive than either the red or green cones, and

the green cones slightly more so than the red cones for wave-

lengths under 6 20 nm.

Enoch and Stiles (1961) calculated the directional

sensitivities of three cone types based on color matching

functions for central and peripheral pupil entry of test

fields. The results indicate that all three receptor types
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have directional sensitivities which change as a function of

wavelength; the blue receptors were found to be more direc-

tional ly sensitive than either the red or green receptors.

The effect of strong light adaptation on the magnitude

of the SCE was briefly alluded to above. Stiles (1937) noted

a marked increase of the SCE in midspectrum for high lumi-

nance targets. VValraven (1966) also found evidence for an

increased SCE after strong light adaptation for "green" sensi-

tive elements but not for long wavelength sensitive receptors.

Additionally, he measured a recovery period for this increased

SCE, with a time constant of ca. 30 sec, consistent with that

of cone photochemical regeneration following bleaching.

Brindley (1953) noted that the Stiles-Crawford hue change

(SCE II; see below) effectively disappeared when the eye

was first exposed to a bright adapting stimulus (but see

also Wooten et al., 1977). Earlier, Wright (1946) had de-

termined that the foveal luminosity curve for a Maxwellian

view beam entering the pupil 3 iTuii from its center was most

similar to the luminosity curve for a higher luminance tar-

get entering at the pupil center. Taken together, these re-

sults suggest that eccentric pupil entry and light adapta-

tion have comparable influences on (at least midspectral)

luminosity. Brindley (1953), following a proposal made by

Stiles (1937), suggested that this similarity might be due

to reduced effective receptor photopigment concentration in

both instances; due to a partial bleaching from light adapta-

tion and to a diminished effective absorbing path length
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within the receptor in the case of oblique incidence. These

ideas will be further treated below.

Correction s f or ocular med ia. While the SCE would seem

to be primarily retinal in origin, the "retinal function" is

modified somewhat by differential absorption of beams passing

through the center and periphery of the pupil within the eye

media. The bulk of the absorption within the eye is attribut-

able to the lens pigment which most effectively absorbs light

at the short wavelength end of the spectrum. Macular pigment

absorption is relatively unimportant since the path length

differences involved are only about 2 per cent.

Weale (1961) corrected the magnitude of the SCE as a

function of wavelength for lens absorption, assuming homo-

geneous pigment concentration throiighout the lens. Since

the path length through the lens is longer for beams passing

through the center than through the periphery, the correction

results in a modest increase in the magnitude of the SCE at

middle and long wavelengths; at short wavelengths, the in-

crease in the (presumed retinal) SCE is quite substantial.

Weale also noted that after lens path correction. Stiles'

1939 data indicated a small SCE in scotopic vision; this ef-

fect was later measured by VanLoo and Enoch (1975) .

Mellerio (1971) investigated Weale's assumption that

lens pigmentation was homogeneous, finding it to be correct.

His own results indicated that changes in lens absorption

with age refi.ected increased lens thickness rather than in-

creased pigment density. lie calculated a correction for the
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SCE based on his data, indicating an even larger SCE at

short wavelengths than Weale.

Vos and van Os (1975) challenged the Mellerio correc-

tion for short v/avelengtlis , arguing that he failed to account

for the slight decentration of the SCE peak in the pupil

generally found in normal observers. They argued that the

effect of lens pigment at short wavelengths is to displace

the psychophysical ly determined SCE peak and distort the

function's shape, rather than to diminish its magnitude by

as much as the Weale and Mellerio corrections suggest. It

would seem that the validity of the various lens corrections

could be addressed experimentally in a aphakic observer, cor-

rected with a corneal contact lens, as suggested by Bailey

(1972) .

Factors Influencing the Stiles-Craw ford Effect

Richards (1969) hypothesized that the rise in visual

threshold which accompanies rapid eye movements, or saccades,

may be due, in part, to forces acting on the retina as the

result of the eye movement. In particular, he proposed that

the retina might be subjected to a sheering force relative

to its substrate during the rapid acceleration and decelera-

tion phases of saccades. If such sheering occurred, it

might be expected to transiently alter receptor orientation.

Such an effect would presumably be reflected in the SCE, if

measured directly after saccades. In fact, foveal SCE func-

tions determined 40 msec after 5° amplitude saccades showed



27

a 0.6 iimi shift in the peak toward the temporal edge of the

pupil

.

More recently, Blank et al . (1975) showed that foveal

SCE function peaks shifted between one-half and one and a

half irun nasally in four eyes under conditions of marked (9 D)

accommodation. Marked accommodation had previously been

shown to result in an advance of the retinal boundary toward

the ciliary body, which had been calculated to increase reti-

nal area by over 2 per cent (Moses, 1970; Enoch, 1973).

Ronchi (1954, 1955) reported that mydriatic agents,

both a parasympathetic blocking agent, and hence cycloplegic,

and a sympathomimetic, affected the magnitude of the foveal

SCE. Both the direction and amount of change in the SCE

(assessed as the change in log M ) depended upon the drug

used and the time since instillation. Effects lasted for

several hours. No influence of the drugs on the location

of the SCE peak was described; however, since most of the

measurements were a comparison of the relative efficacies

for two points in the pupil, rather than determination of

entire SCE curves, influences upon the peak cannot be dis-

counted, and may, in fact, represent much of the described

effect. It is not inconceivable that such drugs might in-

troduce forces upon the retina which would alter the posi-

tion of the SCE peak. Retinal distortion, tearing, and de-

tachment are known, for example, to occasionally accompany

the use of powerful miotic agents such as diisopropyl fluoro-

phosphate and phospholine Iodide (Lemcke and Pischel, 1966;

Moses, 1970)

.
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In 1939, Stiles reported the results of six years of

SCE determinations on his own eye. During that period the

peak of his foveal SCE function had shifted from . 2 mm

nasal of pupil center (Stiles and Crawford, 19 33) to . 9 mm

temporal in 1939 (Stiles, 1939), giving a total shift in

the horizontal meridian of just over 1 ram. Very little or

no change occurred in the position of the SCE peak for a

vertical pupillary traverse. Crawford's eye showed essen-

tially no change in the position of the horizontal peak

from 1933 to 1937 (Stiles, 1939). Safir et al. (1970)

failed to find any horizontal shift in the SCE peaks of two

observers over two years. Bedell and Enoch (1978) measured

botli vertical and horizontal foveal SCE functions for two

observers and compared these with earlier data. In one

case, no change in either peak could be detected after a

lapse of five years; in the second, a 0.4 ram horizontal

shift was detected over a 17 year interval. (As a point of

reference, a 1 mm shift in the position of the SCE peak in

the entrance pupil corresponds to a change in angle of ap-

proximately 2-1/2° at the posterior pole.)

l»Jith the exception of Stiles' eye, then, normal SCE

function peal; positions within the pupil are remarkably

stable over time considering the stresses to which the

retina is constantly exposed. In contrast, cases of active

retinal pathology may show changes in the position of the

SCE peak over the course of months (e.g., Campos et al..
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1978) . Transient changes of the position of the SCE peak

can result from forces acting upon the retina, such as ac-

company rapid eye movements or accommodation. It is pos-

sible that a sliifting of the SCE peak over time in a normal

eye may reflect the action or relaxation of such forces.

Addi tivity of the Stile s-Craw ford Effect within the Pupi l

In the paper in which Stiles and Crawford first reported

the SCE, they also investigated whether the relation which

described the relative brightness of beams entering at two

points in the pupil also described the brightness of a beam

which filled the pupil (Stiles and Crawford, 1933) . They

found that when they graphically integrated the data for

horizontal and vortical traverses of the pupil across the

entire pupillary aperture, their predictions for the apparent

brightness of extended beams were good to 6 per cent or less.

Since this first study others liave reported slight departures

from perfect additivity in one direction or the other (e.g.,

Ercoles et al., 1956; Ronchi, 1955; Enoch, 1958). Enoch's

study demonstrated that some and perhaps most of the depar-

tures from additivity resulted from the blurring of off-

axis images. He found much closer approaches to perfect

additivity when blur was corrected or when brightness was

determined by flicker photometry rather than direct matching.

What has perhaps not been adequately appreciated is that all

tests of additivity rest upon the assumption of a perfect

radial symmetry of the psychophysically determined SCE
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function as well as a perfect description of the SCE by the

mathematical function chosen to represent the data. Clearly

neither assumption is warranted.

Drum (1975) sought to determine whether the SCE oc-

curred for non-MaxweJ lian view stimuli, i.e., whether the

SCE was an artifact of Maxweliian view optics, a problem

which Enoch had also addressed earlier. Drum found that

the SCE did occur with Fraunhofer images of his stimuli

(which corresponds to normal viewing circumstances) and

that the brightness of a stimulus which passed through the

pupil in an annular beam was virtually exactly predicted

from the average of the brightnesses of four quarter annuli.

Corrections of retinal illumination througli an ex-

tended pupil for the SCE to yjeld an effective retinal il-

lumination have been offered (Moon and Spencer, 1944; Wyszecki

and Stiles, 1967; LeGrand, 1968). Not only do these correc-

tions assume additivity but also a standard observer with

an SCE centered in the pupil. Moreover, they are predicated

upon foveal viewing, a moderate luminance and white light.

It is seen that such corrections are useful as a general ap-

proximation m photom.etry.

Enoch and Eaties (1971) acidressed the question of the

effect of a decentered SCE within the pupil upon perceived

Even if tlie retinal SCE were perfectly symmetric about
its peak, which is not established, differential lens absorp-
tion for different optical paths would tend to distort the
psychophysical function for a peak not centered in the pupil
(see above)

.
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brightness for viev/ing with natural pupils of various sizes.

They employed an analog device (an aperture incorporating

the SCE) and assumed perfect additivity. The results indi-

cate that decentering of the SCE peak in the pupil has only

a moderate effect upon "integrated brightness"; a decentered

SCE more reduced "brightness" for smaller than larger pupil

sizes.

The Stiles -Crawford Ef fee t in Visual Pathology

Clearly the precise receptor alignment which is seen

in careful histology, and is presumably reflected in the

normal SCE, may be altered or disrupted by the action of

pathological or aphysiological challenges to the retina or

pigmented epithelium. Thus, Fankhauser et al . (1961) docu-

mented anomalies of the SCE in patients with retinal detach-

ment, angiomatosis of the retina and retinoschisis . In cases

in which photocoagulations v/ere performed, marked alterations

were observed in postoperative SCE functions. Abnormal SCE

functions have been noted in other types of retinal pathology

as well (Fankhauser and Enoch, 1962; Dunnewold, 1964; Enoch

et al., 1973; Pokorny et al., 1977; Smith et al., 1977;

Campos et al . , 1978; Fitzgerald et al., 1978). However,

not all retinal disease, nor even all affecting the photo-

receptor and pigment epithelial layers, disturbs retinal re-

ceptor alignment. For example, an essentially normal SCE

function has been mieasured in a case of Best's disease

(Benson et al., 1975) in which a large egg yolk-like lesion

apparently lifts the retina from the pigmient epithelium.
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What is more instructive from cases of pathology is

that followiny disturbance, a realignment of photoreceptors,

as reflected in the recovery of the SCE function, may occur

in tandem with the resolution of the pathological condition.

The first indications tliat recovery was possible were seen

in a case of retinal degeneration in which photocoagulation

was performed (Fankhauser et al., 1961) and, more clearly, in

a case of serous retinal detachment (Fankhauser and Enoch,

1962). Virtually complete recovery of SCE functions has

been documented in cases of total retinal detachment (Enoch

et al., 1973) and of subretinal fluid subsequent to trauma

(Campos et al., 1978). In the latter case, there was evidence

that receptor reorientation occurred within the macular region

at the same time that the SCE function of a paramacular loca-

tion, apparently outside the region of the primary lesion,

showed deteriorative changes. Subsequently, this paramacular

test location a] so showed the recovery of a normal SCE func-

tion. Marked improvement of a severely disturbed SCE func-

tion has recently been seen in a case of senile macular de-

generation as well (Fitzgerald et al . , 1978).

Dunnewold (1964) reported a patient with an iris co-

loboma, resulting in a displaced pupil, in which the SCE

function peaked near the center of the displaced rather than

physiologic pupil. Bonds and MacLeod (1978) have documented

a similar case, in which a displaced pupil resulted from

insult to the eye; both photopic and scotopic SCE curves

were symmetrical about a point near the displaced pupil
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center. It is possible that both of these instances also

represent a "recovery" of receptor orientation to abnormal

situations of retinal illumination.

It is significant that in eyes in which anomalous SCE

functions have been demonstrated to accompany observable

retinal pathology, other visual functions, including visual

acuity, have also shov/n adverse changes (Fankhauser and Enoch,

1962; Enoch at el., 1973; Campos et al., 1978; Fitzgerald

et al., 1978). In cases in which the SCE function has been

found to recover, visual acuity has also shown improvement.

Ohzu et al. (1972) and Ohzu and Enoch (1972) observed

that the modulation transfer function, indicative of the

optical resolution capability, of isolated retinas is

markedly inferior in areas in which receptors are poorly

oriented as compared with regions of well oriented receptors.

Such observations have been made in rat retinas and in squir-

rel monkey and human foveas. Unfortunately, a characteriza-

tion of the extent of malorientation of receptors in poorly

oriented areas could not be specified quantitatively. This

is a very complex problem.

Campbell (1958) reported psychophysical evidence for de-

creased resolution of grating targets entering the pupil at

peripheral locations and presumably imaged obliquely onto

It is clear that visual acuity changes in these cases
may also represent other aspects of the pathological process
than the inferred changes in receptor orientation.
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foveal photoreceptors. Resolution was poorer for targets

oriented perpendicularly to the pupillary test meridian than

for targets oriented parallel to it. Later work indicated

that much of the effect could be attributed to aberrations

suffered along peripheral optical paths in the eye (Campbell

and Gregory, 1960; Green, 1967; Enoch, 1971) . However, a

small effect was found to persist even with interf erometri-

cally formed targets (Campbell and Gregory, 1960; but also

Green, 1967). Enoch and Glismann ( 1966 ; Enoch, 1971) saw a

reduced resolution capability in rat and monkey isolated

retinas for changes in angle of the incident light. Both

meridional and non-meridional effects seemed to contribute

to the measured resolution decrement. The change in observed

resolution for an 8° shift in angle of incidence was on the

order of 10 to 20 per cent, much smaller than the resolution

losses reported by Ohzu et al . (1972; Ohzu and Enoch, 1972)

in areas of poor receptor orientation. However, the latter

represented alterations in alignment in excess of 8°.

SCE anomalies have been demonstrated in some amblyopic

eyes, from which gross pathology of the retina can be ex-

cluded [Enoch, 1957; 1959a, b; 1967a; Dunnewold, 1964; Mar-

shall and Flom, 1970; Bedell, 1974 (reviewed in Chapter III)j.

Photoreceptor malor i entation , which may be inferred from SCE

abnormalities, has been suggested to play a part in the de-

creased visual acuity of -amblyopic eyes (Enoch, 1957; 1967a).

However, the reduction in resolution which could be expected

to result from, pliotoreceptor orientation anomalies is modest

in terms of that found in [profound amblyopias.



35

It is uncertain whether the receptor orientation anoma-

lies, which have sometimes been detected in amblyopes, repre-

sent a sign of microscopic pathology in the outer retina, a

failure of the normal receptor alignment mechanism, or the

sequelae of transient retinal pathology during infancy, which

has otherwise resolved (Burian and von Noorden, 1974) . To

confound the situation even further, SCE functions which are

significantly decentered with respect to the pupil are oc-

casionally reported for presumably normal eyes (Flamant and

Stiles, 1948; Westheimer, 1968; Wijngaard and van Kruys-

bergen, 1975). Based upon Enoch and Glismann' s results

,

significant resolution losses would not be expected for a

modest "simple tilt" of the receptors, i.e., the maintenance

of good alignment between neighboring receptors but an over-

all orientation tendency toward a noncentral region of the

entrance pupil. The histological evidence presented above,

the results in retinal pathology, and microwave simulation

studies (Enoch, 1960), all suggest that a general malorienta-

tion of the receptors, a loss of alignment between neighbor-

ing elements, would more significantly disturb resolution

capacity

.

The Transi ent Stiles-Craw ford Effect
a nd Direction al Ligh t Adaptation

Makous (1968) reported that if two fields, which had

been equated for the SCE and which entered the eye at oppo-

site sides of the pupil, were interchanged, this exchange



36

was marked by a sudden increase in brightness, followed by

a slow decline to a lower steady state value. When these

two fields were alternately employed as the surround upon

which a small incremental test field appeared, a sudden rise

in the increment field threshold, on the order of 0.7 log

units, V7as found to occur when the surround beams were ex-

changed. Thereafter, the increment threshold returned to

an asymptotic value with an apparently exponential course

and a half time of 10 - 25 sec, depending upon the surround

field luminance. Curiously, the recovery was slower for

dimmer background fields. The increment threshold results

seemed to mirror the subjective perception in all respects.

Confirmation of this so-called transient SCE appeared

in the work of Heath ( 1970 j, Bai ley (1974), and Sansbury et

al. (1974). Heath noted that fields compensated for the

SCE and entering the pupil at disparate points demonstrated

flicker when interchanged at a moderate rate. Bailey pur-

sued this finding in his dissertation and was able to define

directional sensitivity functions much narrower than the

standard psychophysical SCE function, utilizing the criterion

of critical flicker frequency. Sansbury et al. replicated

Makous ' original experiment using monochromatic, rather than

white, test and surround fields and confirmed his report in

all particulars. They also demonstrated, as had Makous,

Makous (1977) has recently reported that a transient
reduction in visual resolution capability occurs under simi-
lar experimental conditions. He reports the magnitude of
this reduction to be about a factor of two.
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that both the magnitude and time course of the transient SCE

were independent of the pupil entry position of the incre-

mental test beam. Finally, they showed that in the steady

state condition, the threshold raising properties of surround

fields entering at opposite sides of the pupil were linearly

additive. Both Makous and Sansbury et al. argued on the

basis of their experiments that the transient SCE indicated

the existence of receptors or channels with a directional

sensitivity smaller than the aperture of the dilated pupil.

However, they concluded that the effect was not the result

of a preferential light adaptation of different groups of

receptors by background beams incident at the retina at dif-

ferent angles. Coble and Kushton (1971) measured the frac-

tion of cone pigment bleached in the fovea densitometrically

,

using a measuring beam which was varied in its pupil entry

position, and also concluded that bleaching did not occur

differentially in groups of cones with dissimilar orienta-

tions. While MacLeod (1974) also failed to find psychophysi-

cal evidence of directionally selective light adaptation at

the fovea, he did elicit such an effect at 6° in the para-

fovea . In contrast to the foveal results, he found that the

entire SCE function shifted slightly depending upon the entry

position of a background beam in the pupil; for peripheral

pupil entry positions, the difference between the curves was

approximately 0.3 log units.

Both the transient SCE and the apparent entoptic visuali-

zation of receptor subgroups (see above) seem to indicate
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the existence of at least modest variation in receptor ori-

entation. This implies that the directional sensitivities

of individual receptors might well be narrower than the SCE

curve, also indicated by microspectrophotometric analyses

of single receptors in vitro (see FJnoch, 1975). However,

there is as yet no adequate explanation for the transient

SCE. Makous noted that the transient SCE was similar in

time course, magnitude and the effects of varying luminance

to a phenomenon described by Baker (1949) in conjunction

with rapid light adaptation. It would seem that contrary

to Makous' argument that the two phenomena are unrelated,

sufficient similarity exists to actively pursue a connection.

In particular, both effects may reflect processes initiated

by a transient signal from (groups of) photoreceptors but

which occur at a more proximal site.

Stiles -Cr awford -li ke Ef f ec t s in Infrahuman Species

There have been relatively few attempts to identify

Stiles-Crawford-like effects in animal models. The existing

data are in the form of retinal electrophysiological responses

to different angles of incidence of a test illumination.

Conner and Rushton (1959) recorded ganglion cell re-

sponses to a flashed incremental field presented against a

steady adapting background from a frog eyecup preparation.

Ganglion cell threshold was found as the angle of incidence

of the incremental beam at the retina was varied. The authors

were careful to direct the test field image onto a portion



39

o

w

f the ganglion cell receptive field remote from the record-

ing electrode, in order to avoid potential shadowing arti-

facts. The test illumination, necessary to produce a cri-

terion ganglion cell response, changed 0.4 - 0.8 log units

over a 15° range of angles of incidence when the preparation

as photopically adapted. Scotopically , changes in the angle

of test beam incidence liad no measurable effect upon ganglion

cell threshold.

Tobey et al, (1975) report similar unpublished experi-

ments by Reynauld and Laviolette, in which a directional

sensitivity was found under photopic conditions for goldfish

retina, as assessed by ganglion cell responses.

Baylor and Fettiplace (1975), using the turtle eyecup,

recorded slow potentials in treicellularly from photoreceptors

while changing the angle of the incident light. The authors

report clear sensitivity changes in "red" and "green" cones

as a function of the angle of incidence and possibly smaller

effects in "blue" cones and rods, which were encountered

less frequently. Pautler (1967) had earlier found evidence

for directional sensitivity of turtle receptors in an iso-

lated retina preparation. He noted changes in the magnitude

of the S-potential v;hen the angle of incident light was varied

Stiles-Crawford-like effects in this preparation are

modified by the presence of high refractive index, absorbing

oil droplets between cone inner and center segments. These

have differential absorption of incident light depending upon

its angle, due to changes in path length through the oil
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droplets. However, the oil droplet absorption should tend

to reduce rather than enhance measured Stiles-Crawford-like

effects in turtle cones. Baylor and Fettiplace report that

the magnitude of the directional sensitivity effect, for a

given cell, depends upon the wavelength of the incident light,

directional sensitivity becoming less or "inverting" (i.e.,

a greater sensitivity to presum.ed off-axis light) for wave-

lengths away from the cell's sensitivity maximum. These

curious wavelength effects may be largely or wholly attribut-

able to the directionality of the oil droplets, that is,

their lesser absorption of obliquely incident light.

Baylor and Fettiplace conclude that the directional sen-

sitivity of individual turtle receptors is fairly broad, cor-

responding well with the angular subtense of the turtle eye

pupil at the retina. This conclusion is in contrast to op-

tically determined directionalities of single photoreceptors

in other species. Enoch and coworkers have determined the

angular radia tion patterns of single goldfish, frog, and rat

photoreceptors when retroilluminated in isolated retina

preparations (e.g., Tobey et al., 1975). On the basis of

Helmholtz's theorem of optical reciprocity, i.e., the equiva-

lence of forward and backward passage of radiant energy

through an optical system, Enoch has argued that the angular

radiation pattern specifies the angular acceptance pattern,

or the optical directional sensitivity. Directional sensitivi-

ties of single receptors, derived in this way, are considerably

narrower than either the angular subtense of the pupil or of
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the optical directional sensitivities of large groups of

receptors. Differences betv/eon rods and cones are quantita-

tive rather than qualitative. Enoch (1961a; 1967b) has also

made similar observations when light is passed through re-

ceptors in the physiologic direction, i.e., from inner retina

to outer retina. That is, varying the angle of incidence of

a light beam on the retina by only a few degrees greatly

alters the transmissivity of individual rods and cones as ob-

served in numerous maminalian species, including humans. It

should be stressed that these optical measurements and ob-

servations have been m.ade in species without receptor oil

droplets

.

Electrophysiological determinations of Stiles-Crawford-

like effects in animals are potentially a very powerful tool

for understanding basic receptor directional sensitivity

processes. Thus, electrophysiologically determined direc-

tional sensitivities of single receptors and of ganglion cells

in the same preparation might indicate the role of variations

of individual receptor alignment in the psychophysical SCE

.

The use of preparations with noncircular pupils, measuring

directional sensitivities for two or more pupillary axes,

could suggest mechanisms involved in maintaining receptor

alignment. The difficulties involved in such studies are

also tremendous, however. In an eyecup or isolated retina

preparation, specification of receptor alignment relative to

the eye's pupil is difficult. The effects of the electrode

itself upon the stimulating light are uncertain. This is
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an especially difficult problem when intrareceptor recordings

are attempted since the mere presence of the recording elec-

trode in proximity to the photoreceptor must perturb light

propagation along the receptor. Obviously, electrode pene-

tration can also influence cellular orientation. It is not

clear what kind of controls are possible to avoid potential

artifacts from such sources. However, the direct observa-

tion of the optical properties of the receptors studied is

indicated

.

Theory

The first important theoretical issue concerning the

SCE was whetlier it is primarily retinal in origin or an ef-

fect of preretinal absorption. Stiles and Crawford's (1933)

own calculations indicated that estimated preretinal absorp-

tion (and reflection) differences between beams passing

through the center and periphery of the pupil were small

compared to the magnitude of the psychophysical ly measured

effect. Experiments by Craik (1940) and Goldmann (1942) fur-

ther indicated that the phenomenon was probably retinal in

origin. V/eale's (1961) analysis of the effect of lens ab-

sorption indicated that this, in fact, reduced the magnitude

of the psychophysical SCE. Differences between normal pho-

topic and scotopic SCE functions (Crawford, 19 37; VanLoo and

Enoch, 1975) and changes 'seen over time in the SCE of ob-

servers v;ith retinal pathology (Fankhauser et al., 1961;

Fankhauser and Enoch, 1962; Enoch et al., 1973; Campos et al.,

1970; Fitzgerald et al., 1978) also indicate a retinal basis.
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Wright and Nelson (1936) proposed, virtually in passing,

that the directional sensitivity of the retina might derive

from the light trapping properties of retinal receptors.

That is, liglit incident upon receptors normally to their

long axis, or at very shallow angles to the normal, might be

expected to suffer total internal reflection and hence re-

main within the receptor for its entire length. On the

other hand, light incident at more oblique angles to the

normal would no longer be contained by internal reflection

but rather be refracted out of the receptor into the inter-

cellular space. Rays leaving the receptor would, of course,

have a lower probability of encountering, and therefore ex-

citing, visual pigment rendering these rays visually less

efficacious. The same concept had been proposed by BrUcke

(cited in Helmholtz, 1924) some 90 years earlier.

O'Brien (1946, 1951) further developed the concept of

total internal reflection within receptors as a possible

basis for the SCE, stressing the importance of the ellipsoid,

coupling the inner and outer segments, and its taper angle.

Within his framework, light losses from receptors occurred

primarily v;ithin or near the ellipsoid region. O'Brien's

model brought attention to the possibility that photoreceptors

might concentrate light from the larger diameter inner seg-

ments into the narrov/er outer segments. In fact, light col-

lection has been directly observed in retinal photoreceptors

(Tansley and Johnson, 1956; Enoch, 1961a). Psychophysical

evidence, which suggests tliat human receptors concentrate
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light, has been provided by Brindley and Rushton (1959) and

Brindley (1959)

.

Toraldo di Francia (1949) pointed out that the dimen-

sions of retinal receptors are on the order of the v/avelengths

of visible light; hence, receptor optical characteristics

could not be adequately specified by the geometrical opti-

cal approaches such as Wright and Nelson and O'Brien had

proposed. Toraldo drev/ an analogy between photoreceptors

and dielectric antennae, suggesting not only the application

of physical wave optics but also the usefulness of the opti-

cal reciprocity theorem, i.e., that angular radiation and

acceptance patterns of receptors are identical.

Further analyses of the SCE have generally begun with

the presumption that receptors act as optical v/aveguides.

Waveguide properties are ascribed on the basis of the dimen-

sions of receptors, which in cross section are on the order

of wavelengths of light, and on the liigher refractive indices

measured for receptors than for surrounding extracellular ma-

terial (Barer, 1957; Sidman, 1957; Enoch and Tobey, 1978)

.

Energy passes along waveguide structures in characteris-

tic interference patterns or modes, which depend upon the

receptor geometry (morphology) , size and refractive index

relative to the surrounding material as well as upon the wave-

length and angle of incidence of the exciting light (Enoch,

1961a, b, c; Enoch and Horowitz, 1974). Such modal patterns

have been observed in the receptors of many vertebrate spe-

cies (nannovt:r, 1843, cited in Enoch and Tobey, 1973; Enoch,
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1961a, b, c; MacNichol, 1967; Enoch and Tobey, 1973; Tobey

et al . , 1975). Moreover, observed modal patterns may be

altered by a change of wavelength or of the angle of inci-

dence of the exciting light (Enoch, 1961a, b, c; Enoch and

Tobey, 1978) . The modal patterns seen are those which would

be predicted on the basis of photoreceptor dimensions and in-

dices of refraction.

Waveguides evidence directionality in the sense that

energy incident at some angles is accepted preferentially

over that at others. As noted above, optical studies of

vertebrate receptors indicate a high degree of directionality,

both in rods and in cones. Lesser directionality is found

for groups of receptors than for single elements (Enoch,

1975) . Waveguides also tend to concentrate light, in that

their effective light capturing area is typically larger

than their geometrical cross sectional dimension (Snyder

and Hammer, 1972). Psychophysically determined retinal di-

rectionality is thus seen to be in good qualitative agree-

ment with the optical waveguiding properties of retinal re-

ceptors based upon their physical structure.

Snyder and l^ask (1973, also Pask and Snyder, 1975)

and 'Wijngaard and van Kruysbergen (1975, also Wijngaard et

al., 1974) have proposed models of the SCE based on physical

wave optical treatments. In such analyses, receptor dimen-

sions, refractive indices" of the receptors, of their subre-

gions, and of the extracellular interstitial matrix and as-

sociated structures are important parameters. These models
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require specification of the physical parameters noted above

with high accuracy as well as simplifying assumptions as to

receptor geometry and homogeneity. Unfortunately, the physi-

cal measurements made to date of photoreceptors and their

natural retinal milieu fail to reach the accuracy demanded,

essentially because of limitations inherent in available

measurement techniques (but see Barer, 1957; Sidman, 1957;

Enoch and Tobey, 1978) . This makes an evaluation of such

models difficult, since all of them can be made to reason-

ably fit the psychophysical data by suitable adjustment of

parameters

.

An important issue for all models of the SCE is the

extent to which the psychophysical function represents the

directionality of single receptors, rather than an averaged

directional tendency of a population of small acceptance

angle receptors with interreceptor scatter in orientation

(Crawford, 1937; Safir and Hyams , 1969; Safir et al., 1971).

Present evidence seems to favor the latter view, since (1)

optical specification of acceptance angles of individual

receptors of several species indicates small (2° - 4°) half

angles (Enocli, 1975); (2) apparent local variations in recep-

tor pointing can be demonstrated entoptically (O'Brien, 1950;

Enoch, 1967a; Heath and Walraven, 1970; Enoch et al., 1978);

(3) the transient SCE and directional light adaptation demand

at least a modest nonuniform directional sensitivity at some

level in tJie visual system [although the nonuniformi ty might

lie within individual receptors (see King-Smith, 1974;
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Salisbury et al., 1974; Crawford, 1972)]; (4) Bailey (1974)

has measured narrow directionality SCE functions using a

critical flicker fusion technique. On the other hand, fundus

ref lectometry indicates no measurable receptor scatter at

the fovea in terms of bleaching (Coble and Rushton, 1971)

and the single electrophysiological study of the directional

sensitivity of single retinal receptors (which is subject to

the limitations described above) finds broad acceptance angles

which fill the pupil (Baylor and Fettiplace, 1975).

Laties and Enoch (1971) have demonstrated that retinal

histology can be of little help in assessing the small angu-

lar differences in neighboring receptor orientation which

may be involved. Further intrareceptor electrophysiology

and optical studies of single receptors and groups of recep-

tors are important. Psychophysically , an understanding of

the transient SCE might aid in the resolution of this ques-

tion. A note of caution: It is not unreasonable to assume

that, in different species or at different retinal locations

within the same species, contributions of the acceptance

angles of individual receptors, of interreceptor orienta-

tional scatter and of neural summing across groups of recep-

tors to the SCE might differ in importance.

The Stiles-Crawford Effect of the Second Kind (SCE II)

Basic Exper imenta 1_ Dja ta.
•

Wlien the SCE is measured for monochromatic lights, using

a direct photometric matching technique, a comparison field
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which enters the pupil displaced from the center may undergo

not only a change in brightness but in perceived hue as well.

This hue shift has come to be known as the Stiles-Crawford

effect of the second kind (SCE TI)

.

The first detailed description of the SCE II was by

Stiles (1937). He presented observers with a bipartite

field which v;as to be matched for both hue and brightness.

Standard and comparison half fields derived from two mono-

chromators, the exit slit of the first imaged at the center

of the observer's pupil. The comparison field beam, from

the second, monochromator, was imaged successively at half mm

intervals across the Vv'idth of the dilated pupil. The ob-

server controlled both the luminance and wavelength of the

comparison beam, thereby permitting him to match the standard

half field, which was set at one of 11 wavelengths spanning

the visible spectrum.

The SCE II functions reported by Stiles (change in ap-

parent wavelength vs^. pupil entry position of the comparison

beam) are complex in shape. Despite a general resemblance

In measuring the SCE II, a brightness match between
comparison and standard half fields, in order to compensate
for the SCE (of the first kind) is required in order to
avoid contamination of the SCE II by the Bezold-Brticke hue
effect. The latter is the change in apparent hue which oc-
curs with clianges in luminance. In general, as luminance
is decreased, hues shift toward a greener or redder appear-
ance (see, e.g. , Boynton .and Gordon, 1965) . The magnitude
of the Bezold-Brtlcke effect, for a 1.0 log unit change in
luminance, is comparable to th£it of the SCE II. The two
effects are dissimilar in many particulars, the respective
hue shifts being in opposite directions in many regions of
the spectrum.
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to SCE curves, several of the functions seem not to be sym-

metrical about the peak of the simple SCE function. Since

all lights were essentially monochromatic, lens or other

preretinal absorptions cannot be responsible for these asym-

metries .

With a few exceptions in midspectrum, most of the hue

shifts are toward longer apparent wavelengths. This is in

contrast to the Bezold-Brtlcke hue shifts which are toward

both shorter or longer wavelenghts in various regions of

the spectrum.

Walraven and Bouman (1960) presented SCE II hue shift

data for comparison beams entering the pupil 3.5 mm from the

SCE peak. Wijngaard and van Kruysbergen (1975) also present

SCE II data for a single observer. Neither study gives any

particulars v/hatsoever as to measurement techniques; however,

the results agree qualitatively with both Stiles (1937) and

later work by Enoch and Stiles (1961).

Stiles (1937) noted that for most wavelengths, compari-

son and standard fields differed not only in (brightness and)

hue but in saturation as well. In the blue-green region

of the spectrum, a beam passing through the periphery of

the pupil appeared more saturated than one entering at the

center. Enoch and Stiles (1961) thus addressed the problem

of specifying a complete color match (hue, lightness, and

saturation) between fields entering at the center and pe-

riphery of the pupil. Standard and comparison monochromatic

beams, of the same wavelength, were brought to match by the
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addition of small amounts of fixed primary lights to one or

both fields, i.e., by trichromatic colorimetry. Standard

fields were adjusted in luminance to an equal luminance

spectrum. Enoch and Stiles' results, specifying the com-

plete SCE II color change, are given in terms of Wright's

u, V, v; color coordinate system. From these data, the ap-

parent shift of the spectrum ]ocus for the principle observer

for a beam 3.5 ran from the simple SCE peak could be specified.

The calculated shifts of dominant wavelengths coincide well

in a qualitative way with SCE II hue shifts reported for

other observers. Note that the SCE II color shift is speci-

fied in stimulus terms; an indication of the perceptual color

shift as a function of wavelength might be gotten bya trans-

formation of observer JME ' s data (Enoch and Stiles, 1961)

from Wright's u, v, V'^ color space to one of the more nearly

uniform chromaticity spaces (Wyszecki and Stiles, 1967).

Brindley (1953) investigated the effects of intense

adapting lights on color matching. In one of his experiments,

he matched a monochromatic yellov; with a mixture of red and

green lights, all beams entering at the center of the pupil.

When the pupil entry position of all stimuli was shifted to

3 mm from center, the match no longer held. (Unfortunately,

the spectral characteristics of Brindley 's matching lights

were shaped by relatively broad band filters and hence, dif-

ferential lens absorption as a function of wavelength for

the two pupil entry positions may have played some role in

his results.) This phenomenon was, of course, much more
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extensively studied in the later Enoch and Stiles work. How-

ever, Brindley further observed that after adaptation to an

intense (10^ td) yellow field, an SCE II hue shift was no

longer seen for a monochromatic yellow light, when its entry

position was shifted in the pupil. The observer could still

discriminate actual wavelength changes of the stimulus after

the intense light adaptation, however. Brindley' s results

indicate that, at least for a single wavelength, the SCE II

hue shift could largely be nullified by intense light adapta-

tion.

Ivooten et al . (1977) reported in a preliminary communi-

cation that an SCE effect does persist at high bleaching

levels. The high intensity SCE II apparently differs both

qualitatively and quantitatively from that reported for

lesser retinal illuminances.

The Sti les- Crawfor d Effect of the Second Kind in Anom.alous
Vision

~

Walraven and Leebeck (1962) measured the SCE II hue

shift in single deuteranomalous and protanomalous observers.

The hue shifts of both observers were larger than those ob-

tained in color-normals; this only emphasizes the necessity

of expressing SCE II hue shifts in perceptual rather than

stimulus terms, i.e., the color anomalous' hue discrimination

functions were presumably not as acute as those of color nor-

mals (Wright, 1946). The color anomalous observers reported

increased saturation as well as hue changes for some wave-

lengths entering peripherally in the pupil. The most curious
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aspect of the data is that for wavelengths greater than 500 nm

the hue shifts were pronouncedly toward shorter wavelengths

for both anomalous observers, in contrast to the shift toward

the red described by color normals above c_a. 560 nm.

Since receptor malorientation has been described in cer-

tain visual pathologies, including some amblyopic observers

(see above), Alpern et al. (1967) looked for a change in

anomaloscope matches in strabismic amblyopic eyes as an in-

dicator of retinal receptor tilt. (Earlier observations of

anomalous SCE functions in some amblyopic eyes had been made

on nonstrabismic amblyopic subjects having limited acuity

decrements.) The rationale was that if cones in his sample

of amblyopic eyes were tilted, one might expect a slight hue

shift toward the red in the amblyopic eyes' anomaloscope

matches, corresponding to the SCE II hue shift for yellow

light. No clear evidence of a hue shift was found; however,

a number of technical objections to the experimental proce-

dure can be made. On the other hand, Pokorny et al. (1977)

not only found disturbed simple SCE curves in several cases

of senile macular degeneration, but also noted abnormal

anomaloscope matches for various matching field sizes in

the same eyes. The authors have suggested that these re-

sults may be understood in terms of an SCE Il-like hue shift

toward longer wavelengths as the result of maloriented re-

ceptors in their subjects. This interesting hypothesis

would seem to require additional verification, such as de-

terminations of SCE II functions in these anomalous eyes.
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Stiles-Crawford Effect of the S econd Kind: Theory

Very early on, Stiles (1937) entertained the idea that

SCE II changes resulted from different directional sensitivi-

ties of the fundamental cone mechanisms. Although this must

certainly play some role in the SCE II, Stiles' calculations

indicated that another factor or factors must also contribute

to the color changes.

One possibility is contained in the so-called self-screen-

ing hypothesis. Briefly, this is based on the observation

that pigment absorption characteristics change with the effec-

tive density of the pigment in its substrate medium, or alter-

natively, with the path length through a solution of given

pigment concentration (e.g., Walraven and Bouman , 1960).

Stiles, and later Brindley (1953), Walraven and Bouman (1960),

and Enoch and Stiles (1961) noted that light entering the

pupil away from the center would strike well-oriented recep-

tors at an oblique angle and hence, rather than pass down the

whole absorbing length of the outer segment might "leak" out

after traversing only some fraction of this distance. Hence,

for nonsmal] pigment densities, the spectral absorption of

such receptors would depend upon the angle at which incident

light strikes the receptors.

Enoch (1961a, b; 1963) reported that the outer segments

of bleached photoreceptors illuminated with white light ap-

peared as a multicolored 'mosaic of modal patterns. Changes

of the angle of the incident light not only altered the modal

patterns but also the distribution of hues observed (Enoch,

1961a, 1963). In general, increased obliquity of incident
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light resulted in an increased transmission of long and short

wavelengths and lesser transmission of middle wavelengths in

bleached receptors. Enoch's observations indicate that recep-

tor waveguiding properties must be taken into account not

only in the SCE brightness phenomenon but in SCE II color ef-

fects as well.

Walraven and Bouman (1960) proposed a theory of both

the SCE II and the wavelength dependence of the SCE of the

first kind based upon the self-screening hypothesis and geo-

metrical optical considerations. Later Wijngaard et al.

(1974) revised this model in light of the physical optical

characteristics of retinal receptors. Enoch and Stiles (1961)

showed that self-screening did not adequately account for all

aspects of their data, assuming geometrical optics and light

"leakage" from receptors independent of wavelength. It is

not clear that physical optical considerations, as applied

by Wijngaard et al., provide a superior fit to the data.

While such models appear to be on the right track, current

knowledge of the physical constants involved is insufficient

to permit meaningful evaluation of such modelling attempts.

§iSilif

i

cs"

c

e of the St ile s-Crawf ord Effect

The SCE or Stiles-Crawford-like effects have been demon-

strated in frog (Donner and Rushton, 1959), goldfish (Rey-

nauld and Laviolette, cited in Tobey et al., 1975), turtle

(Pautler, 1967; Baylor and Fettiplace, 1975) and humans.

Optical studies of isolated retinas of goldfish, frog, rat.
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and humans have indicated directional sensitivity of indivi-

dual receptors or of small groups of receptors in these

species (Enoch, 1975). Directionality has shown for both

rod and cones. It thus seems that directional sensitivity

may be ubiquitous in vertebrate photoreceptors.

Laties and coworkers found that photoreceptors at all

positions of the retina tended to align to a common region

at the anterior part of the eye, presumably near the center

of the exit pupil. Such anterior pointing of photoreceptors

has been seen in fish, amphibian, reptile, bird, mammal, and

primate retinas (Laties et al., 1968; Laties, 1969; Laties

and Enoch, 1971; Enoch, 1972; Enoch and Horowitz, 1974; Baylor

and Fettiplace, 1975). The peak of the SCE function of human

observers has been shown to remain near the center of the exit

pupil of the eye for test locations up to 20° in the nasal

visual field and 35° in the temporal visual field (Enoch and

Hope, 1972a, Enocli and Hope, 1973; Bedell and Enoch, 1978) .

The psychophysically determined SCE thus apparently reflects

the retinal pliotoreceptor orientation and complements the his-

tological findings. Additionally, in some species with re-

flecting tapeta, the tapetal reflecting surfaces have been

demonstrated to be oriented approximately perpendicularly to

a hypothetical ray passing through the center of the exit

pupil (Denton and Nicol , 1964; Nicol , 1969; Enoch, 1972).

The rather precise alignment of retinal structures

with what is apparently the exit pupil of the eyes of di-

verse species raises two obvious questions. The first is

teleological: What is the purpose of such alignment? The
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second question is how this alignment is established and

maintained. Answers to both must be somewhat speculative.

The SCE has often been suggested to serve a contrast

enhancing function (e.g., Beck, 1950; Enoch, 1972). Whereas

the eye pupil is the source of relevant visual signals, such

signals may be degraded by the presence of contrast reducing

scattered light within the eye. Directionally sensitive

receptors which are aligned toward the region of the exit

pupil of the eye are presumably maximally sensitive to light

entering through the pupil and less sensitive to more ob-

liquely incident light scattered from within the retinal

sphere. In this regard, it has been noted that human pho-

topic and scotopic SCE contours correspond to the relatively

constricted and dilated pupils typical of the respective adap-

tive conditions (e.g., Stiles, 1962). Thus, rods are rela-

tively more sensitive than cones to light entering near the

edge of the dilated pupil, a region v/hich can only be a

source of stray light under photopic adaptation. In species

in which the pupil performs an apodizing function, by virtue

of an asynmetric or exotic shape, a correspondence between

Stiles-Crawford-like contours and the pupillary aperture is

more questionable, albeit experimentally testable.

A tendency for photoreceptors at all regions of the

retina to align toward tlie center of the exit pupil permits

the optimal utilization of the receptors' directional sensi-

tivity properties across the entire retina. Were the recep-

tors perpendicular to the pigment epithelial substrate
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throughout the eye and yet directionally sensitive, at reti-

nal locations remote from the posterior pole, sensitivity to

stray light would be enhanced at the expense of sensitivity

to visual signals entering through the pupil. Moreover,

photoreceptor alignment toward the exit pupil of the eye

presents the greatest density and path length of photosensi-

tive molecules, aligned in transverse stacks of outer segment

discs, to light entering the eye pupil.

In terms of reducing sensitivity to intraocular stray

light, the effect of the lens upon the SCE may also be con-

sidered. I,ens pigments tend to reduce the magnitude of the

SCE measured psychophysically with respect to the presumed

underlying directional sensiti.vity at the retina. Thus, the

retinal sensitivity to intraocular stray light is actually

less than that indicated by the magnitude of the psychophysi-

cal SCE. The greater magnitude of the SCE in the blue and

red regions of the spectrum may be understood in terms of a

further reduction of sensitivity to the stray light within

the eye. Intraocular scattered light is presumably greater

at short wavelengths, due to Rayleigh scattering, and at

long wavelengths, as the result of reflections from vascular

tissues, than at middle wavelengths.

As recognized by Brllcke (cited in Helmholtz, 1924), the

orientation of tapetal surfaces perpendicularly to rays enter-

ing the center of the exit pupil of the eye tends to pass

reflected light from the tapetum through the same photorecep-

tors that were traversed daring the forward passage through
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light which is not absorbed within the receptors after tapetal

reflection has been redirected toward the pupil, and hence

tends to leave the eye ratlier than increase stray light

levels within the eye.

An obvious consequence of the SCE is that the effective

stimulus for visual response cannot be simply specified in

terms of retinal illuminance. The distinction between distal

and proximal stimuli (Riggs, 1965) becomes rather complicated.

LeGrand (1968) has proposed the effective troland as a unit of

retinal illuminance, in which compensation for the SCE has

been incorporated. Some of the pitfalls inherent in defining

and applying a standard SCE function integrated across the

pupil were considered above. Additionally, markedly differ-

ent SCE corrections are necessary for photopic and scotopic

vision and the change from scotopic to photopic values occurs

over a considerable range of mesopic illuminances, ca. 1-1/2

to 2 log units (Crawford, 1937; Stiles, 1939) . It is not

immediately apparent how SCE corrections might be incorporated

into photometry in a standardized, and as yet meaningful, way.

Vos (1960, 1966) has pointed out that an SCE peak which

is decentered in the pupil tends to shift the effective pupil

center, i.e., the location of the center of gravity of all

the light entering the pupil when individual rays have been

weighted for their luminous efficiencies, from the geometric

pupil center toward the location of the SCE peak. In fact,

perfect centration of the SCE is not often found in normal
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observers. Vos has argued that individual differences in

the magnitude and the direction of chromostereoscopic ef-

fects may be explained when the disparity between the effec-

tive and geometrical pupillary centers is considered. He

has presented SCE data for several observers which tend, at

least qualitatively, to support these conclusions.

Since visual resolution is more dependent upon the

presence of optical aberrations than upon the small changes

in target brightjiess which might occur on either side of the

SCE peak, maximal resolution is found for light entering at

the pupil center (Campbell and Gregory, 1960; Enoch, 1971)

.

Thus, to a limited extent, the effective pupil centers for

brightness and for resolution may differ in position. In one

case of a displaced pupil, the best visual acuity was achieved

for target beam entry 2-1/2 mm from the SCE peak (Bonds and

MacLeod, 1978). Clearly, such a disparity may be of impor-

tance in the use of subjective alignment to artificial pupils

or to a Max'wellian view system.

The mechanism or mechanisms by which photoreceptor (and

tapetal) orientation are established and apparently maintained

are unknown. Precise photorec;eptor orientation has been his-

tologically demonstrated to exist prior to birth in chick and

monkey eyes (Laties and Enoch, 1971; Enoch, 1972). In the

latter instance, the eye was not exposed to light prior to

histological processing of the retina. Demonstrations that

the SCE can recover after disturbance (Fankhauser and Enoch,

1962; Enoch et al., 1973; Campos et al., 1978; Fitzgerald
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et al . , 1978) and that it apparently "recovers" toward the

center of displaced pupils (Dunnewold, 1964; Bonds and Mac-

Leod, 1978) suggest the operation of a postnatal mechanism

which maintains receptor alignment. The recovery of human

receptor orientation subsequent to pathological disturbance

has been demonstrated to occur in as short a period as three

weeks (Campos et al., 1978) . In this regard, the continuous

renewal of photoreceptor outer segments, with a time course

of 9 - 12 days in rhesus monkey rods (Young, 1976) , is pro-

vocative. However, Enoch (1972) has noted that receptor

orientation at retinal locations away from the posterior

pole seems to result from a relative bending of the inner

segments at the external limiting membrane rather than at the

connecting cilium joining the inner and outer segments.

It is seen that the orientation of photoreceptors and

associated structures with respect to the source of relevant

visual stimuli is apparently a common characteristic of ver-

tebrate, and also of a large number of invertebrate (Snyder

and Menzel, 1975) visual organs. On the basis of their

physical properties, the photoreceptors of these diverse

species apparently uniformly exhibit a directional sensitivity

to incident light as well. The SCE is a sensitive psycho-

physical function which, according to current evidence as

presented here, reflects the underlying directionality and

orientation of retinal photoreceptors.

Teleologically speaking, the prevalence of photorecep-

tor orientation and directionality across numerous species
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indicates a highly significant role for these specializations

in the visual process. At this time, neither the mechanisms

which establish and maintain directionality and orientation

nor their complete role in vision are well worked out. Be-

cause the orientation and directionality of photoreceptors

must intimately bear upon the primary phases of the neural

visual response, these factors and their significance must be

understood in order to meaningfully evaluate their influence

upon subsequent visual processing, both in normal and in

pathological conditions.



CHAPTER III
A BRIEF REVIEW OF FUNCTIONAL AMBLYOPIA AND OF

STILES-CRAWFORD FUNCTION MEASUREMENTS IN AMBLYOPIC EYES

The nature of the anatomical and physiological changes

which occur in functional amblyopia are as yet unknown. The

search for such changes is hampered by the high probability

that amblyopia is not a unitary syndrome with a single under-

lying pathophysiology. On the contrary, anomalies at any

number of sites within the visual system might give rise to

a decreased acuity.

In the current literature, interest focuses on the

dorsal portion of the lateral geniculate nucleus (LGN) and

even more so, on the primary visual cortices. V'Jiesel and

Hubel (1963a, b) demonstrated morphological changes in

dorsal LGN neurons and alterations of ocular driving pat-

terns of visual cortical neurons in monolaterally sutured

kittens. More recently, functional neuronal connections

have been shown to be altered in monkey striate cortex fol-

lowing unilateral eyelid suture or experimentally induced

strabismus or anisometropia (Hubel and Wiesel, 1977; Baker

et al., 1974; von Noorden and Crawford, 1977).

See footnote, Chapter I.
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Suppression of the amblyopic eye during nonmonocular

("binocular") viewing is a common clinical and psychophysical

finding in apparent accord with the cortical neurophysiologi-

cal data. However, there are indications that changes may

occur more distally in the amblyopic visual system as well.

For example, amblyopic eyes are reported to evidence an ex-

cessive areal summation (or diminished inhibition) , a func-

tion generally ascribed primarily to the outer retina (Flynn,

1967; Danis and Meur , 1967; Lawill et al., 1973). Ikeda and

Wright (1974, 1976) measured electrophysiological contrast

sensitivity functions for single neurons in the kitten LGN;

responses presumably indicated contrast sensitivities of

retinal ganglion cells. Neurons driven from the deviated

eye of experimentally esotropic kittens showed losses of

contrast sensitivity, especially sustained units (X cells)

with receptive fields in or near the area centralis. These

data not only implicate the retina as at least one of the

sites of anomaly in this animal model of strabismic amblyo-

pia, but also conform to the typical clinical and experi-

mental finding of a deficit primarily localized to central

vision in amblyopic eyes. That is, monocular ly measured

functions, including visual acuity, typically indicate the

greatest disturbance at the center of the amblyopic eye

visual field and approach (or attain) normal levels of func-

tioning in the near periphery (Meur and Conreur, 1968; Kandel

and Bedell, 1973; Kirschen, 1977).
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It is the author's workiny hypothesis that functional

changes in amblyopia may occur at virtually any level of the

visual system. Because amblyopia is probably not unitary

in its pathophysiology, discrete subgroupings may be identi-

fiable, based upon the site or sites of the primary lesion

or the evolution of the pathological process during develop-

ment. Since workers have seemed reluctant to recognize the

possibility of functional subgroupings of amblyopia (but see

Burian and von Noorden, 1974) , there is little indication

in the present literature as to what sort of divisions may

be useful. Currently, functional amblyopias are distinguished

on the basis of their inferred etiology, e.g., strabismic,

anisometropic , deprivation, etc.

Information processing in the human visual system is

primarily centrifugal, at least in its early stages. It is

apparent that psychophysically or neurophysiologically demon-

strated abnormalities, vdiich are sampled at proximal sites

within human aiTiblyopic or experimentally induced amblyopic

visual systems, might reflect either anomalies at that level

of processing, or anomalous input from more distal sites,

or both. It therefore seems reasonable to approach the

pathophysiology of amblyopia in a disto-proximal direction.

For example, Sherman and coworkers (Sherman et al.,
1972; Norton et al . , 1977) reported selective loss of transi-
ent (Y) cells and apparent integrity of the X cell system in
an animal model of form deprivation amblyopia. These re-
sults are in contrast to those of Ikeda and Wright, who used
an animal mode] of strabismic amblyopia (see above)

.
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i.e., to ascertain the status of the information passed along

to subsequent stations from each "processing" center in the

amblyopic visual system.

Advances have already been made in this line of attack.

In post ho£ analyses of a limited number of cases, the opti-

cal transfer properties (imaging capability) of am.blyopic

eye media were found not to be impaired relative to normal

eyes (Fankhauser and ROhler, 1967; also Burian, 1967a). It

is clear that this statement must be qualified in cases of

amblyopia with anisometropia.

On the other hand, SCE function measurements have indi-

cated the existence of anomalies in some amblyopic eyes at

the next stage of the visual system, namely at the level of

the photoreceptors. Based upon the evidence presented in

the previous chapter, it is probably reasonable to suggest

that psychophysically determined SCE functions represent

(1) the directionality of individual receptors and their re-

lated structures, (2) some distributive orientation factor

between receptors and between groups of receptors, and (3)

possible neural integrative processes by which the outputs

of groups of receptors are combined. Additionally, one may

posit perceptual, criterion and/or judgmental factors, in-

herent in the nature of psychophysical measurements, which

might derive from possible differences in the appearance of

stimuli entering the pupil at different locations. It is

likely that the contribution of some or all of these factors,

as well as their relative importance, changes with position
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on the retina and perhaps with other observer or stimulus

variables as well. Such changes, should they occur, presum-

ably modify the shape of and/or the directionality represented

in psychophysically determined SCE functions. However, the

location of the pea^k of the SCE function would seem to be a

valid indicator of the overall alignment tendency of a group

of retinal photoreceptors with respect to the pupil. SCE

functions which show no clear peak, or multiple subpeaks , are

assumed to indicate a "general malorientation" of the photo-

receptors with respect to one another, i.e., the disruption

or lack of a well-defined alignment tendency within the

group of receptors sampled.

The SCE function has been found to be disturbed in some,

but not all, amblyopic eyes. Enoch (1957, 1959a, b) found

clearly anomalous SCE functions at the locus of fixation in

two of six aihblyopic observers tested. In these two observers,

amblyopic eye SCE functions demonstrated marked departures

from the typical paraboloid shape, appearing instead rather

flattened and asynmie trical . Similarly disturbed SCE func-

tions have been seen in cases of active retinal pathology,

in which visual acuities have also been found to be reduced.

It is clear, however, that the reduced visual acuities in

these cases of retinal pathology miglit derive from factors

in addition to inferred receptor malorientation. Moreover,

the anomalous SCE functions determined for these amblyopic

eyes and those determined in cases of observable retinal

pathology cannot be assumed to have a common etiology. In
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three other observers of Enoch's sample, amblyopic eye SCE

functions had maxima, estimated from the positions of the

peaks of horizontal and vertical pupillary traverses, dis-

placed from the pupil center by between 1-1/2 and 2-1/4 mm.

The nonamblyopic eyes of these observers all demonstrated

normal appearing SCE functions, V7ith peaks within 1 mm of

the pupil center. For one amblyopic observer, normal ap-

pearing SCE functions were measured in both eyes.

Dunnewold (1964) measured SCE contours at the point of

fixation in both eyes of each of two mildly amblyopic ob-

servers. He employed a clinical testing instrument (Vos

and Huigen, 1962) without a biteplate and using a subjective

alignment procedure. These factors, as well as his failure

to show rav/ data or indicate error variance, render his re-

sults somewhat suspect. In one of his cases, the SCE func-

tion peak weis displaced approximately 3 mm from the pupil

center; however, the maximum of the SCE function of the non-

amblyopic eye was itself 2 iran displaced. Other than decen-

tration of the peaks, the functions of both eyes appeared

normal. Dunnewold 's second case was found to have normal

SCE functions and centered peaks in both eyes.

Marshall and Flom (19 70) measured SCE functions, in the

horizontal meridian only, in four moderate and severe am-

blyopes. In two of these observers, both of whom fixated

extrafoveally under monocular viewing conditions, SCE func-

tion peaks, determined at the locus of fixation, were sub-

substantially displaced from the pupil centers. The SCE
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functions of the nonaniblyopic eyes all had peaks near the

pupil centers and were normal in appearance. One of the ec-

centric fixators subsequently recovered a centric fixation

in the amblyopic eye. At that time, a more centered SCE

function v/as measured in this eye. Marshall and Flom, ap-

parently assuming that photoreceptors align toward the center

of the globe, rather than toward the exit pupil of the eye,

argued that decentered SCE functions ^ere to be expected in

cases of eccentric fixation and might be an indicator of

such noncentric fixation rather than of tilted foveal photo-

receptors. As reviewed in Chapter II, recent psychophysical

studies of normal eyes indicate that receptors at both cen-

tral and peripheral retinal locations tend to align toward

the eye pupil, contrary to the assun^ption of Marshall and

Flom.

Bedell (1974) determined SCE functions in a single

severe strabismic amblyopic observer, with a large eccentric

fixation, at the locus of fixation and at several points

nearby. All curves showed slightly displaced peaks and a

lack of symn\etry about the maximum value. Steadiness of

fixation, whicli is of considerable concern v;hen measuring

SCE functions for strabismic amblyopic observers, was evi-

dent from the small variability of SCE function measurements

and from the consistency of the data obtained over several

months. SCE functions in the nonamblyopic eye were nearly

centered

.
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Alpern et al . (1967) attempted to detect anomalies of

the SCE functions of tliree strabismic amblyopic observers

utilizing the SCE II effect (see Chapter II). Negative re-

sults were reported for all three observers. However, de-

tails of the testing procedure and certain questionable as-

sumptions v/hicli the authors made regarding the SCE II make

interpretation of this ingenious experiment difficult.

SCE functions with peaks displaced from the pupil center

have also occasionally been measured for presumably normal

observers (Flamant and Stiles, 1948; Westheimer, 1968;

Wijngaard and van Kruysbergen, 1975) . The literature cited

above suggests that anomalous or displaced SCE functions may

more often be found in amblyopic than in nonamblyopic eyes.

Unfortunately, the samples of both amblyopic and nonamblyopic

eyes are rather small. Moreover, observer alignment and cen-

tration within the testing instrument was not adequately

monitored in all of these studies. It is presently not clear

to what extent visual acuities are affected in normal eyes

having displaced SCE function peaks. Evidence which bears

upon this question is presented in Chapter VII.

On logical grounds, disturbed receptor orientation

could degrade visual resolution in several ways (Enoch,

1957; 1959a, b; 1967a): (1) a decrease in brightness of the

resolution target because of the SCE, (2) a locally effec-

tive meridional increase -of the retinal receptor mosaic di-

mension for sheered over receptors, (3) light leakage or

cross-talk between neighboring receptors (Enoch, 1960),
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(4) reduced contrast because of increased scattering from

the receptors, and (5) increased sensitivity to stray light

within the eye, also reducing contrast. As discussed in the

last chapter, in vitro studies of the optical properties of

both animal and human receptors confirm that poorly oriented

receptors are poorer light collectors and have poorer opti-

cal transfer capabilities than well oriented receptors. The

evidence (see Chapter II) suggests that a modest amount of

"tilt" of the receptors, in which orientation within groups

of receptors is maintained, but the overall alignment tendency

is toward a noncentral region of the exit pupil, should en-

tail a lesser degradation of retinal resolution capability

than malorientation in v/hich there is a loss of alignment

between neighboring receptors.

However, hypothesized photoreceptor alignmient anomalies

within amblyopic eyes might contribute to amblyopia other

than by a direct degradation of resolution. For example,

some ait±)lyopic subjects report that stimuli viewed with the

amblyopic eye appear less bright than when viewed with the

fellow, nonamblyopic eye (Grosvenor, 1957; Burian, 1967b;

Flynn et al
. , 1971; Bedell, 1974). These results are quali-

tatively consistent with the presence of certain forms of

anomalous receptor alignment. In particular, alignment of

the receptors toward a significantly decentered region of the

dilated pupil would be expected to cause a reduction of the

apparent brightness of stimuli viewed with the natural pupil.

Such a mechanism could be implicated in the suppression
of the amblyopic eye under conditions of "binocular" viewing,
for example.
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However, quantitative data for such a relationship are

lacking. Moreover, the reduction of perceived brightness

in these amblyopic eyes might well be attributable to changes

at a site or sites other than at the photoreceptor.



CHAPTER IV
DEFINITION OF THE PROBLEM

The receptor alignment anomalies, inferred from SCE

function measurements, which occur in some amblyopic eyes,

represent the first level in these amblyopic visual systems

at which a discrete pathology is indicated. The contribu-

tion of such anomalies to the status of visual functioning

in affected amblyopic eyes therefore warrants extensive

investigation. The extent to v/hich such anomalies occur

in amblyopic eyes as well as in nonamblyopic and presumably

normal eyes also requires clarification.

In the past, the assessment of receptor orientation in

amblyopic eyes has been confined to the fixation area (Enoch,

1957, 1959a, b; Marshall and Flom, 1970; Dunnewold, 1964)

or to a small region around it (Bedell, 1974). Since the

SCE function peaks of normal observers have been shown to

cluster near the center of the pupil when measured up to 35°

in the peripheral field, it seemed reasonable to ask whether

the evidence of photoreceptor malorientation found in some

amblyopic eyes at fixation also exists at other retinal loci.

The visual resolution reduction caused by preretinal
media anomalies and pathology is not here categorized as
amblyopia. See footnote. Chapter I.
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In particular, since the visual functioning of amblyopic eyes

apparently tends to approach that of normal eyes in the am-

blyopic eye peripheral visual field, it seemed appropriate

to investigate whether receptor orientation conforms to this

same trend. That is, it was sought to determine whether, in

those amblyopic eyes in which receptor orientation anomalies

could be demonstrated, such anomalies were confined to a cen-

tral retinal area in which acuity deficits were found. Al-

ternatively, receptor orientation anomalies might extend be-

yond the region of visual acuity impairment and characterize

such retinae as a whole.

This research, then, sought to utilize the psychophysical

SCE function to characterize tlie nature of possible receptor

orientation anomalies within the eyes of functional amblyopic

observers at several locations spanning the central and near

peripheral retina. Since the number of investigations which

have examined the SCE function in amblyopic eyes is small,

this research, even though limited in its sample size, was

also expected to contribute to the question of the extent to

which receptor alignment anomalies occur in functional amblyo-

pic eyes exhibiting limited visual decrements.

As discussed in the Introduction, the pattern of inferred

receptor alignment across central and near peripheral retinal

locations in amblyopic eyes might be expected to provide in-

formation concerning the nature of the hypothesized mechanisms

controlling such alignment as well. In order for a precise

control of receptor alignment to occur, a signal (or signals)
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must exist, based upon v/hich departures from correct align-

ment are determined. Thus, receptor alignment mechanisms

presumably contain both afferent, error-signal-detecting,

and efferent, receptor-alignment-correcting, components.

Various forms of receptor alignment anomalies might reflect

disturbances of either of these components or of the align-

ment signal itself.

Thus, if amblyopic eyes were identified, in which the

inferred receptor orientation across a wide retinal area

indicated that receptors converged toward an anomalous align-

ment centrum, displaced from the pupil center, then a global

or retina-wide disturbance of alignment mechanisms within

sucli eyes might be entertained. One might hypothesize that

the alignment signal, or its detection, was altered in such

cases. V/ere evidence of gros s receptor malorientation found

at all sampled retinal locations, a global disturbance of

the alignment mechanism, probably of a different sort, would

be indicated. On the other hand, were evidence of receptor

alignment anomalies found only within circumscribed retinal

regions, and evidence of normal alignment toward the central

area of the exit pupil found elsewhere on the same retina,

then a local disturbance of receptor alignment mechanisms,

and not of the alignment signal, might reasonably be inferred.

Having identified retinal regions or entire eyes in which

receptor orientation, and presumably receptor alignment

mechanism.s, v/ere apparently disturbed, then subsequent studies

might attempt to identify electrophysiological, metabolic.
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biochemical or other anomalies within such retinal regions

or eyes which correlated with the apparent malfunctioning

of the hypothesized receptor alignment mechanisms.

Thus, one of the aims of this dissertation research was

to identify individuals in whom receptor alignment anomalies

existed and to characterize such anomalies with respect to

location on the retina. Subsequent investigations of the

eyes of such individuals could then reasonably be directed

toward understanding the nature of hypothesized receptor

alignment mechanisms.



CHAPTER V
OBSERVERS AND EVALUATION

Observers

Ajiiblyopic and nonamblyopic control observers were so-

licited from the University of Florida campus and J. Hillis

Miller Health Center populations by means of posted advertise-

ments and by word of mouth. None of the observers of this

study were referred directly from clinical sources. Poten-

tial observers were screened for possible amblyopia with a

portion of the clinical evaluation described below (history,

monocular visual acuities for Landolt targets, cross cover

test, entoptic projection of the fovea). Informed consent

was obtained in writing from observers agreeing to partici-

pate in the study. The observers were compensated for time

spent on the project.

One of the control observers (SBS) had participated in

a previous SCE function study (Bedell and Enoch, 1978)

.

All other observers were naive to visual psychophysical

measur'ements .

Evalua tion

Both the amblyopic and nonamblyopic observers were

evaluated with the same program of clinical tests. These
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included (1) a history, (2) best corrected and pinhole visual

acuities for Landolt targets, (3) refractive status assessed

by retinoscopy, (4) strabismus/binocular ity/moti lity examina-

tion, (5) ocular tensions, and (6) slit lamp and ophthalmo-

scopic evaluation of the eyes.

History

The following information was obtained from potential

amblyopic observers: (1) age of onset of amblyopia, (2) cir-

cumstances surrounding onset, (3) treatments and attending

physicians, (4) presence of reduced vision or strabismus

along relatives, and (5) present visual status. The last

item inquired as to the observer's subjective impressions

concerning monocular and "binocular" vision under everyday

circumstances

.

All observers were asked about any personal or family

history of eye disease, and specifically whether there was

a history of glaucoma or of ocular hypertension. Observers

were asked to give known drug reactions and to describe

their last visit to an eye care professional, including

whether dilation was performed at that timie. This portion

of the history was intended to elicit information concern-

ing possible contraindictions for dilation of the eyes.

Dilation was deemed necessary for the SCE function measure-

ments .

Visual Acuit i e

s

Monocular visual acuities for 8 position double break

Landolt C targets were obtained with best correction. Targets
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were presented on a commercial chart (Bausch and Lomb, Roches-

ter, N. Y.) viewed at 20 ft. Chart luminance was 1.93 log

2
cd/m provided by white fluorescent lighting. Target con-

trast was ap[>roxiiiiately 80 per cent. Acuities were checked

for improvement witli a pinhole placed over the observer's

correction.

Refractive Stratus

Visual corrections were initially estimated from lensome-

ter readings of observers' spectacle correction, if any. Ad-

ditionally, retinoscopy was performed on all observers at

the locus of fixation, in most cases by Dr. Jay Enoch.

Dr. Enoch or the author performed retinoscopy for peripheral

visual field test locations in order to estimate the lens

corrections necessary for SCE function testing at these loca-

tions .

Strabi smus/Binocular i ty/Motil ity Examination

In most instances, the strabismus examination was per-

formed by the author. The cross cover test was used to

screen for tropia (misalignment of the visual axes of the

two eyes under "binocular" viewing conditions) on the initial

visit to the laboratory. When a positive result was found,

the prism necessary to neutralize the deviation on the cover

test was determined. Tropias were evaluated both at far and

'p
t-

- -1- - ^^"'^^t luminanc e - Target luminance
ras - (-j^gj^^ luminance + Target luminance
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at near, with correction, and in up and down gaze to deter-

mine A or V pattern of any deviation. A 9 gaze position

muscle field screened for incomitant deviations. Lateral

phorias in orthotropic observers were evaluated at both far

and near by finding the prism necessary to vertically align

a target seen in binocular diplopia as the result of a 6

diopter vertical prism placed before one eye.

Retinal correspondence under "binocular" viewing condi-

tions was assessed by the afterimage and striated glasses

tests. In the former, horizontal and vertical line after-

images were formed respectively in the nonamblyopic and am-

blyopic eyes of anilolyopic observers, by sequential monocular

inspection of appropriately oriented illuminated slits. There

was no preferential order of afterimage formation for the

control observers. Under "binocular" viewing conditions and

in the absence of monocular eccentric fixation, alignment of

the centers of the horizontal and vertical afterimages, to

form a cross, indicates normal retinal correspondence. Mis-

alignment of the afterimage centers is indicative of an anoma-

lous retinal correspondence.

The striated glasses test was performed with Bagolini

striated lenses (House of Vision, Chicago) placed obliquely

at 45° and at 135° before the right and left eyes respec-

tively. Intersection of the streaks, formed by the lenses

over each eye, at a small, illuminated fixation target is

indicative of anomalous retinal correspondence in hetero-

tropic observers. Misalignment of the streaks equivalent
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to the angle of deviation indicates a normal retinal cor-

respond ei:ice.

The afterimage test was conducted at far and the stri-

ated lenses test at both far and near. Disagreement between

the two tests in heterotropic individuals is not uncommon,

apparently because of the more dissociating (less like normal

seeing conditions) aspects of the afterimage test (Bagolini,

1976) .

Monocular fixation positions were estimated using one

or more of three entoptic techniques (c.f. Moses, 1970).

These were the location of the Maxwell spot centroid with

respect to a fixation target, the location of the Haidinger

brush with respect to a fixation target and the location of

the avascular zone of the entoptic Purkinje retinal vessel

pattern v/ith respect to a fixation target. All measurements

were converted to units of visual angle.

The Maxwell spot is a pinkish or lighter splotch of

color seen within a purple field (other colors of Maxwell

spots are seen against other color fields) . The spot sub-

tends about 2^ for most individuals and apparently results

from the selective absorption of short wavelength light by

the macular pigments. In many individuals, substructure is

evident in the spot. Observers viewed the Maxv/ell spot

monocularly on an alternately purple and neutral (Edmund

Roscolene filter #827 + #846 for purple, #883 for neutral)

2
fluorescent back-lighted screen of 1.4 log cd/m , measured

with filters in place. Alternating purple and neutral lights



were employed to avoid fading of the spot. The observer

localized the centroid of the spot with respect to a black

fixation target by superimposing a movable and adjustably-

sized circular cursor light upon the Maxwell spot while fixat-

ing the target (Kandel and Bedell, 197 2) .

The llaidinger brush is another entoptic phenomenon also

apparently related to the macular pigment and in particular

to its presumed dichroic absorption characteristics. In

bluish light, the brush is seen as a propeller shaped object

throucrh a linear polarizer. If the polarizer is rotated, the

propeller appears to spin. Using a movable cursor light,

the axis of rotation of the propeller may be located with

respect to a fixation target. This test was performed using

the same equipment as for the Maxwell spot test, but substitut-

ing a blue (Wratten #34) filter and rotating linear polarizer

for the alternating purple and neutral filters. Screen lumi-

2
nance was 0.6 log cd/m under the actual viewing conditions.

The shadows of the retinal blood vessels may become ap-

parent when the angle of the incident light upon the retina

is changed, causing the vessel shadows to move. Since the

foveal region is characterized by the absence of capillary

support from the inner retinal circulation, it appears as a

"hole" in the entoptically viewed retinal vessel pattern.

Purkinje retinal vessel patterns were generated by rotating

an eccentrically located '1.8 mm diameter pinhole in front

of the dilated eye (Boer and Hofstetter, 1972) . The observer

2
viev/ed a 3.1 log cd/m luminance white screen through the
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rotating pinhole. The avascular region of the vessel pattern

was located with respect to a fixation target using a cursor

light.

Vessel patterns could also be generated within the SCE

testing apparatus (see Chapter VI) . In this way SCE function

and interferometric visual resolution targets could be as-

sured to be centered within the avascular region.

Binocularity was evaluated using three separate tests.

The first of these was the Titnius vectograph test which

presents a series of graded horizontal disparity targets,

seen m depth by binocular ly normal individuals, through

polaroid lenses (Titmus Optical Co., Inc., Petersburg, Va . )

.

This test has been critized because of the presence of many

monocular cues in the design. Binocularity was also as-

sessed by the ability to appreciate the Pulfrich stereo-

phenomenon, which is the appearance of depth in the orbit

of a swinging pendulum viewed binocularly, but with a neutral

filter over one eye (c.f. Gregory, 1973). Finally, observers

were presented with pairs of random dot stereograms (Julesz,

1971) in a Clement Clarke synoptophore . Targets had a hori-

zontal disparity of approximately 600 sec of arc. Binocularly

normal individuals appreciated a figure or figures either

above or belov/ tlie plane of the target background when

stereogram half-pairs presented to each eye were brought into

register. No figure is available in either stereogram half-

pair alone.
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In addition to the above examinations, observer SSD was

referred to Dr. Matthew Rabinowicz of the Opthalmology Depart-

ment, J. Ilillis Miller Health Center for further strabmis-

mological evaluation.

Tension a nd Slit Lamp , Oph thalmoscope Examinat ion

Intraocular pressures were measured using applanation

tonometry at the time of the slit lamp and ophthalmoscopic

examinations. These examinations were performed by Dr. Con-

stance R. Fitzgerald, of the Department of Ophthalmology,

J. Hillis Miller Health Center. Slit lamp examination as-

sessed the cornea, anterior chamber, lens and anterior vitre-

ous body. In particular, the examination sought small opaci-

ties in the optical media which might interfere with SCE func-

tion measurements. Gonioscopy was performed to evaluate the

depth of the angle between the iris and limbus. An ophthal-

moscopic examination of the fundus was performed in order

to rule out observable pathology in amblyopic (and nonamblyo-

pic eyes) as a cause for possible anomalous SCE functions.

Selection C ri ter ion

Ainblyop3.c observers were expected to have a difference

of one line or more in their best corrected, monocular visual

acuities for Landolt ring targets. The acuity deficits were

expected to be of long standing, i.e., dating to childhood,

as revealed by the history. Furthermore, some contributory

history of strabismus, anisometropia or early abnormal visual

experience was anticipated . Anterior chamber and fundus
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examinations were expected to reveal no abnormalities which

might be responsible for the acuity findings. All amblyopic

observers met these criteria. The results of the clinical

examinations of the amblyopic observers are summarized in

Appendix A.

Control observers were expected to have at least 20/20

best corrected monocular visual acuities for Landolt targets

in each eye and minimal between eye acuity differences. An-

terior chamber and fundus examinations were expected to re-

veal no abnormalities. The control observers were also ex-

pected to be orthotropic. Observers SBS and MAP met these

criteria. Observer JEC , who was originally recruited to be

a control observer, revealed possible fundus abnormalities

Vv-ithin bo til eyes on the ophthalmoscopic examination. The

pattern of SCE functions measured in both eyes of this ob-

server also departed from results obtained for other control

observers. Thus, observer JEC will be treated as a special

case. The results of the clinical evaluations of JEC and

of the control observers are presented in Appendix B.



CHAPTER VI
APPARATUS AND PROCEDURES

SCE Apparatus and Testing Procedures

The instrument used to determine SCE functions appears

schematically in Fig. 1. A cube beam splitter (BSl) divides

the collimated beam (lens LO) from a tungsten ribbon fila-

ment source (S) into test (A) and surround (B) beam chan-

nels. Witliin both channels, the ribbon filament is imaged

by lenses LlA and LIB at four times lateral magnification

onto approximately 0.30 mm diameter round apertures (APA,

APB) , mounted on mechanical stages, which serve as secondary

sources. A portion of the beam in channel B is diverted by

a pellicle (PL) and falls on a photovoltaic cell (V) the out-

put of which is monitored. The apertures are collimated by

lenses L2A and L2B and channels A and B are rejoined at a

second beam splitting cube (BS2), after passing through ad-

justable field stops (FSA, FSB) . After passing through beam

splitter BS3, lens L3 forms unit lateral magnification images

of apertures APA and APB in the observer's entrance pupil

(EP) . Movement of either aperture by means of its mechani-

cal stage mounting causes an equal and opposite movement of

its image in the entrance pupil. The filament images were

found to be homogeneous to 0.10 log unit through 7 mm
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horizontally and to less than 0.10 log unit through 8 mm

vertical ly

.

At BS3, a portion of both test and surround field beams

are deflected and imaged by lens L3 ' onto a first surface

mirror conjugate with the observer's entrance pupil. Re-

flected images pass backward through lens L3 ' and join infra-

red radiation reflected from the observer's eye, provided

by tungsten infrared sources (IRS), at cube BS3. I;ens L4

forms an image of the test and surround field beams and of

the observer's pupil on a reticle (R) , marked in concentric

circles. The reticle is retroil luminated by infrared source

S' reflected in cube beam splitter BS4 . The reticle and

images of the entrance pupil and both the test and the sur-

round field beams as they enter the pupil are viewed by the

experimenter (E) in an infrared image converter system

(IRC, RCA #6914A)

.

Provision for filtering of both test and surround field

beams is made in the collimated portions prior to lenses LlA

and LIB. The test field beam passes through a Kodak neutral

wedge and balance filter (W) and is interrupted twice per

second by an episcotister (EP'). Calibrations of the wedge

and neutral filters were carried out in situ and with chro-

matic filters in place using a model 1980 Spectra Pritchard

photometer (Photo Research, Burbank, Ca.) fitted with a 40X

objective attachment and 'placed at EP . Calibrations were

verified, also using the Pritchard photometer, by the method

of Westheimer (1966) for Maxwellian view systems.
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Field stops FSA and FSB are adjustable toward and away

from lens L3, thereby functioning as Badal optometer systems

with a range of approximately 2.0 diopters. Supplemental

lens corrections, based on retinoscopic examination, could

be placed (at RX) close to the observer's eye. Vertex dis-

tances were carefully measured and corrections centered on

the optical axis of the system. A correction for the spec-

tacle RX was applied to the displacements of the surround

beam m the entrance pupil. For data taken at other than

fixation, the observer's gaze was directed to a dim red col-

limated fixation source (FX) . At the locus of fixation, the

centered test array itself served as a fixation target.

The observer was held in position by means of a dental

impression and forehead rest, both attached to a frame v/hich

is adjustable in the x, y, z directions. The experimenter

positioned the observer using these controls, while observ-

ing the image of his entrance pupil upon the reticle in the

IR image converter. Pupil position was monitored continuously

and adjusted during experiments to maintain proper alignment

with respect to the test and surround field beams and the

exit pupil plane of the instrument.

Observers' eyes were dilated with 10 per cent phenyleph-

rine hydrochloride (Neo-Synephrine) or 1 per cent tropicamide

(Mydriacyl) after ruling out ocular pathology. Photopic SCE

functions were determined- by an increment threshold procedure,

the test beam being fixed at the pupillary center and the

surround beam displaced in successive steps across the pupillary
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aperture. The observer viewed a 0.50° test field limited

by aperture FSA, superimposed upon the center of a larger

(4''24') surround field defined by FSB. Since both FSA and

FSB are mounted on mechanical stages, aperture FSB could be

shifted to compensate for changes in position of its retinal

image, as the result of occular aberrations, when the sur-

round beam was displaced from the pupillary center. The test

and surround fields were thereby maintained in concentric

alignment for all pupil entry positions of the surround field

beam.

Discounting the SCE function itself, background field

luminance was 3.04 log photopic trolands (1100 trolands)

.

Both test and surround fields were orange (Kodak Wratten

#23A filter) . Increment thresholds with both test and sur-

round beams at the pupil center were determined over a 4 log

unit range at each visual field test location for each ob-

server. The increment threshold data indicated that all SCE

tests were conducted on the Weber portion of the increment

threshold curve (see Chapter II, also Enoch and Hope, 1972a,

Appendix 2 )

.

SCE functions were determined at a number of visual

field locations spcuining central and near peripheral retinal

positions. The test locations chosen were (1) the locus of

fixation, (2) the fovea, if different from (1), (3) 5° nasal

visual field (NVF) , (4) 1-0° NVF , (5) 20° NVF , (6) 5° temporal

visual field (TVF) , and (7) 10° TVF . All visual field test-

ing locations were not examined for all observers. For some
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observers, SCE functions were determined at test locations

in addition to those listed above.

In order to determine whether testing at the fixation

locus also included the fovea, the Purkinje retinal vessel

pattern was generated within the SCE testing apparatus. In

this way, the entoptrcally vievv^ed avascular zone of the ves-

sel pattern could be located with respect to the test field

under the actual testing conditions. A 2 diopter prism,

placed between aperture APB and lens L2B was rotated by a

variable speed motor, causing the image of APB to rotate

through a circle of approximately 2 mm radius in the ob-

server's entrance pupil. Observers v/ho could appreciate the

pattern saw a slightly wobbling retinal vessel pattern within

the surround field and noted, when fixating the test field,

whether the avascular zone of the vessel pattern was concen-

tric about the test field. If not, the observer located a

variable position fixation target, produced by back reflec-

tion of an attenuated laser beam from the rear surface of

field stop FSA, in the position which brouglit the avascular

area of the vessel pattern to surround the test field. Dis-

tance between the fixation light and the center of the test

aperture was determined by micrometer and converted to visual

angle. "Foveal" SCE functions were determined with the ob-

server fixating either this laser fixation target or one of

the movable collimated fixation sources (FX) placed at the

appropriate location.



91

All thresholds were determined by the method of adjust-

ment, with the stipulation that the observer always approached

the endpoint from the same direction, i.e., either ascending

or descending. Between endpoint determinations, the experi-

menter randomly disturbed the wedge setting by up to 0.6 log

units in either direction. Data were collected with both the

increment and surround field beams first entering at the

pupil center. Endpoints were then determined for pupil entry

positions of the background fie].d beam displaced in steps

along one pupil half meridian, and subsequently along the

opposite half meridian. Periodically, thresholds with both

beams entering at the pupil center were redetermined, in

order to provide a baseline of possible observer changes in

criterion or sensitivity during testing. Typically, both

horizontal and vertical traverses of the pupil were completed

for a single visual field test location for one eye in one

session. Observers were first tested at the locus of fixa-

tion; testing at the most peripheral visual field locations

was typically reserved for the last sessions. Otherwise

there was no particular order of testing. Right and left

eyes were tested more or less alternately across sessions.

Raw SCE function data were in the form log (wedge plus

filter) neutral densities (ND) attenuating test field lumi-

nance at threshold, determined at a number of pupil entry

positions of tlie surround field beam. Based upon the argu-

ment presented m Chapter II, log ND values are equivalent to

-log y) . The raw data for each meridian were thus computer
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fit to a least squares regression equation based upon the

parabolic equation proposed by Stiles (1937, see Chapter II)

The equation used was

y = b +- b X + b^x

in which ND is represented as y and pupil entry position of

the surround beam as x. Functions of the fitted constants

b^ , b -,
, b define the shape factor rho {p) , the location of123 /

the function peak, and the ND value at the peak. SCE func-

tion pjeak locations for a single meridian were estimated

from the ratio -b /2b^. The SCE function peak location
2 3

within the pupil for each visual field test location was

estimated by vectorially summing the estimated peak dis-

placements from the pupil center along the horizontal and

vertical test meridians. Two indices of directionality were

derived. The first of these was Stiles (1937) rho value,

which is estimated by the pax-ameter b . Additionally,

half sensitivity half widths in mm (Enoch and Bedell, 1978)

were derived from the fitted functions.

The best fitting parabola was found using all data, un-

weighted by position, within 3 mm of the function peak. It

has been repeatedly noted that SCE function data more than

3 mm from the function peak are no longer well fit by a

parabola (Stiles, 1937; Safir and Hyams, 1969; Safir et al.,

1971; Enoch and Bedell, 1978). Pupil entry position data

(x values) were adjusted for beam displacements resulting

from the use of spectacle lenses within the SCE apparatus.

Additionally, since the pupil appears foreshortened when
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viewed obliquely, corrections were made in the meridian of

foreshortening when testing was 15° or more in the peripheral

visual field (see Fig. 2). Thus, for example, when testing

at 20° in the nasal visual field, a correction of (cos 20°)"^

was applied to horizontal surround beam pupil entry positions;

in this case, no correction is required for vertical displace-

ments. At less than 10° obliquity, the cosine correction is

insignificant. Finally, on some occasions, and generally

for peripheral visual field test locations, threshold NDs

were corrected for changes in observer sensitivity or cri-

terion which occurred during the session. Corrections were

determined by interpolation between the estimations of incre-

ment threshold with both beams entering at the pupil center

which were taken periodically during tlie testing session.

Interferometric Re solution Tes ting
Apparatus and Procedures ~^*

Visual resolution was measured for grating targets

formed by a two beam interference pattern. The interferome-

tric resolution device, shown in Fig. 3, is folded into the

SCE testing apparatus. A 2 mW helium-neon gas laser beam

is imaged by a lOX microscope objective (OB) . This image

is doubled by a Wollaston prism (W) sandwiched between two

linear polarizers (POL), with axes at 45° to the prism's

ordinary and extraordinary axes. This arrangement results

in two diverging beams emerging from the prism with the same

polarization, hence maximizing interference and fringe
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contrast. Variation of beam separation at the observer's

entrance pupil, and thereby of grating spatial frequency, is

achieved by displacement of the V-Jollaston prism and polarizer

sandwich along a track parallel to the optical axis of the

system. The position of the prism on the track is indicated

... *
on a digital meter, scaled in decimal acuity, as the volt-

age through a multiple turn linear potentiometer having its

shaft attaclied to the sprocket drive of the prism carrier.

Rotation of the prism and polarizer sandv/ich rotates the

meridian of beam doubling and hence of grating orientation.

A +2.50 diopter trial lens (LT) images the doubled

laser image at -0.33 lateral magnification at an aperture

stop (AS) conjugate with the entrance pupil of the observer's

eye (EP) . Beams are imaged synmietrically about the center

of the observer's entrance pupil by Maxwellian view lens L3

after entering the SCE apparatus at BS4 and collimation by

lens L4. As for SCE function determinations, the observer's

pupil position relative to the exit pupil of the instrument

is monitored using tlie IR image converter system.

A field stop for the grating target is provided at FSL

at the end of the prism carriage. This stop is imaged by

LT at approximately the position of BS4 and reimaged by

lenses L4 and L3 to appear at infinity to an emmetropic ob-

server at EP. Lens corrections (RX) , if required, are centered

Decimal acuity - l/( target detail, in minutes of arc
visual angle)

.
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on the optical axis of the system at the aperture stop, AS,

and are therefore conjugate with the observer's entrance

pupil. Hence, corrective lenses at AS alter beam separation,

and therefore grating spatial frequency,* only minimally.

Corrective lenses at AS also slightly change the magnifica-

tion of field stop, FS, and hence slightly increase or de-

crease the visual angle subtended by the grating target.

For the lens powers used, changes in target diameter were

much less than 10 per cent and are considered to be negligible.

Beam separation within the entrance pupil is related to

grating spatial frequency according to the relation

spatial frequency qt: beam separation/wavelength

Hence, larger beam separations with the pupil correspond to

higher spatial frequency grating targets.

As beam separations within the entrance pupil become

larger, ca, 1-1/2 - 2 mm, the resolution channel acts like

a Scheiner optometer. Thus, the images of FSL provided by

the two interfering beams are exactly in register only when

the observer is emmetropic for the meridian defined by beam

separation in the pupil. Tn the presence of refractive er-

ror in the meridian of beam separation, a doubling of the

grating target is observed. Target doubling occurs perpendicu-

larly to the grating orientation and is therefore a potential

cue to grating orientation in the absence of resolvable detail.

Spatial frequency = number of bright and dark line
pairs per degree of visual angle.
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When refractive error is present, target doubling tends to

increase as beam separation in the pupil increases and there-

fore as grating spatial frequency increases.

For this reason, considerable care was taken to elimi-

nate apparent doubling of the grating targets. This was

achieved by finding the appropriate lens which, when placed

at AS, completely eliminated doubling of the target for the

maximum beam separation within the entrance pupil. Spherical

aberration of the eye was considered negligible for beam

separations of 2 imn and less.

Grating targets were presented at two orthogonal orien-

tations. Because visual astigmatic axes are most often

either with or against "the rule," i.e., greatest refrac-

tive power either along a liorizontal or vertical axis, and

much less commonly oblique, grating targets were presented

at 45" and 135° (up right and up left) , in order that the

meridian of beam separation in the pupil would straddle the

expected horizontal or vertical astigmatic axis. In such

cases, refractive correction for both target orientations wr-s

possible with a single spherical lens.

Due to polarization effects caused by multiple reflec-

tions, the complexity of the beam doubling system or asym-

metries in the laser output, the energy passed by the opti-

cal system for 45'^ grating orientations was approximately

0.3 log units more than that passed for gratings oriented at

135°. A linear polarizer (POL), placed at 35° from the verti-

cal between lens LT and AS equalized the luminance of gratings
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at both orientations at 3.66 log photopic trolands (4570

trolands) . Neutral filters (Tiffin), were placed in the

interfering beams to attenuate acuity field luminance in

steps. Filters were calibrated both within the instrument

using laser light, using the Spectra Pritchard photometer,

and with a Beckman Acta III recording spectophotometer at

wavelength 632.8 nni, corresponding to the wavelength of laser

output. Components were oriented in the beaivis so as to avoid

spurious interference patterns from multiple reflections.

Grating resolution targets were presented as a 1° circu-

lar field against a 4° 24' surround field provided by channel A

of the SCE instrument (Fig. 1). A 0.50° resolution target

was also presented for foveal measurements. The surround

field was filtered by a Kodak Wratten 29 filter, which pro-

vided red light with a dominant wavelength of 632.7 nm in il-

luminant C (approximated by the tungsten source used) , ac-

cording to Kodak specifications. Resolution field contrast

was 0.80 without a background field; the background reduced

contrast to 0.71. Equal logarithmic reductions of resolution

Contrast - ~-^ ^
Lb + Ld

Adding a background increases both light and dark line
luminance equally. Thus,

contrast =. ll^b_±J^l_ - (^^ _j_I^.. = h, L^

(Lb + Ly") + (Ld + Lg) Lb + Ld + 2Ls

wnere L = luminance of bright lines,

L, - luminance of dark lines, and
d '

L = luminance of surround field
s
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target and surround field luminances maintained a constant

contrast at all luminances tested.

The resolution target was exposed for 250 msec once

each 5 sec at the center of the surround field. A solenoid

shutter (SH) at AS and a Hunter timer triggered by a synchro-

nous motor controlled exposure periods. The surround field

was presented continuously.

Resolution thresholds were estimated by a criterion

independent adapted psychophysics procedure (Kelley and

Savoie, 1973; Bedell and Enoch, 1978). In this procedure

the observer is required to make a two alternative forced

choice decision follovying each target exposure, i.e., grat-

ing target oriented with lines up right or up left. Grat-

ings v/ere presented at 45° and 135'' in a pseudorandomized

order and beginning at a low spatial frequency. Following

correct responses, the grating spatial frequency v/as increased

in steps until the observer made his first error. Target

spatial frequency was then reduced. Thereafter, spatial

frequency was reduced following each error and increased

following two successive correct identification of orienta-

tion. In this way a threshold corresponding to 71 per cent

correct is tracked over time.

A threshold corresponding to 71 per cent is derived
as follows:

At threshold, the probability that the experimenter
increases target spatial frequency equals the proba-
bility tliat he decreases target spatial frequency.
If P (correct) = p, then (cont.)
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Data analysis consisted of finding the average resolu-

tion target spatial frequency half period (i.e., the dark

line width), in minutes of arc, at which reversals from

increasing to decreasing spatial frequency or vice versa oc-

curred. Minute of arc values were calculated reciprocals

of the equivalent decimal acuities, recorded by feeding volt-

meter signals to a Fisher Recordall strip chart recorder.

The first reversal was always discounted, since decision

strategy for it corresponded to a 50 per cent rather than

71 per cent correct threshold. The first reversal served

to find the appropriate region within which tliresholds

might be tracked.

The resolution device did not produce lines finer

than 0.57 minutes of arc half period (decimal acuity =

1.76). When observers correctly identified grating ori-

entation at spatial frequencies of 0.57 minutes of arc,

resolution threshold was estimated as the average grat-

ing spatial frequency half period at which the observer

tracked during the testing interval. Such thresholds

were pinned on the high side and must be treated as

P (decrease spatial frequency) = P (correct twice
successively) = p • p = p^

P (increase spatial frequency) = P (not correct twice
successively) = 1 - p2

Since P (decreases spatial frequency) - P (increase
spatial fiequency)

2
, 2or p = ] - p

2
p - 1/2, p = 0.707
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conservative. No observer tracked at the acuity limit for

all foveal testing conditions. Moreover, observers tended

to perform more poorly when the 0.50° rather than 1° foveal

target was used. Assuming Weber's law to be valid in this

instance, a discrimination based upon possible target doubling

rather than upon grating detail should have been more easily

performed for the smaller than for the larger targets. These

data indicate that the observers based their discriminations

upon grating detail rather than upon doubling of the target.

Additionally, the observer (BAJ) who consistently tracked

at the maximum spatial frequency value for foveal ly presented

1° targets failed to discriminate the orientation of pos-

sible target doubling at the maximum beam separation in the

pupil in a two alternative forced choice situation.

Interf erometric grating resolution thresholds were de-

termined at at least five visual field locations and for

three luminances of the grating target and surround. Grating

test luminances were -0.5, -1.5, and -2.5 log units decreased

from the maximum target luminance of 3.66 log photopic tro-

lands (4570 trolands). Tlie corresponding surround luminances

were 2.23 log pliotopic trolands (170 trolands) and -1 and

-2 log units reduced from this value. For observer JEC only,

resolution thresholds were determined foveal ly with grating

luminance at -3.5 log units and surround luminance at -3 log

units from maximum levels.

The visual field test locations examined were the locus

of fixation, 5^ nasal visual field (NVF) , 10° NVF , 5° temporal



103

visual field (TVF) and 10° TVF . When there was evidence that

fixation was not at the fovea! center, resolution thresholds

were determined for 0.50° grating targets placed at the

foveal center as determined entoptically using the retinal

vessel pattern generated within the SCE instrument. For

the amblyopic eye of observer JEM, resolution thresholds

were determined at 5" and 10° on either side of the estimated

foveal location, rather than at 5° and 10° in the nasal and

temporal visual fields.

Resolution thresholds for all test locations and lumi-

nance levels were determined for one eye of an observer in

a single session. Thresholds for the second eye were de-

termined on another day. With the excei^tion of observer PMC,

the nonamblyopi c , fellow eyes of the amiblyopic observers

were tested first, in order that any practice effects would

benefit the amblyopic eyes.



CHAPTER VII
RESULTS

Stiles -Crawford Effect (SCE ) Function Peak Locations

Control Observe r

s

The estimated SCE function peak locations for visual

field test locations between 10° temporal visual field (TVF)

and 20° nasal visual field (NVF) are shown for both eyes of

the control observers, SBS and MAP, in Figs. 4 and 5. The

estimated SCE function peak location for a test area 35° in

the TVF of observer SBS ' s left eye, replotted from Bedell

and Enoch (197B), is also shown in Fig. 4.

The plotted SCE function peak locations in Figs. 4 and

5, as well as in subsequent Figs. 6-12, represent the

combined estimates of SCE function peak displacements from

the pupil center for horizontal and vertical traverses of

the pupil, at the visual field location tested. That is,

considering the pupil as a Cartesian coordinate plane, the

estimated SCE function peak locations within the pupil

plane were determined as the coordinate location correspond-

ing to the estimated horizontal (temporal-nasal, x axis)

and vertical (superior-inferior, y axis) peak displacements

from the pupil center. When multiple estimates of the SCE

function peak location were determined for a single visual

104



i05

field test location, the location plotted in the figures

represents the averages of the estimated horizontal and ver-

tical locations.

Estimated SCE function peak locations for single hori-

zontal and vertical traverses of the pupil are tabulated

for the control observers in Appendix C. As an aid in

rounding, tabulated values have been carried to an extra

decimal place. In addition, for both the horizontal and

vertical pupillary meridians, confidence intervals, having

a 99 per cent probability of containing the true function

peak, were calculated from regression statistics (Williairis,

1959). The 99 per cent confidence intervals for vertical

and horizontal locations of the peak permit the definition

of a confidence rectangle having a 98 per cent probability

of containing the true peak. When confidence rectangles for

two SCE function peak locations do not overlap, the true

peaks may be concluded to differ in location with a minimum

confidence of 96 per cent (Hays, 196 3). The computational

formula for 99 per cent confidence intervals and the defini-

tion of the confidence rectangles are provided at the end

of Appendix C.

Inspection of Figs. 4 and 5 reveals that the estimated

SCE function peak locations for both eyes of the two con-

trol observers, for test positions spanning 30° of the

(.99) X (.99:

**(.98) X (.98;
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horizontal meridian of the visual field, in all cases cluster

within a small area near the center of the pupil. When con-

sidering these figures, it is useful to recall that 1 mm in

the entrance pupil corresponds to approximately 2.5° at the

retina (O'Brien, 1946; Bedell and Enoch, 1978). The results

shown here are similar to those reported by Enoch and Hope

(1972a) for one eye of each of three observers tested over

the same xange of visual field locations, and to the results

of one eye of eacii of four additional observers tested over

only a part of this range (Enoch and Hope, 197 3)

.

A comparison of the pattern of estimated SCE function

peak locations within the two eyes of each control observer

reveals very little difference in clustering tendency between

the eyes. Between eye differences in clustering of the SCE

function peaks for this range of visual field testing loca-

tions is further considered below.

Amblyopic Observers

Clearly anomalous SCE functions were not identified

within any (jf the sample of amblyopic eyes studied at any

of the visual field test locations. All amblyopic eye SCE

functions had estimated peaks falling well within the di-

lated pupil. Moreover, all of these amblyoijic eye SCE func-

tions were well fit within 3 mm on either side of the esti-

mated peak location by parabolas. Tlie amblyopic sample

tested is defined in Chapter V and in Appendix A.
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FIGURES 4-12

Estimated Locations of SCE Function Peaks
at Several Visual Field Testing Locations

for Control and Amblyopic Observers

Key

a
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These results were unexpected. In fact, the two am-

blyopic observers SLC and SSD were recruited for SCE func-

tion testing at and around the locus of fixation only after

no examples of anomalous SCE functions were found in the

original sample of 5 amblyopic observers.

In all but one case, the nonamblyopic eyes of the amblyo-

pic observers also revealed estimated SCE function peaks

which clustered within a subregion of the dilated pupil.

The left, nonan±ilyopic eye of observer PMC is an obvious ex-

ception to this generalization. The results obtained for

this eye are considered in detail below.

The estimated SCE function peak locations for both eyes

of 5 amblyopic observers tested at a range of visual field

positions are shov/n in Figs. 6-10. Estimated SCE function

peak locations for SI,C and SSD at the locus of fixation and

nearby are presented in Figs. 11 and 12. The estimated peak

locations for all SCE functions for the individual horizontal

and vertical traverses of the pupil, as well as 99 per cent

confidence iiitervals for peaks, are presented for both eyes

of all amblyopic observers in Appendix C.

In some cases, the measured amblyopic eye SCE function

peaks do not cluster about the pupil center. For example,

the SCE function peak locations of observer MSM ' s right am-

blyopic eye fall between 1-1/4 and 2 mm from the pupil

center (Fig. 9). However, SCE function peak locations de-

termined for the nonamblyopic, fellow eye of this observer

are similarly displaced from the pupil center. A tendency
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for SCE function peaks to cluster around a region slightly

displaced from the pupil center was also observed for one of

Enoch and Hope's (1972) normal observers. Displacements of

this magnitude are not considered to be indicative of dis-

turbed receptor alignment.

A comparison of the estimated SCE function peak loca-

tions within the amblyopic and nonamblyopic eyes of the indi-

vidual amblyopic observers reveals very little difference

in the pattern of estimated peak locations for two of the

amblyopic observers, MSM and BAJ (Figs. 9, 10). The cluster-

ing tendencies of SCE function peak locations in both eyes

of these 2 observers are quite similar to those seen in the

control eyes. For observers JEM and LBP (Figs. 6, 7) there

is a suggestion that estimated SCE function peak locations

within the amblyopic eyes (left eyes of both observers) show

a somewhat greater dispersion within the pupil than do the

estimated SCE function peak locations of these observers

'

nonamblyopic eyes, for the range of visual field locations

tested. The pattern of estimated SCE function peak locations

for observer LBP ' s left amblyopic eye is indicative of a

systematic shift in peak location, in the temporal-nasal

pupil meridian, for visual field testing locations between

the locus of fixation and 10° NVF . This pattern is seen in

Fig. 13, in v/hich SCE functions for horizontal traverses of

LBP ' s left amblyopic eye "pupil, for visual field testing

locations between 10° TVF and 20° NVF, are presented. Note

that SCE function peaks locations for determinations at
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OBSERVES LBP
STILES-CRAWFOftO FUNCTIONS
LEFT EYE , O*-- I8C- MERIDIAN

.-<;

>n^
"^

FIGURE 13

Abscissa: Entrance pupil position in mm.
Ordinate: loc; relative sensitivity hash marks = 0.10 log units

Curves are vertically displaced arbitrarily.
Error bars ~ t I standard error of the mean.
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10° TVF and 20° NVF have regressed back toward the pupil

center. In fact, none of the estimated SCE function peak

locations for the visual field locations tested in this eye

deviate far from the center of the pupil.

Thus, within the amblyopic and nonamblyopic eyes of the

sample of observers tested, and with the exception of the

nonamblyopic eye of observer PMC noted above, retinal recep-

tors apparently tend to align toward a subregion of the exit

pupil of the eye. There is a suggestion of an increased

dispersion in the locations of the SCE function peaks for

the horizontal visual field locations tested in two of the

amblyopic eyes. However, the results of the amblyopic ob-

servers are not qualitatively different from those obtained

for the control eyes.

Within Eye Compa risons of Peak Locations

Despite a remarkable tendency for receptors across a

wide region of the retina to apparently maintain alignment

toward a restricted region of the exit pupil of the eye,

small departures from a common alignment tendency seem to

occur within all eyes tested. Thus, within all of the con-

trol eyes as well as within all amblyopic and nonamblyopic

eyes tested at a range of visual field test locations, two

or more of the estimated SCE function peak locations signi-

ficantly differ in position. This conclusion is based upon

a comparison of the boundaries of the confidence intervals

defined for the estimated SCE function peak locations at
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different visual field test locations (Appendix C) . Thus,

within each eye tested at a range of visual field locations,

98 per cent confidence rectangles for two or more of the

estimated SCE function peak locations fail to overlap. In

the absence of observer alignment or other systematic errors,

nonover lapping confidence rectangles indicate that the true

SCE function peak locations, and hence inferred receptor

alignment tendency, for the two visual field testing loca-

tions being compared can be concluded to differ with a confi-

dence of at least 96 per cent.

These significant, albeit small, differences in appar-

ent alignment tendency at different retinal testing locations

would seem to be indicative of at least some degree of local

retinal control or contribution to receptor alignment ten-

dency. Tliis local contribution might be in the form of

regional traction effects upon the retina, for example. The

present analysis does not provide insight into the nature of

this apparent local component of receptor alignment tendency,

however

.

Dir

e

ctionality of SCE Functions

The directionality of measured SCE functions was speci-

fied using Stiles' (1937) parameter rho (/>) and the half

For SCE function data fit by the parabola

2
y ==

b-,^ + b2 + b X

rho is defined by the parameter bo (see Chapter VI
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sensitivity half width (Enoch and Bedell, 1978). The half

sensitivity half v/idth is defined as the distance within the

entrance pupil in mm from the SCE function peak to the loca-

tion at which luminous efficiency i'?/) falls to one-half of

the value at the function peak. Similarly, when log "^ is

plotted against pupil location, the half sensitivity half

width is the distance in the pupil from the peak of the SCE

function to the location at which sensitivity decreases by

0.30 log units. Since no special effort was made in this

study to empirically locate SCE function peaks or the half

sensitivity points precisely, half sensitivity half width

values were calculated from the parameters of the parabolas

fitted to SCE function data.

Rho values, with 99 per cent confidence intervals, and

half sensitivity half widths are tabulated in Appendix D

for ail observers' SCE function determinations at all visual

field testing locations.

Parabolas fit to SCE function data (log >7 vs. pupil posi-

tion) typically become flatter (decrease in directionality)

as data points furtlier from the SCE function peak are in-

cluded in the analysis (Stiles, 1937; Safir and Hyams , 1969;

Safir et al., 1971; Enoch and liedell, 1978). Data points

beyond approximately 3 mm from the peak often show consider-

able departure from the parabolas fit to a more restricted

range of points (see for example Figs. 13, 15 - 17). Thus,

specification of directionality requires (1) precise empiri-

cal localization of the SCE function peak and (2) threshold
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determinations made at pupil locations equally spaced about

the peak location at all visual field testing locations.

This is essentially the method proposed by Enoch and Bedell

(1978) for an empirical specification of SCE function half

sensitivity half widths. This study did not employ this

strategy and thus directionality estimates may be slightly

biased by the locations of the data points with respect to

SCE function peaks. However, curve fitting analyses were

restricted to data points within 3 mm of the estimated SCE

function peak locations.

Despite limitations with regard to specification of SCE

function directional ities in this study, the SCE functions

determined at different visual field testing locations indi-

cate a clear and orderly change in directionality. Consider-

ing the results of the four control eyes, directionality is

found to be relatively low (small rho , large half sensitivity

half width) at the locus of fixation, increases symmetrically

at perifoveal testing locations on both sides of the fixation

locus and then declines once again at more peripheral testing

locations. These relationships are evident in Fig. 14, which

presents the mean of the directionality estimates of hori-

zontal and vertical SCE functions for the four control eyes

at each of the visual field testing locations between 10° TVF

and 20° NVF

.

The increased directionality of SCE functions at peri-

foveal as compared with foveal testing locations was described

by Westheimer (1967) and also by Enoch and Hope (1973) . The
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latter study indicated that parafoveal directionality values

are attained at or before 2° from the fovea. The subsequent

fall off at more peripheral testing locations is suggested

in Enoch and Hope's (1973) data and is more clearly evident

in the results of Bedell and Enoch (1978).

There are individual differences in SCE function direc-

tionality as well. Tlius, at all test locations other than

at fixation, observer SBS shows consistently greater direc-

tionality in the SCE functions of both eyes than does observer

MAP. However, for both eyes of both observers the same over-

all trend in directionality for different visual field test-

ing locations is apparent.

The an±)lyopic eyes and the nonamblycpic eyes of the am-

blyopic observers tested in this study also show an overall

pattern of increasing directionality for perifoveal testing

locations and a fall off at more peripheral and at more cen-

tral retinal locations (Appendix D) . There are no clear dif-

ferences betv/een amblyopic, nonamblyopic and control eyes

in this regard.

Westheimer argued that lesser SCE function directionality

found at the fovea than at perifoveal testing locations may

reflect mor^jhological differences between foveal and extra-

foveal cones. Clearly other factors are involved as well

since directionality at the fovea and at more peripheral

locations is similar despite marked differences in cone

shape (Bedell and Enoch, 1978; see above) . However, since

the SCE function directionality profiles of normal eyes
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across foveal and parafoveal locations consistently show

smaller directionality values at the fovea, such profiles

might be employed to assess whether SCE function testing in

the amblyopic eyes of this study was successfully directed

withm the morphological" fovea. Thus, SCE functions

determined at the amblyopic eye fovea should reflect a les-

ser directionality than functions determined at nearby extra-

foveal locations. SCE function directionality profiles

might thus be used to assess the extent of eccentric fixa-

tion. This form of analysis assumes that the foveal regions

of the amblyopic eyes examined in this study have undergone

no morphological or functional changes which would alter

the directionality of SCE functions determined at this loca-

tion.

On the basis of these considerations, it seems likely

that SCE functions determined at the fixation locus for the

amblyopic eyes of observers LBP , PMC, and BAJ also included

the "morphological" foveal region in these eyes. On the

other hand, SCE functions, determined for observer MSM's

left amblyopic eye at a test location defined by the loca-

tion of the entoptically viewed avascular zone of the retinal

vessel pattern have a lesser directionality than SCE func-

tions determined at the locus of fixation. Thus, in this

The "Morphological" fovea may be defined as the ana-
tomically specialized foveal region at which relatively low
directionality SCE functions are obtained in normal eyes.
Based upon Westheimer's argument, it is presumed to be the
region in which cone cross sectional dimensions are smallest.
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case, SCE function determinations seem to confirm the presence

and extent of a monocular eccentric fixation also indicated

entopticall y. Despite attempts to determine SCE functions

at the fovea of observer JEM's amblyopic eye, the direc-

tionality values of the obtained functions indicate that

such attempts Vv'ere not entirely successful. However, visual

resolution data for this eye (see below) indicate that such

attempts must have been near misses. Directionality profiles

could not be constructed for amblyopic eyes of observers SLC

and SSD since testing was confined to a small region of the

visual field in the neighborhood of the fixation locus.

Thus, no conclusion as to v^hether SCE function testing in-

cluded the foveal region of these observers can be made on

this basis

.

For one of the control eyes (SBS, left eye) and for two

of the nonamblyopic eyes of amblyopic observers (MSM and SSD,

left eyes) , entoptic projection of the avascular region of

the retinal vessel pattern was found not to be centered with

respect to tiie locus of fixation. SCE function determinations

at the locus of fixation and at tlie center of the avascular

region of the vessel pattern in these eyes in no instance

indicated lesser directionality at the latter testing loca-

tion. For the first two of these observers, visual resolu-

tion measurements were determined at the locus of fixation

and at the center of the ' avascular zone of the vessel pat-

tern as well (see below). These results provide further in-

formation concerning the locus of fixation with respect to

the fovea in these eyes.
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SCE Function Measureme nt s for Observer PMC

SCE Function Peak Loca t i on

s

SCE functions determined for the left nonamblyopic eye

of observer PMC revealed that a systematic change occurred

in the locations of the estimated SCE function peaks from

approximately 1-1/2 mm temporal of pupil center to the nasal

edge of the dilated pupil, for test locations between 10° TVF

and 20° NVF in the horizontal meridian of the visual field.

Very little vertical change in the estimated positions of the

peaks within the pupil was observed over the same range of

testing locations. Equal steps across the horizontal merid-

ian of the visual field resulted in approximately equal hori-

zontal displacements of the SCE function peak. Subsequent

testing at 25° in the temporal visual field confirmed that

this trend continued at a visual field location beyond the

position of the blind spot.

The right, amblyopic eye of observer PMC reveals no

such trend in SCE function peak locations for test positions

between 10° 'I'VE and 20° NVF. Rather, all estimated SCE

function peaks for this eye cluster about a region approxi-

mately 1/2 mm nasal and 1/2 mm superior to the pupil center.

SCE function curves for test locations along the horizontal

meridian are shown for observer PMC's left eye in Fig. 15

and for the right eye in Fig. 16.

SCE functions were determined at 10° and 15° in the

inferior visual field of PMC's left eye in order to ascertain
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FIGURE 15

For Legend see Fig. 13
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OBSERVER PMC
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RIGHT £r£

FIGURE 16

For Legend see Fig. 13
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FIGURE 17

For Legend see Fig'. 13
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whether the systeinatic changes in estimated SCE function

peak locations demonstrated for the horizontal meridian of

the visual fieid could be extended to the vertical meridian.

The estimated locations of the SCE function peaks shift ap-

proximately from the temporal-nasal axis of the pupil at fixa-

tion to 2 mm inferior to the pupil center at 15° in the in-

ferior field. There is a much smaller change in the hori-

zontal positions of the estimated SCE function peaks along

this vertical visual field test meridian. SCE functions for

PMC's left eye obtained at the fixation locus and at 10° and

15° in the inferior field are shown in Fig. 17.

An SCE function determined at 10° in the inferior visual

field for PMC's right eye was found to have its estimated

peak position within the cluster of SCE function peak loca-

tions found for testing along the horizontal meridian of

the visual field (Eig. 8).

The results for PMC's right amblyopic eye indicate that,

for the visual field locations tested, retinal receptors

tend to align toward a region near the center of the exit

pupil. On the other hand, the SCE functions obtained for

PMC's left eye across 45° of the horizontal visual field

and 15° of the vertical visual field conform to another pat-

tern. The receptors in this eye apparently tend to align

more nearly toward the center of the retinal sphere than

toward the exit pupil.

This conclusion may be examined using an analysis de-

developed by Enoch and Lathes (1971). Enoch and Laties
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determined the predicted SCE function peak locations for a

range of visual field test locations and for three alterna-

tive hypothetical patterns of receptor alignment: (1) align-

ment toward tlie center of the exit pupil, (2) alignment

toward the center of the retinal sphere, and (3) alignment

parallel to a reference receptor at the posterior pole.

They assumed that the SCE function peak adequately indicates

receptor orientation tendency within the test region and

that receptors at the posterior pole of the eye, correspond-

ing approximately to 5° TVF , align directly along the optic

axis of the eye, which was assumed to pass through the pole

location. Calculations were based upon small angle assump-

tions, which provide reasonable estimates within about 20°,

and the Gullstrand schematic eye modified to be emmetropic.

Tlie predictions for idealized retinal receptor align-

ment toward the pupil center and tovjard the center of the

retinal sphere are shown in Fig. 18. Also shown are the

estimated temporal-nasal components of the SCE function peak

locations for test locations along the horizontal meridian

of the visual field for both eyes of observer PMC. The

superior-inferior components of the estimated SCE function

peak locations for testing of PMC's left eye within the in-

ferior visual field are also plotted.

The plotted values for the right, amblyopic eye closely

approximate a line parallel to the predictor curve for cen-

ter of the pupil alignment of receptors. The left eye data

more closely conform to the center of the retinal sphere
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alignment prediction. It should be kept in mind that dif-

ferences between the physical constants of the Gullstrand

eye aiid PMC's left eye may alter the slope of the latter

predictor function. In addition, the estimated SCE function

peak locations for functions which are displaced toward the

margin of the pupil are not considered to be highly reliable,

since peak location must be estimated from data points lying

on only one side of the peak. However, for at least the

retinal region corresponding to the visual field locations

tested, receptors within PMC's left eye are concluded to

tend to align toward the center of the retinal sphere. The

receptors within this observer's right amblyopic eye appar-

ently tend to align toward a region near the exit pupil

center

.

SCE Funct i on Direc tionality

A comparison of the directionalities of SCE functions

determined at the various visual field testing locations

for PMC's left and right eyes is of interest with regard

to the different presumed receptor alignment mechanisms

operating within the two eyes. Analysis was restricted to

SCE functions determined at 10° or less from the locus of

fixation in each eye, since the peaks of SCE functions for

PMC's left eye at more peripheral testing locations ap-

proached the edge of the- pupil. The parameters of the

fitted parabolas are not considered to be highly reliable

for such displaced SCE function peak locations (see above)

,
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In an analysis of SCE function directionalities for

test locations within 10" of the fixation locus in the nasal,

temporal and inferior visual fields, 12 between eye compari-

sons could be made. The SCE functions determined for the

left eye showed lesser directionalities in all 12 of these

comparisons. This result is significant at p '^ 0.001 using

the Sign test (Siegel, 1956). While highly statistically

significant, the magnitudes of the differences are, in

general, not large (see Appendix D) . The functional signi-

ficance of this result is unclear.

Other Mea surements Obtai ned on Observer PMC

One of the aims of this dissertation research was to

identify and characterize eyes having anomalous patterns of

retinal receptor alignment. It is hoped that subsequent

studies of such eyes will yield information as to the nature

of normal receptor alignment mechanisms.

The SCE function data presented above for the left eye

of observer PMC indicates an anomalous form of retinal recep-

tor alignment witiiin this eye. Receptors apparently tend

to align tov/ard the center of the retinal sphere. On the

other hand, SCE functions determined for this observer's

right eye are indicative of receptor alignment toward the

exit pupil. 'i'hus, PMC's right eye provides an excellent

control for measurements performed on the left eye. Such

measurements are directed toward a further characterization

and elucidation of the nature of the receptor alignment

anomaly within this observer's left eye.
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Some preliminary visual psychophysical and electrophysio-

logical results can be reported at this time. As a part of

the SCE function determinations performed for this observer,

increment thresholds were obtained over a four log unit range

of surround field luminance and at a range of visual field

test locations. Increment threshold data for the two eyes

and for the different visual field test locations were col-

lected in multiple sessions over a four month period. Despite

possible changes in sensitivity or criterion during this

period, these data provide an indication of the visual sensi-

tivity contours of the two eyes for test locations between

10° TVF and 20° NVF and at four different adaptation levels.

These data are presented in Figs. 19 and 20 as a series of

static perimetric plots for the left and right eyes. From

the upper to the lower contours, surround field intensity

decreases in one log unit steps from a maximum value of 3.54

log photopic trolands (3470 trolands)

.

Notable aspects of these data are the fairly comparable

visual sensitivities at central visual field testing loca-

tions, and the poorer sensitivity of the left eye at the

20° NVF testing location. This deficit at 20° NVF appears

to be somewhat greater in magnitude for lower as compared

with the higher surround field intensities. (None of the

surround field intensities at which measurements were made

are scotopic .

)

Dark adaptometry was performed for visual field test

locations 40"' in the nasal visual field of the left and
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right eyes using a Goldmann-Weekers dark adaptometer (Haag-

Streit, Bern) which was available within the Department of

Ophthalraology Eye Clinic. SCE functions v;ere not determined at

this visual field location for either eye. Preadaptation

2
of 4 minutes to light of 3.38 log cd/m followed 15 minutes

of preadaptation in the dark. Left and right eyes were light

adapted at the same time and tested in a counterbalanced

sequence during the subsequent recovery period (Bedell, 1974).

The test stimulus was 12° circular target having a maximum

2luminance of -0.065 log cd/m .

Dark adaptometry results reveal a modest (0.3 log unit)

deficit in the sensitivity of the left eye at the time of

the cone plateau. Final scotopic thresholds, extended to

45 minutes, do not indicate obvious differences between the

sensitivities of the two eyes.

Two electrophysiological procedures were performed for

observer PMC using standard clinical procedures at the De-

partment of Ophthalmology Eye Clinic. Electrooculograms

(EOGs) were recorded using Ag-AgCl disc electrodes placed

at the outer canthus of each eye and referred to a common

lead above the bridge of the nose. A ground electrode was

placed on tiie forehead. Potentials were recorded for eye

movements of approximately 90° visual angle, as the observer

tracked between the positions of two alternately illuminated

fixation lights. Signals' were AC amplified and fed to a

strip chart recorder which provided permanent records of

the results. Signals were recorded every 2 minutes during
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an 8 minute light adaptation period, during 12 minutes of

subsequent dark adaptation, and during 12 minutes of a second

light adaptation period. EOGs were calculated for each eye

as the ratio of the average amplitudes of the signals taken

after 6 minutes in the light and after 12 minutes in the

dark.

The light/dark ratios were 213 per cent for the right

eye and 230 per cent for the left eye. These values are in

the normal range. The magnitudes of the light and dark

adapted signals recorded from the two eyes were in approxi-

mately the same relationship as these ratios.

Electroretinograms (EP.Gs) were obtained under light and

dark adapted conditions for full field broadband flashed

stimuli. Flashes were provided by a Xenon arc source trig-

gered by a Grass stimulator. Signals were recorded using clear

corneal contact lens electrodes, placed over the dilated eyes,

and fed to separate AC amplifiers for the left and right eyes.

Sixteen responses were averaged at each of three light adapted

and four dark adapted flash intensities and averaged responses

were plotted on a strip chart recorder.

Clear a- and b-waves were seen for both eyes under all

light adapted conditions and for the 3 brightest dark adapted

conditions. At the dimmest dark adapted flash intensity

only the b-wave was seen. Of major interest is that the

c-wave appeared to be depressed within the left eye under

light adapted conditions. Late differences were also re-

corded for the dark adapted ERGs, but c-waves of comparable
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amplitude were apparent in the records for both eyes. Fur-

ther analyses of these provocative results are indicated.

Increment threshold data and dark adaptometry indicate

a reduced photopic sensitivity within the left eye of PMC

at peripheral visual field testing locations. These results

are entirely consistent, on a qualitative level, with the SCE

function data for this eye. The absence of a noticeable dif-

ference in scotopic thresholds between the eyes of observer

PMC presumably reflects the lesser directionality of the

scotopic retina and/or the inability to detect small differ-

ences in threshold with this clinical device.

Both tlie EOG and the c-wave of the ERG presumably re-

flect, at least in part, activity of the pigmented epithelim

layer (Rodieck, 1973). Anomalies of the c-wave of the ERG

seem at this time to be the most promising lead as to the

etiology of apparent receptor alignment disturbance within

PMC's left eye.

Further studies are planned with this observer. Such

studies fall beyond the scope of this dissertation.

SCE Function Results for Observer JEC

Observer JEC v/as originally recruited as a control ob-

server. Ophthalmoscopic examination revealed both fundi

to have a tesselated pattern of pigmentation. Additionally,

possible deterioiative pigmented epithelium changes were

seen in the macular region and at the temporal margin of the

optic disc in the right eye. Myopic crescents were apparent
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in both eyes, that in the riglit eye being larcjer . Possible

microaneurysms were observed externally on the sclera. The

retLn;il vessels appeared to te within normal limits. This

observer has a positive family history of diabetes. In

spite of the fundus appearance , visual acuities are 20/15 in

both eyes and good stereopsis is achieved (see Appendix B)

.

Based upon ophthalmosocopi.c results, observer JEC ' s

data are not presented as control data. SCE function de-

terminations, which were performed in both eyes of this ob-

server, revealed an abnormal pattern of results. The esti-

mated locations of SCE function peaks determined at visual

field test locations between 10° TVF and 20° NVF in the

right eye and 35" TVF and 20° NVF in the left eye are pre-

sented in Fig. 21. The estimated peak locations, as well

as 99 per cent confidence intervals, are given for horizontal

and vertical traverses of the pupil at all test locations

in Appendix C.

F'or changes in visual field test location from temporal

to nasal visual field, estimated SCE function peak locations

within both eyes of JEC shift from an inferior and temporal

region of the piapil to an area just nasal of pupil center.

The temporal visual field testing locations considered cor-

resporid to retinal areas between the fovea and the optic disc.

Although there is a trend for estimated SCE function

peak locations to shift in a temporal to nasal direction

within the pupil for temporal to nasal visual field testing

locations, this pattern of results does not seem indicative
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of center of the retinal sphere receptor pointing. Note

that the SCE function peaks in tlie right eye for all test

locations nasal to the fixation locus seem to cluster near

the pupil center (Fig. 21). In particular, there is very

little nasal shift in the estimated locations of the SCE

function peaks between testing locations of 10° and 20° NVF.

Also note that within the left eye, a test location at 35° TVF

gives estimated SCE function peaks quite near to the pupil

center. Thus, the receptor alignment within both eyes of

observer JEC seems to be disturbed in the region between the

optic disc and the macular region. For at least the right

eye, this pattern of SCE function results conforms to the

region of ophthalmoscopical ly revealed anomalies.

Of considerable interest is the location of the esti-

mated SCE function peaks in the tv/o eyes for determinations

made at the locus of fixation. Within the right eye, the

estimated SCE function peak location is approximately 1 mm

temporal and 1/2 mm inferior to the pupil center. In the

left eye, the SCE function peak is estimated to be approxi-

mately 2 miTi temporal and 2 mjn inferior to the pupil center,

giving a total estimated displacement of about 2-3/4 mm. A

markedly temporal and inferior location of the SCE function

peak for testing at the fixation locus was consistently

found for JEC ' s left eye over 7 months of data collection.

The SCE function for an oblique traverse of the left eye

pupil along the axis 150° - 330° (superior nasal pupil to

inferior temporal pupil) is shov;n in Fig. 22. The estimated
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peak position for this oblique traverse is 2.8 mm displaced

from the pupil center (99 per cent confidence interval ex-

tends from 2.2 mm from pupil center to beyond the inferior-

nasal pupil margin. Also shown in Fig. 22 are SCE functions

determined at the locus of fixation for horizontal and verti-

cal traverses of the pupil of JEC ' s right eye.

The displaced SCE function peak in JEC ' s left eye and

the more nearly centered peak location V;?ithin the right eye

suggested that a comparison of the visual resolution thresh-

olds at the locus of fixation for the two eyes of this ob-

server might give information as to the extent to which a

modest amount of presumed photoreceptor tilt affects visual

resolution. These data are presented below.

Visual Re soluti on Thresholds

Control and Amb lyopi c Observer

s

The rationale for determining visual resolution thresh-

olds at a number of visual field test locations was to cor-

relate the pattern of visual resolution loss in amblyopic

eyes with the pattern of anomalous SCE functions within the

same eyes.

The selection of the range of resolution target lumi-

nances used in this study (1.16 - 3.16 log photopic trolands)

was based upon prior published work using noninterferometri-

cally produced grating targets (Schlaer, 1937). The resolu-

tion target luminances used were intended to (1) include

the SCE function surround field luminance at the high end and
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(2) reveal poorer resolution thresholds for lower target

luminances. Since amblyopic eye SCE functions and visual

resolution thresliolds were to have been compared, the de-

termination of both at comparable luminance levels seemed

desirable. Moreover, since visual resolution threshold

varies with target luminance (Schlaer, 1937), visual resolu-

tion deficits determined at visual field locations at which

disturbed SCE functions were also measured m^ight be in some

part attributable to an effective decrease in target lumi-

nance due to the SCE. By determining resolution thresholds

at a range of target luminances, tlie effect of a decreased

effective target luminance, as the result of an anomalous

SCE function, could be estimated. Residual resolution de-

ficits due to factors other than a simple decrease in the

effective target luminance could then be assessed.

Anomalous SCE functions were not determined at any of

the visual field testing locations sampled in any of this

group of amblyopic eyes (see above). For this reason, the

originally intended form of analysis was obviated. However,

aspects of the visual resolution data of the control, amblyo-

pic and nonamblyopic eyes are of interest and are presented

here.

The visual resolution data are expressed as the grating

half period, in minutes of arc visual angle, at which ob-

servers, for a given luminance and visual field condition,

were able to discriminate lines up to the right vs^. up to

the left at a 71 per cent correct threshold. Visual
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resolution thresholds measured at different visual field

locations do not have equal variances. This is true whether

the data are expressed in minutes of arc or as decimal acui-

ties which are reciprocals of minutes of arc.

A Friedman 2-way analysis of variance by ranks was ap-

plied to resolution threshold data separately for control,

amblyopic and the nonamblyopic eyes of the amblyopes

(Siegel, 1956). This analysis revealed that increasing reso-

lution target luminance significantly decreased resolution

thresholds only for the control observers at the locus of

fixation and for the 0.50° diameter resolution target

(p < 0.01) .

On the basis of this ajialysis, the resolution thresholds

for 1° diameter targets at each of the three luminance levels

were treated as multiple estimates of a single resolution

tlireshold at each of the visual field testing locations.

The data, collapsed across luminances in this fashion, are

presented as resolution thresholds in minutes of arc for the

control observers and for observer JEC in Table 1 and for

the amblyopic observers in Table 2. Equivalent decimal

acuity values are also given in these tables.

The control eye data show that the visual angle sub-

tended by the threshold resolution target, in minutes of

arc, increases for increasingly peripheral visual field

testing locations. A mean function (resolution threshold

contour) for the fo\ir control eyes reveals that the increase

in minimum resolvable as a function of target location within
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10° NVE' Fixation 10° TVF

FIGURE 23

Mean Visual Resolution Contour for Four Control Eyes

Visual field testing location on the abscissa, resolution
threshold in minutes of arc on the ordinate.
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the visual field is essentially syrmnetrical about the fixa-

tion locus (Fig. 23) . This is the classical picture of the

change in minimum resolvable target dimension with changes

in visual field test location (e.g., Mandelbaum and Sloan,

1947) .

Resolution threshold contours for the amblyopic and non-

amblyopic eyes of this sample of amblyopic observers also

reveal resolution rrdniraa and clearly increasing resolution

thresholds at testing locations on either side of the minimum

(Table 2) . For the amblyopic eyes of observers LBP , PMC,

MSM and BAJ resolution threshold minima for 1° diameter

targets are found at the locus of fixation. However, for

the amblyopic eye of observer JEM, which was determined to

have a monocular eccentric fixation of between 5° - 6°, a

resolution threshold minimum was found at the visual field

location nearest to the presumed location of the fovea.

Much poorer resolution thresholds were measured at the locus

of fixation in this eye. (Fig. 24; note that in Table 2

visual field location for this eye onl y has been corrected

for the estimated magnitude of eccentric fixation.) Entoptic

tests indicated that observer MSM had a smaller angle of am-

blyopic eye eccentric fixation (1-1/2° - 2°). Resolution

thresholds determined for MSM's amblyopic right eye, using

0.50° diameter targets presented at the locus of fixation

and at the center of the 'entoptically viewed avascular zone

of the retinal vessel pattern, also revealed superior resolu-

tion thresholds at the presumed locus of the fovea, rather

than at the position of eccentric fixation (Table 3)

.
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FIGURE 24

Visual Resolution Contour for the Left Amblyopic Eye
of Observer JEM

For legend see Ficj. 23. Arrow indicates fixation locus
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Table 3

Visual Resolution Thresholds* for 0.58° Targets
at the Locus of Fixation and

at tlie Position of the Entoptic Fovea
for Observer MSM ' s Ri cjht , Amblyopic Eye

Log Relative
Target "Fovea"

Luminance Fixation (1,96° NVF)

-0.5 1.12 - 0.05 1.01 ± 0.04
(0.836) (0.987)

-1.5 1.37 i 0.14 1.05 ± 0.02
(0.731) (0.955)

2.5 1.57 - 0.14 1.21 ± 0.09
(0.638) (0.83)

See note Table 1
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A comparison of the visual resolution thresholds

achieved in these amblyopic eyes for interferometrically

formed grating targets with the visual acuities for Landolt

targets ol:)tained by the same eyes reveals a marked superiority

of the grating target results. The control eyes and the non-

amblyopic eyes of the amblyopic observers show similar but

less striking differences. Thus, observer JEM, whose amblyo-

pic eye Landolt visual acuity was 20/115~^
, was able to dis-

criminate grating targets presented at 5° in the nasal visual

field, near the presumed locus of the fovea, having a half

period corresponding to a visual acuity of nearly 20/20

(Table 2, Fig. 24). This observer's Landolt acuity was not

improved by eccentric viewing of these targets, in order to

compensate for the extent of monocular eccentric fixation.

Observer BAJ obtained the minimal possible resolution

thresholds within this instrument (0.57 minutes of arc)

for 1° diameter grating targets in both eyes. Since these

readings are "pinned" on the high side, there is no way to

evaluate possible resolution differences between the eyes

of this observer for 1° diameter targets. This observer

did perform slightly better for 0.50° diameter grating

targets \-/ith the nonamblyopic right eye than with the amblyo-

pic left eye (right eye, 0.631 0.10 min of arc; left eye,

0. 691 0.10 min of arc)

.

Gstalder and Green (1971) have previously noted that

visual acuities determined for amblyopic eyes with inter-

ferometrically formed grating targets v;ere often markedly
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superior to estimates of visu£il acuity obtained for the same

eyes using more co;iventionai types of taryets. Neither lumi-

nance nor contrast differences between the two types of

targets seem to account for these results. Assuming 3 -

3-1/2 mm pupils, the retinal illuminance provided by the

Landolt target chart was comparable to the middle (-1.5 log

ND condition) luminance interferometrically formed target.

Landolt targets were determined to have slightly higher

contrasts than the grating targets (0.80 vs. 0.71). The

use of a forced choice psychophysical procedure may have

decreased estimated resolution thresholds for the grating

targets. However, this is unlikely to be the entire source

of the effect. It seems likely that differences in the judg-

ments required for discriminating grating orientation as op-

posed to specification of the position of detail in the

Landolt targets plays a ro].e in this result.

When the resolution thresholds of the an±)lyopic and

the nonaniblyopic eyes of this sample of observers are com-

pared, poorer resolution thresholds at both central and

peripheral visual field test locations are seen for 4 of the

5 observers. The exception to this generalization is ob-

server JEM, for whom resolution thresholds are superior at

periplieral retinal locations in the amblyopic eye, other

Viefhues and Klihnhardt (1958) reported that amblyopic
resolution v/as determined to be superior when objective
(optokinetic nystagmus) m.easures as opposed to subjective
reports of the presence or absence of grating targets were
employed

.
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than at 5"^ temporal to the location of eccentric fixation

in this eye. Including JEM iii the analysis, and pooling

across the four noncentral testing locations, (5° and 10°

temporal and nasal), nonamblyopic eyes revealed lower resolu-

tion thresholds than amblyopic eyes of the same observer in

16 of 20 possible comparisons. This difference is signifi-

cant at p < 0.05 as indicated by the Sign test (Siegel,

1956). If JEM ' s data are exluded, then in 15 of the 16 re-

maining comparisons, and for all comparisons at 10° , non-

amblyopic eyes have lower resolution thresholds. Differ-

ences are on the order of 0.5 - 1.0 minutes of arc. For

the purposes of this analysis, both JEM ' s and MSM's data

were corrected for the estimated magnitudes of monocular ec-

centric fixations.

Except for observer PMC, visual resolution thresholds

were determined for the nonamblyopic eyes of the amblyopic

observers in the first of two sessions. Thus, the advantage

of any practice effect wou]d be given to the amblyopic eyes.

Practice effects are often marked for peripheral visual tasks

(e.g., Johnson and Leibowitz, 1974). Moreover, the two

alternative forced choice procedure used was designed to

eliminate the influence of possible differential criteria

which the amblyopic observers might have employed when making

judgments with the amblyopic and nonamblyopic eyes.

*A11 observers had considerable prior experience with
peripheral visual testing, as a result of the SCE function
determinations, before initiating visual resolution thresh-
old measurements. Practice effects were therefore expected
to be small.
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FIGURE 2 5

Visual Resolution Contours for Both Eyes of Observer LBP

For legend see Fig. 23. Right, nonamblyopic eye: triangles
Luft, amblyopic eye: squares
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These considerations indicate that this finding seems

to reflect real differences in this sample of amblyopic eye

and nonamblyopic eye resolution thresholds which extend to

at least 10*^ in the peripheral field for this type of target,

An example of between eye resolution differences for one am-

blyopic observer of this sample is shown in Fig. 25. Ob-

server LBP ' s right, nonamblyopic and left, amblyopic eye

resolution thresholds are presented as a function of visual

field testing location. Resolution thresholds of both eyes

of this observer are poorer at all visual field testing

locations than those of any of the control eyes (compare

Tables 1, 2; see Fig. 23).

It is of interest that had visual resolution thresholds

been expressed as decimal acuities, rather than in terms of

minutes of arc, the between eye differences in resolution

target thresholds for the amblyopic observers at peripheral

visual field locations would have been rendered very slight

(see Table 2). That is, the apparent differences in the

visual resolution thresholds of amblyopic and nonamblyopic

eyes found at peripheral visual field testing iocations

might have been obscured by a transformation of the data to

decimal visual acuity values.

Resolution Thresho lds for Ob server JEC

Observer JEC was found to have a markedly displaced SCE

function peak at the locus of fixation in the left eye and

a more nearly centered SCE function peak for this test
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location in the right eye (Ficj. 22). The pattern of SCE

function peak locations within both eyes of this observer

for a range of visual field test locations along the hori-

zontal meridian of the visual field appear anomalous (Fig. 21),

especially for testing locations between the fovea and the

optic disc. These SCE function data may be related to the

appearance of tlie fundi, which is atypical in both eyes (see

above, also Appendix B) .

Despite the possibility of a subclinical or incipient

pathology in these eyes, JEC ' s SCE function data provided an

opportunity to assess the effect of a clearly displaced SCE

function, and hence presumably a modest amount of receptor

tilt, upon visual resolution capacity. Using O'Brien's

(1946) value of 2.5° per mm in the entrance pupil, receptors

at the locus of fixation in JEC ' s left eye are estimated to

be tilted 7" - 8° from an axis joining the pupil center and

the fixation locus. Entoptic tests indicate that fixation

is centered within the fovea for both eyes of this observer.

Visual thresholds for the left and right eyes of ob-

server JEC for 1° and 0.50" diameter targets presented at

the locus of fixation, as a function of target luminance, are

presented in Table 4. Much of these data were collected

with the right and left eyes tested in a counterbalanced se-

quence during the same session. For both of these target

sizes, left eye resolution thresholds are inferior at the

lower (-2.5, -3.5) target luminances. Little difference

between the eyes is evident at the two higher luminance
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conditions. These data indicate that a small amount of

presumed receptor tilt is not the resolution limiting factor

for high luminance interferometrically formed targets, at

least for this observer. A presumed modest amount of recep-

tor tilt does apparently influence resolution thresholds at

lower target luminances. The reduction of effective target

luminance, due to the displaced SCE function within this ob-

server's left eye, appears to be responsible for at least

a part of the observed resolution differences.

The magnitude of the apparent resolution reduction is

not dissimilar frotn that reported by Enoch (1971) for opti-

cal studies of excised retinas. Possible differential resolu-

tion decrements for grating targets oriented in different

directions, i.e., parallel and perpendicular to the direction

of presumed receptor tilt, have not been assessed for this

observer

.

Visual Resolution Thresholds a t_ the Locus of F ixation and at
the Pos ition of the Entoptic Fovea

Although entoptic tests are commonly used to locate

the foveal region with respect to a fixation target (e.g.,

this study) , there is no a prior^ reason for assuming that

the region of smallest cone cross sectional diameter or of

closest cone packing (akin to the "morphological" fovea,

as defined above) should correspond precisely with the center

of entoptically viewed anatomical structures within the

foveal or macular region. Rather, a limited am.ount of de-

centration between the "morphological" and entoptic foveal

centers might easily be imagined to exist.
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For one of the control eyes of this study (SBS, left

eye) and one nonamblyopic eye of an amblyopic observer (MSM,

left eye), the centers of the entoptic fovea, both the

avascular zone of the retinal vessel pattern and the cen-

troid of the Maxwell spot were located eccentrically with

respect to the locus of fixation. For observer SBS's left

eye, the axis of rotation of the Haidinger brush was also

displaced with respect to fixation. Both observers reported

that d fixated target appeared at or near the edge of the

entoptically viewed fovea in their left eyes.

For observer SBS, all three entoptic patterns were

similarly displaced 0.6° - 0.9° within the superior-nasal

quadrant of tlie visual field relative to fixation. Observer

MSM located the centroid of the Maxwell spot nearer to a

fixation target than the center of the avascular zone of the

vessel pattern. The former pattern appeared approximately

0.4° - 0.7° nasal to fixation, whereas the avascular region

of the vessel pattern appeared almost 1° nasally.

For botli of these observers visual resolution thresholds

were determined, using 0.50° diameter targets, at the fixa-

tion locus and at tlie center of the avascular zone of the

retinal vessel pattern. For observer SBS, resolution thresh-

olds at the locus of the entoptic fovea were determined at

a single luminance. For MSM, resolution thresholds were

determined at three target luminances. Determinations at

the fixation locus and at the center of the avascular region

of the retinal vessel pattern were obtained during the same
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session in a counterbalanced fashion. For both observers,

resolution thresholds were superior at the locus of fixation.

For observer SBS, the resolution threshold at the center of

the avascular zone was ].03l 0.03 min of arc (decimal acuity

0.96), and at the locus of fixation was O.SSl 0.02 min of

arc (decimal acuity = 1.71), for targets presented at -2.5

log relative luminance.

The results for observer MSM's left eye are presented

in Table 5. While consistent in direction, the niagnitude

of the difference between "foveal" and fixational resolution

thresholds is smaller than that obtained for SBS. It is pos-

sible that within observer MSM's left eye the "morphological"

fovea lies between tlie two locations tested, although pre-

sumably nearer to the fixation locus.

These results are in contrast to the resolution data

obtained at the locus of fixation and at the entoptic foveal

center in two amblyopic eyes (see above) . Within the am-

blyopic eyes, better resolution thresholds were determined

at the locus of the entoptic fovea. It should be noted that

the extent of decentration of the entoptic fovea with respect

to the locus of fixation was larger within the amblyopic eyes

than within the control eye and nonamblyopic eye considered

here. The center of the entoptic fovea would seem to be a

good first approximation to the "morphological" foveal loca-

tion. From these results' it can be concluded, however,

that the two do not precisely coincide in all eyes.
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Table 5

Visual Resolution Thresholds* for 0.50° Targets
at the Locus of Fixation and

at the Position of the Entoptic Fovea
for Observer MSM ' s Left, Nonamblyopic Eye

Log Relative
Target

Luminance Fixati on
"Fovea"
(1° NVF)

•0.5 0.6 6 - 0.04
(1.53)

0.78 i 0.02
(1.29)

-1.5 0.80 - 0.02
(1.25)

0.90 - 0.03
(1.11)

-2.5 0.87 - 0.01
(1.15)

0.07 - 0.05
(0.932)

See note Table 1.



CHAPTER VIII
DISCUSSION

Patterns of Inferred Retinal Receptor Alignment

Stiles-Crawford effect (SCE) functions were determined

across 30° of the horizonta] meridian of the visual field

for both eyes of two control observers and for both the am-

blyopic and nonamblyopic eyes of a sample of five amblyopic

observers

.

For all of the control eyes and for all but one (non-

amblyopic) eye of the amblyopic observers, retinal receptor

orientation, as inferred from these SCE function determina-

tions, tended to be directed toward a subregion of the exit

pupil of the eye for all testing locations (Figs. 4 - 10).

The single exception to this generalization is the left non-

amblyopic eye of observer PMC, which is considered in detail

below. In this eye receptor orientation apparently follows

a different law. The locations of the estimated SCE func-

tion peaks for the visual field locations tested indicate

that receptors v/itl^in observer PMC's left eye tend to more

closely align toward the center of the retinal sphere (Figs.

8, 15, 17, 18) .

SCE function peak locations were determined for another

observer over approximately the same range of visual field

17 3
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testing locations. This observer showed apparent fundus

anomalies within both eyes upon ophthalmoscopic examination.

An anomalous pattern of estimated SCE function peak locations

was found within both eyes of this observer as well. Despite

a marked dispersion in the locations of the estimated SCE

function peak locations within this observer's eyes, all

peaks, including that for a test location at 35° in the tem-

poral visual field of the left eye, remained inside the

boundary of the dilated pupil (Fig. 21). Thus, even though

an anomalous pattern of receptor alignment at different

retinal locations can be inferred for this observer's eyes,

a general alignment toward the eye pupil is still apparently

maintained at all sampled test locations.

These results confirm earlier work by Enoch and Hope

(1972a, 1973) and Bedell and Enoch (1978), who also found

evidence of a receptor alignment tendency toward the exit

pupil of the eye, across a range of visual field testing

locations, using the SCE function as an indicator. The

present results also extend those of the earlier studies.

In the present case, between eye comparisons of estimated

SCE function peak positions can be made for several observers.

For the two control observers and for at least two of the

amblyopic observers, the patterns of estimated SCE function

peak locations within the two eyes appear to be highly simi-

lar (Figs. 4, 5, 8 - 10) .' For two other of the amblyopic

observers, the data suggest a somewhat greater dispersion

in the locations of the estimated SCE function peak locations
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within the amblyopic eyes for the visual field locations sam-

pled (Figs. 6, 7). The suggested differences between the eyes

of these latter two observers are not qualitative in nature,

but rather seem to be differences in the degree of SCE func-

tion peak dispersion within the pupils of the two eyes.

The tendency for receptors at widely separated retinal

locations to align toward a subregion of the pupil, as indi-

cated by the clustering of SCE function estimated peak loca-

tions within the pupil, suggests that some retina-wide mechan-

ism maintains receptor alignment toward the exit pupil. How-

ever, evidence that some local component of receptor alignment

exists has been seen in a case in which normal retinal recep-

tor alignment v/as apparently disturbed by subretinal fluid

secondary to trauma (Campos et al., 1978). Subsequently, SCE

functions indicative of a recovery of receptor alignment were

determined at the originally disturbed foveal region. At the

same time, receptors at a nearby parafoveal test location ap-

parently underwent a disruption of alignment. At a later test

date, receptors at the extrafoveal test location had seemingly

recovered a normal alignment with no further change occurring

at the fovea. Entoptic visualization of what are apparently

receptor alignment subgroups (see Chapter II) also indicate

a local receptor alignment component.

Evidence for a local component of receptor alignment

also exists within the present study. Statistically signi-

ficant differences in estimated SCE function peak location

for different testing locations within the same eye were

found for all eyes in which SCE functions were determined
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across a range of visual field test positions (Appendix C)

.

These differences are on the order of only a few degress in

receptor orientation at the retina. A local contribution

to receptor alignment is also suggested by the regional

systematic shifts in estimated SCE function peak locations

found within some eyes (e.g., Figs. 7, 13, 21). For observer

JEC (Fig. 21) , the pattern of estimated SCE function peak

locations within both eyes is indicative of a progressive

change of receptor alignment within the retinal region be-

tween the fovea and the optic disc. At temporal retinal

locations (nasal visual field) alignment more nearly toward

the pupil center is apparently maintained. It is hoped that

further studies of this observer can elucidate the nature

of these presumed local disruptions of alignment.

Inferred Re tinal Receptor A lignment in Observer PMC

As a part of this dissertation research, an observer was

identified, v/ithin one eye of whom the retinal receptors

within the range of testing locations sampled apparently

align toward the center of the retinal sphere rather than

toward the exit pupil of the eye (Figs. 8, 15, 17, 18).

Within the fellow eye of this observer, receptors at the same

range of testing locations apparently tend to align toward

a position near the center of the exit pupil (Figs. 8, 16) .

Retinal receptor alignment tendency is inferred from the

estimated peak locations of SCE functions determined for

this observer. Of the many measurements made, none failed

to conform to the above patterns.
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Prior to this dissertation research, retinal receptor

alignuient across a range of retinal locations had been as-

sessed psychophysically in fewer than a dozen individual eyes

(Aguilar and Plaza, 1954; Enoch and Hope, 1972a, 1973; Bedell

and Enoch, 1978) . Retinal receptor orientation within the

fovea, or at the locus of fixation, has been estimated from

SCE functions for m.any more observers. Note that had SCE

function determinations been made for observer PMC only at

the locus of fixation, or even at a few degrees on either

side of the fixation locus, the apparent tendency of recep-

tors to align toward the center of the left eye would almost

certainly have gone undetected. Only measurements across a

considerable range of visual field testing locations could

have revealed this apparent anomaly. Until further studies

of this sort are conducted, there is no way to assess whether

the pattern of receptor orientation with PMC's left eye is

truly unique nor the frequency of such alignment tendencies

among human observers. However, the reported results of

carefully performed retinal histological and of X-ray dif-

fraction studies on infrahuman eyes (see Chapter II) have

as yet revealed no instance of receptors oriented toward

the center of the eye in any of a variety of species.

This observer thus presents a possibly unique opportunity

to elucidate the nature of hypothesized retinal receptor align-

ment mechanisms within human observers. Additionally, the

consequences for vision of properly aligned, i.e., directed

toward the exit pupil of the eye, receptors may be inferred
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from differences in visual functioning between the eyes of

this observer. Clearly, such differences are not to be ex-

pected at central visual field locations where both pupil

pointing and center of the eye pointing patterns of inferred

receptor orientation result in receptor alignment appropri-

ately directed toward relevant stimuli entering at the pupil

(Figs. 8, 18) . The consequences of anomalous retinal recep-

tor orientation of the sort hypothesized for the left eye of

observer PMC are to be expected at peripheral visual loca-

tions .

Dark adaptation functions determined for a test stimulus

at 40" in the nasal visual fields revealed an approximately

0.3 log unit lesser sensitivity (a factor of 2) at the cone

plateau in left eye. Tf any between eye sensitivity differ-

ence exists at the final scotopic tlireshold, it must be

quite small and was not detected by the clinical ajjparatus

used. Static perimetric contours (Figs. 19, 20) constructed

from increment threshold measurements, reveal a reduction

in left eye sensitivity at the most peripheral testing loca-

tion (20° IWF) . Further studies of this sort are indicated,

as are SCE function determinations at test locations more

peripheral than 25" in the visual field. Scotopic SCE func-

tions determined at peripheral visual field locations would

also be of value. Such studies are planned for this observer.

An understanding of 'the etiology of the apparent recep-

tor alignment anomaly within this observer's left eye would

be of tremendous significance. Ophthalmological evaluation
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of the fundi reveal no patent abnormalities within either

eye or obvious differences between the eyes. Fluorescein

angiography is being considered at this time.

Electrophysiological recordings of electrical events

within observer PMC's eyes were hoped to reveal some clue

as to the nature of the hypothesized anomaly within the

left eye. Electrooculograras (EOGs) indicated no obvious

difference in the standing potentials of the two eyes. Ad-

ditionally, normal light/dark ratios were found in both eyes,

On the other hand, the electroretinographic (ERG) re-

sults are highly provocative. Late differences are apparent

in the signals recorded from the two eyes, especially as a

depressed c-wave in the left eye under light adapted condi-

tions. The c-wave apparently reflects a combination of ac-

tivity at the pigmented epithelium-retinal receptor boundary

(Rodieck, 1973). Anomalies at this location, as suggested

by the preliminary ERG results, are certainly situated at

a region within the eye at which an anomalous receptor align-

ment might be reasonably inferred to be a consequence. One

might speculate that a component of the electrical activity

generated by light within this retional region , which nor-

mally has a role in the mechanisms of receptor alignment,

is disturbed or absent in PMC's left eye. It is hoped that

further electrophysiological studies of this observer will

provide additional insight into this question. The fact

that this apparent alteration in receptor alignment covers

a large part of only one retina suggests a possible develop-

mental or genetic anomaly.
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Cen tral and Peripher al SCE Function Directionality

SCE function directionality (rho value or lialf sensi-

tivity half width) was found to change in systematic fashion

from central to peripheral retinal test locations (Fig. 14,

Appendix D) . This result is in agreement with previous re-

ports (Westheimer, 1967; Enoch and Hope, 197 3; Bedell and

Enoch, 1978). The reduced SCE function directionality at

central retinal locations has been suggested to reflect the

morphological specializations of foveal cones, and in particu-

lar their small cross sectional diameter. Such an explana-

tion cannot account for the trend of decreased directionality

between perifoveal and peripheral retinal testing locations.

It is possible that peripheral reductions in SCE function

directionality represent, at least in part, the larger retinal

receptive field areas at peripheral retinal locations (e.g.,

Rodieck, 1973). Insofar as psychophysical SCE function meas-

urements represent the summed directionality of groups of

small acceptance angle (high directionality) receptors (see

Chapter II), then the inclusion of larger numbers of recep-

tors, and hence a greater distribution of individual recep-

tor or receptor group alignment tendencies within single

receptive field areas might be expected to broaden the over-

all directional tendency shown by such receptive fields.

Alternatively, one might speculate that at more peripheral

retinal locations, SCE functions reveal an increasing rod

receptor contribution. Rod directionality is apparently
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less than that of cones (e.g., Flamant and Stiles, 1948;

vanLoo and Enoch, 1975). Increasing rod contributions seem

unlikely because of the rather high luminance levels em-

ployed for these determinations (3.04 log photopic trolands)

but cannot be ruled out since rod saturating levels might

not have been employed.

The Relationship Between
Inferred Retinal Receptor Or ientation and

Amblyop ia in the Presen t Sample o f Amblyopic Eyes

The SCE functions measured for this sample of seven

aniblyopic observers revealed no instance of a clearly anoma-

lous SCE function or displaced SCE function peak. The sample

of amblyopic observers tested was recruited from the Univer-

sity campus and Health Center staff populations rather than

directly from clinical sources (Chapter V). It is possible

that a different sample of amiblyopic observers, drawn for

example from an Eye Clinic patient population, would have

revealed one or more cases in which SCE functions were dis-

turbed. Clinical amblyopia patients suitable for the ex-

tensive series of examinations required by this research

were not available.

The visual field testing locations at which SCE func-

tions were determined in amblyopic eyes were selected to in-

clude both central and near peripheral retinal regions.

Every effort was made to -measure SCE functions within the

foveal region of these amblyopic eyes. A priori considera-

tions indicated that retinal receptor orientation disturbances
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within the fovea were most likely to contribute to decreased

visual resolution shown by amblyopic eyes. The amount of

visual resolution loss which might reasonably be accounted

for by receptor alignment anomalies is modest. Thus, it was

not deemed likely that possible receptor malor ientation at

extrafoveal locations, at which visual resolution presumably

is limited by retinal receptive field sizes rather than recep-

tor grain mosaic, would meaningfully degrade visual resolu-

tion other than by a possible brightness decrement of the

resolution target.

Efforts to assess receptor orientation within the foveal

region of the amblyopic eyes of this sample met with partial

success. Visual resolution contours, SCE function direc-

tionality profiles and entoptic projections of the foveal

region v/ere employed to assess whether SCE function deter-

minations were accurately directed within the fovea. It

seems likely that in at least four of the sample of amblyopic

observers (LBP, PMC, MSM, and BAJ) SCE function determina-

tions v/ere in fact carried out within the foveal region.

For three of these observers (all bat MSM) , foveal testing

was apparently accomplished at the locus of fixation. The

SCE functions determined at the presumed foveal region in

these four amblyopic eyes are not different in any way,

other than an expected reduction of directionality, than

those obtained at other Visual field testing locations

Subject to the limitations described in Chapter VII
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(Figs. 7 - 10). That is, there is no hint in these data

that a selective disruption of receptor orientation occurs

at the fovea] region of any of the amblyopic eyes of this

sample. Tliis conclusion must be limited by the 0.50° diameter

of the test target used.

For observer JEM, SCi:; function determinations were

probably not directed precisely to the fovea. This conclu-

sion is based upon the SCE function directionalities at test

locations near the presumed location of the fovea, none of

which indicate the reduction expected for foveal testing.

Several determinations were made at locations near the pre-

sumed foveal location for this eye (5° NVF , 1° NVF, "Fovea").

The estimated peak locations of these SCE functions all

cluster within a region superior and slightly nasal to the

pupil center (Fig. 6). Again in this case, there is no in-

dication that receptor orientation suddenly becomes anomalous

near tiie foveal region. A limited number of determinations

for observers SLC and SSD indicate normal appearing SCE func-

tions at or near the fovea as well. It is therefore con-

cluded that, for this group of amblyopic observers, subject

to the sampling limitations described above, retinal receptor

orientation at a range of visual field testing locations

along the horizontal meridian of the visual field and includ -

ing the foveal region, is relatively undisturbed. Thus, for

this sample of amblyopic eyes, one must apparently look to

a more proximal site within the visual system for the seat

of the amblyopic visual loss.
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I nferred Receptoi" Orientation and
Visual Resolution Thresholds

SCE function measurements at the locus of fixation for

observer JEC (Figs. 21, 22) indicated that receptor orienta-

tion is directed approximately toward the center of the exit

pupil of this observer's right eye, for this visual field

testing location. On the other hand, receptors at the locus

of fixation within tliis observer's left eye are apparently

modestly tilted away from the pupil (ca. 7° - 8°) . Entoptic

tests, resolution thresholds and SCE function directionali-

ties all indicate that these determinations were directed

to the foveas in both of these eyes.

Visual resolution threshold measurements at the locus

of fixation in both eyes of this observer over a 4 log unit

range of target luminances revealed only a modest increase

in resolution thresholds for the left eye (Table 4). This

difference was only apparent at the dimmer target lumi-

nances (0.23, 1.16 log photopic trolands).

These results are consistent v/ith previous estimates

of the visual resolution degradation incumbent upon a modest

amount of receptor tilt. Previous estimates have been de-

termined for receptors within isolated retina preparations

(Enoch, 1971) and from psychophysical studies in which the

pupil entry position of beams forming interferometric grat-

ing targets was shifted v/ith respect to the pupil center and

to the presumed location of the SCE function peak (Campbell

and Gregory, 1960; Green, 1967). Thus, modest amounts of
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receptor tilt at the fovea seem to result in only slight

changes in resolution capability. On the other hand, gross

receptor malorientation, which was not indicated within any

of the observers of this study, but has previously been

identified within some amblyopic eyes (Enoch, 1957; 1959a,

b) , is expected to have a more deleterious effect upon visual

resolution (see Chapters II, III) .

Visual Reso lution Measurements in Amblyopic Eyes

In agreement with previous published work (e.g.,

Mandelbaum and Sloan, 1947), visual resolution thresholds,

expressed as grating half periods in minutes of arc visual

angle, were found to be lowest at central retinal regions

and to increase monotonical ly at more peripheral testing

locations (Figs. 23 - 25, Tables 1, 2).

With the exception of the smaller target size used in

this study (0.5°) presented at the locus of fixation to the

control observers, there was no significant trend across ob-

servers for higher resolution thresholds at the lov/er target

luminances employed. This result may have been due to the

use of interferometrically formed targets, to the target

flash duration used (250 msec), to the use of a background

field (e.g., Wilcox, 1932) or to some combination of these

factors. For at least observer JEC , whose results may or

may not be representative of the other observers, a further

1 log unit decrease of grating target luminance (to 0.23 log

photopic trolands = 1.7 photopic trolands) resulted in a
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clear increase in resolution target thresholds in both eyes

(Table 4)

.

In the tv;o amblyopic eyes of this sample, in which ap-

preciable monocular eccentric fixation was indicated by en-

toptic tests, best resolution thresholds v/ere obtained at

the presumed locus of tlie fovea rather than at the eccentric

fixation locus (Fig. 24, Table 3). This confirms similar

results reported for some amblyopic observers liaving monocu-

lar eccentric fixation (Sandberg, 1974; Kandel and Bedell,

1976; Kirschen, 1977) . However, it is apparently not true

that all amblyopic eyes having monocular eccentric fixation

have best resolution at the fovea (e.g., von Noorden, 1966).

The amblyopic eye resolution thresholds for interfero-

metrically formed grating targets were found to be superior

to visual acuities assessed for these eyes using Landolt

ring targets. This result has previously been reported for

amblyopic eyes (Gstalder and Green, 1971) and does not arise

from a simple difference in luminance between the two targets

Landolt cliart luminance was roughly equivalent to the middle

luminance used for interferometric targets. A similar but

lesser tendency for control eyes and the nonamblyopic eyes

of amblyopic observers to perform superiorly for interfero-

metrically formed targets than for Landolt targets was also

noted (compare Tables 1, 2 with Appendices A, B) . The dis-

criminations required by ' the two types of targets differ as

do the spatial characteristics of the two targets (gratings

are spatially repetitive whereas Landolt rings present
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spatial discontinuities). Moreover, resolution thresholds

for interf erometric target may have been reduced by the use

of a two alternative forced choice psychophysical technique

and a 71 per cent correct threshold. V-Jhatever the reasons

for the discrepancies between Landolt and interferometric

acuity target resolution estimates for amblyopic eyes, the

existence of such discrepancies has implications for the as-

sessment of amblyopic eye acuities and perhaps for the

etiology of amblyopia as well. Marked differences in resolu-

tion thresholds estimated for different types of targets

or using different judgemental tasks suggest a localization

or compartmentalization of the pathophysiological process

within at least some amblyopic visual systems.

Four of the five amblyopic observers of this sample

were found to have poorer interf erometrically formed grating

target resolution thresholds in their amblyopic eyes at non -

central as well as central retinal test locations. Poorer

thresholds were found at both 5° and 10° from the presumed

locus of the fovea in these amblyopic eyes, after correc-

tion was made for eccentric monocular fixation position in

two of the observers. Previous reports of amblyopic vs .

nonamblyopic eye resolution thresholds for peripheral and

central testing locations indicate that amblyopic eye visual

acuities approach or attain nonamblyopic eye levels at near

peripheral retinal locations (Meur and Conreur, 1968; Kandel

and Bedell, 1973; Kirschen, 1977). In two of these previous

studies (Meur and Conreur, 1968; Kirschen, 1977), visual
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acuity testing locations extended beyond 10°. However,

previous studies have also, in general, presented their re-

sults in terms of visual acuities, rather than in minutes of

arc (visual acuity = reciprocal minutes of arc of target

detail). As indicated in Chapter VII, and shov/n in Table 2,

differences in visual resolution thresholds between amblyopic

and nonamblyopic eyes at peripheral retinal locations may

tend to be obscured by a transformation of the data to visual

acuity values.

Insofar as near peripheral resolution decrements exist

in amblyopic eyes, as found for four of the five observers

tested in this sample, consequences for an understanding of

the pathophysiological mechanisms subserving visual resolu-

tion decrements in amblyopic eyes are indicated. That is,

the present results indicate that a somewhat wider retinal

region than is typically believed may be involved in the

amblyopic process. Theoretical treatments of the basis of

resolution deficits in amblyopic eyes may have to deal with

resolution losses not confined to the immediate central

retinal region. Further investigations of resolution thresh-

olds within a larger sample of amblyopic observers extended

to more peripheral retinal testing locations, seem, warranted.



CHAPTER IX
CONCLUSIONS

Retinal receptor orientation, assessed as the estimated

peak locations of psychophysical SCE functions determined

at test locations spanning 30° of the horizontal meridian

of the visual field, indicate that receptors v/ithin this

region of control eyes and the amblyopic and nonamblyopic

eyes of this sample of amblyopic observers tend to align

toward a subregion of the exit pupil of the eye. This re-

sult confirms earlier psychophysical evidence of a photo-

receptor alignment tendency toward the exit pupil of the

eye in human observers.

Within one eye of this sample, an exception to this

generalization was identified. For test locations spanning

45° of the horizontal visual field and 15° of the vertical

field, receiptors within this eye were concluded to tend to

align more nearly toward the center of the retinal sphere

than toward the exit pupil. Such an anomalous receptor

orientation tendency has identifiable consequences for pe-

ripheral visual functioning, some of which have been identi-

fied. Preliminary electrophysiological results have indi-

cated possible anomalies in the late phase of the electro-

retinograra (ERG) , especially notable as a depressed light

adapted c-wave , within this eye.

189
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The sample of amblyopic eyes tested, which may not be

representative of clinical amblyopia patients, revealed very

little difference in estimated SCE function peak locations,

or in estimated . SCE function peak clustering tendencies,

from either the control eyes or the nonamblyopic eyes of the

same observers. Retinal receptor orientation anomalies thus

seem not to play a role in the visual acuity deficits of

this sample of amblyopic eyes. In addition, foveal visual

resolution thresholds for a nonamblyopic observer having

a displaced foveal SCE function peak location within one

eye indicate that the resolution decrements to be expected

from simple displacement of the SCE function peak within the

pupil are not large. These results do not address the influ-

ence upon visual resolution of more severe retinal receptor

orientation anomalies, which were not identified within the

present sample of observers.

Visual resolution threshold profiles, assessed for a

subsample of the amblyopic observers studied, revealed that

in two cases of amblyopic eye monocular eccentric fixation,

best resolution thresholds were obtained for targets pre-

sented at the location of the fovea, rather than at the ec-

centric fixation position. Furthermore, for 4 of the 5 am-

blyopic observers within this subsample, poorer resolution

thresholds v/ere determined for the amblyopic eyes at near

peripheral as well as central retinal test locations. It is

suggested that in some amblyopic eyes, subtle deficits may

be found to extend beyond the central retinal region.



APPENDIX A
RESULTS OF CLINICAL, MEASUREMENTS

FOR AMBLYOPIC OBSERVERS



0BSERVB;R JEM

AGE

REFRACTION OD

OS

LANDOLT ACUITY OD

OS

TROPIA/PnORlA

MUSCLE FIELD

ENTOPTIC FOVEA

AFTERIMAGE TEST

BAGOLINI LENSES

TITMUS VLCTOGRAPH

PULFRICH STEREO-
PHENOMENON

RANDOM DOT STEREO-
GRAMS

SLIT LAMP

FUNDUS

I OP

HISTORY

19

-1.25 sph = +0.25 X 180

-0.25 sph

20/J2

20/200, 20/175"^ PH

6 A ET, 1 A right hypertropia, far, near

apparent underaction of left superior
oblique

OD central fixation
OS 5.7° - 6,9° @ 345°

anomalous retinal correspondence

diplopia, far
anon.alous retinal correspondence with

central suppression, near

none

diplopia

no

cornea, anterior chamber, lens normal OU

normal OU

14 OD, 16 OS

No known family history of strabismus
or amblyopia. Left esotropia diag-
nosed shortly after birth. Surgery
performed on muscles of both left and
right eyes at age 3

192
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OBSERVER LBP

AGE

REFRACTION OD

OS

LANDOLT ACUITY OD

OS

TROPIA/PhORIA

MUSCLE FIELD

ENTOPTIC FOVEA

AFTERIMAGE TEST

BAGOLINI LENSES

TITMUS VECTOGRAPH

PULFRICH STEREO-
PHENOMENON

RANDOM DOT STEREO-
GRAMS

SLIT LAMP

FUNDUS

lOP

HISTORY

REMARKS

21

-2.25 sph = +0.25 x 15

-9.00 sph - +0.75 X 90

20/15

20/30

4 A XT far, increases in downgaze
(A pattern)

12A XT near

normal

central fixation OU

anomalous retinal correspondence

anomalous retinal correspondence, far
anomalous retinal correspondence with

suppression, near

400 sec arc

yes

yes

normal cornea, anterior chamber, lens OU
scleral thinning on temporal globe OS

large myopic crescent OS, normal OD

14 OD, 14 OS

No known family history of amblyopia.
Esotropia diagnosed in early childhood,
muscle surgery on left eye at 5 years.
Subsequently patching of OD , spec-
tacles for OS

Visual field appears dimm.er with OS than
OD
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OBSERVER MSM

AGE

REFRACTION OD

OS

LANDOLT ACUITY OD

OS

TROPI/\/PhORIA

MUSCLE FIELD

ENTOPTIC FOVEA

AFTERI^4AGE TEST

BAGOLINI LENSES

TITMUS VECTOGR/VPII

PULFRICH STEREO-
PHENOMENON

RANDOM DOT STEREO-
GRAMS

SLIT LAMP

FUNDUS

lOP

HISTORY

REMARKS

23

piano

+0.50 sph = +0.50 X 90

20/125, 20/100+^

20/17-1/2, 20/15"*"^

8 A ET, far

16 A ET, near

normal

OD 1.2° - 1.8° (a 180°
OS 0.4° -0.7° (3 0°

Anomalous retinal correspondence

Anomalous retinal correspondence, far
Uncrossed diplopia, near

3000 sec arc

diplopia

cornea, anterior chan±ier, lens normal OU

normal OU

OD 17, OS 15

Family history of esotropia. History
of accommodative esotropia since at
least age 3 years. Treated with bi-
focal lenses, patching routine.

Reports visual field dimmer with OD
than OS. Small angle monocular
diplopia OD,
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OBSERVER BAJ

AGE

REF INACTION OD

OS

LANDOLT ACUITY OD

OS

TROPIA/PHORIA

MUSCLE FIELD

ENTOPTIC FOVEA

AFTERIMAGE TEST

BAGOLINI LENSES

TITMUS VECTOGRAPE

PULFRICIi STEREO-
PHENOMENON

RANDOM DOT STEREO-
GRAMS

SLIT LAMP

FUNDUS

lOP

HISTORY

23

+1.25 sph

+1.00 sph = 0.25 X 175

20/17-1/2

20/25 20/20'^^ PH

4 A ET, far
8 A ET, Near

normal

central fixation OU

anomalous retinal correspondence

anomlaous retinal corresondence far,
near

3000 sec arc

only with filter before OS

cornea, anterior chamber, lens normal OU

normal OD, decreased pigmentation ca.

2 disc diameters inferior to macula OS

13 OD, 12 OS

History of esotropia with amblyopia on
father's side. Treated by patching
OD , lenses. Probable accommodative
component.
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OBSERVER SLC

AGE
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OBSERVER SSD

AGE

REFRACTION OD

OS

LANDOLT ACUITY OD

OS

TROPIA/PhORIA

MUSCLE FIELD

ENTOPTIC FOVEA

AFTERIMAGE TEST

BAGOLINI LENSES

TITMUS VECTOGRAPH

PULFRICH STEREO-
PHENOMENON

RANDOM DOT STEREO-
GRAMS

SLIT LAMP

FUNDUS

lOP

HISTORY

21

-1.50 sph = +0.50 X 90

+1.00 sph = +0.25 X 90

20/30

20/60, 20/50^^

4 A ET, far
Alternating hypertropia (double vertical

deviation) both far and near

apparent underactive left inferior
oblique, left inferior rectus

OD 0.4" - 1.4°, variable axis
05 0.7" - 0.9° § 320°

normal retinal correspondence

anomalous retinal correspondence, far

and near, interiiiittant suppression
of OD

none

yes

none

cornea, anterior chamber, lens normal OU

normal OU

15 OD, 14 OS

Family history of esotropia. Apparent
congenital esotropia. Bilateral
medial recession performed at 18

months of age. Suljsequently treated
with patching, atropine penalization
of OS. Postoperatively developed al-

ternating hypertropia. At age 17,

cosmetic surgery on left lateral
rectus, inferior oblique to correct
residual deviation.



APPENDIX B
RESULTS OF CLINICAL MEASUREMENTS
FOR CONTROL OBSERVERS AND FOR JEC



OBSERVER SBS

AGE

REFRACTION

LANDOLT ACUITY

TROPIA/PIIORIA

MUSCLE FIELD

ENTOPTIC FOVEiA

AFTERIMAGE TEST

BAGOLINI LENSES

TITMUS VECTOGRAPH

PULFRICH STEREO-
PHENOMENON

RANDOM DOT STEREO-
GRAMS

SLIT LAMP

FUNDUS

lOP

33

OD +0.50 sph = +0.50 X 104

OS +0.25 sph = +0.25 x 80

OD 20/17-1/2

OS 20/17-1/2

1 A esophoria far, 2 A exophoria near

normal

OD central fixation
OS 0.6° - 0.9° (a 25°

normal retinal correspondence

normal retinal correspondence

40 sec arc

yes

yes

cornea, anterior cheuiiber , lens normal OU

normal OU

10 OD 14 OS
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OBSERVER MAP

AGE

REFRACTION

LANDOLT ACUITY

TROPIA/PllORIA

MUSCLE FIELD

ENTOPTIC FOVEA

AFTERIMAGE TEST

BAGOLINI LENSES

TITMUS VECTOGRAPH

PULFRICH STEREO-
PHENOMENON

RANDOM DOT STEREO
GRAMS

SLIT LAMP

FUNDUS

lOP

REMARKS

OD

OS

OD

OS

: + 3

22

-1.00 sph

-0.75 sph

20/17-1/2, 20/15"

20/15

4a esophoria far , orthophoria near

normal

central fixation 00

normal retinal correspondence

normal retinal correspondence

40 sec arc

yes

yes

cornea, anterior chamber, lens normal OU

nevis in macular region OD , normal OS

16 OD, 16 OS

anisocoria, left pupil larger
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OBSERVER JEC

AGE



APPENDIX C
ESTIMATED SCE FUNCTION PEAK LOCATIONS

Key



Key

A Amblyopic Eye

D Nonaniblyopic eye of amblyopic observer

C Control Eye

NVE Nasal visual field

TVF Temporal visual field

IVF Inferior visual field

N Nasal from pupil center (mm)

T Temporal from pupil center (mm)

I Inferior to pupil center (nmi)

S Superior to pupil center (nmi)

"Fovea" Indicates SCE functions determined at the visual
field location corresponding to the position of
the entoptic fovea. The visual field location of

the entoptic fovea with respect to the fixation
target used is given in parentheses.
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Definition of 99 Per Cent Confidence Intervals and
98 Per Cent Confidence Rectangles for the Location

of the SCE Function Peaks

Confidence intervals were calculated using the formula

(Williams, 1959)

CI = X,

(l-g23) ±1/(1-923) - (1-922^ ^^'^33)

(l-g33)

v;here CI = confidence interval,

= SCE function peak location estimated as
{-b /2b ) from the fitted parabola'23

y = log
'Y

= b, + b..x + b^x

- (f
df=n-3

Tb^ni^

s ) (v. .)

13

in which t = value from Student's t distribu-
tion corresponding to P=0.01

and having (n-3) degrees of freedom.

n --= the number of (x,y) data pairs
used in fitting the parabola.

b , b ^ the appropriate coefficients of
i 3 tiie fitted parabola.

o
s = the mean square residual error

about the fitted parabola.

13
the appropriate element of the
(3x3) X inverse matrix calcu-
lated as a part of the fitting
procedure

.
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Using this formula, 99 per cent confidence intervals

were calculated for SCE function locations estimated from

horozintal and vertical traverses of the pupil at each

visual field testing location. The probability that each

horizontal or vertical confidence interval about the esti-

mated SCE function peak location includes the location of

the true SCE function peak, within that meridian, is 0.99.

Thus, a confidence rectangle, defined by both the horizontally

and vertically defined confidence intervals, contains the

true SCE function peak location for a given visual field

test location with a probability of (0.99) (0.99) = 0.98.

Minimum confidence estimates about differences in

estimated SCE function peak locations for different visual

field testing locations can be defined when confidence rec-

tangles about each estimated peak location do not overlap.

Since each confidence rectangle contains the true SCE func-

tion peak location for a specified visual field test loca-

tion with probability of 0.98, the probability that each of

two nonover lapping confidence rectangles contain the true

SCE function peaks, i.e., that the true peaks differ in

location, is (0.98) (0.98) - 0.96.

This analysis assumes that true SCE function peak loca-

tions at different retinal regions are independent, which

is almost certainly not true, especially for nearby retinal

regions. Hence, confidence statements based upon this analy-

sis must be conservative. Moreover, this analysis does not

take into account observer alignment or other systematic
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errors in data collection. These errors are estimated to

be small relative to observed differences in estimated SCE

function peak locations.
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