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Abstract

We measured the directionality of the cones using both a psychophysical (Stiles-Crawford I)
technique and an optical technique. Both sets of measurements were made in the same subjects using
as similar stimuli as possible. Both types of measurements gave similar estimates of the location in
the pupil towards which the cones were optimally aligned. However, the two measurements gave
very dissimilar estimates of the width of the directional sensitivity. On average optical measurements
were half as broad as psychophysical measurements in the fovea, but there were substantial individual
differences. At 2 deg retinal eccentricty the difference between techniques was even more marked.

Introduction

The apparent brightness of a light changes as its entry point is moved from one location to
another within the pupil of the human eyel. This change in the relative luminous efficiency as
a function of pupil location is called the Stiles-Crawford effect of the first kind (SCE-I). The
change in entry pupil position for the incident light is associated with a change in the angle of
the light at the retina, and thus the luminosity change with pupil entry position is a measure of
the angular sensitivity of the cone photoreceptors. The peak location of the luminous efficiency
function is interpreted as the location in the pupil towards which the cone photoreceptors are
orientated. The luminous efficiency functions is typically modeled as a Gaussian distribution
(or equivalently log sensitivity is represented by a parabolic change with pupil location) 2:1.
That is:

(~o*[(e-x0+(-30)%])

Spupit=S 0 X 10 (1)

where Sy is the sensitivity at the location in the pupil with maximal luminous efficiency (located
at position Xg, Yo) , X and y are the test positions within the pupil, and p (rho, in inverse
millimeters squared) represents a space constant (the larger the rho, the higher the
directionality). The SCE-I effect was hypothesized to be retinal in origin by Stiles and Crawford
1 and later work attributed the angular sensitivity to the cone photoreceptors themselves3-8.
It is now accepted that the cones act as optical waveguides?7, with inner segments accepting
light from a limited angular extent and guiding light from the inner segment to the outer
segment.

In recent years there has been a renewed interest in measuring cone waveguide properties using
optical techniques®-14. In the optical measurement of cone directional sensitivity the retina is
illuminated from a localized region of the pupil and the angular distribution of light exiting the
eye is measured. This light distribution is composed of two parts. The first is a diffuse
component that fills the pupil, and appears as a uniform illumination of the pupil. This diffuse
component is approximately independent of entry pupil position. The second component is a
spatially localized component that is most evident when the cones are illuminated from a
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localized region of the pupil. The distribution of light in the plane of the pupil is described as
the sum of these two components. That is:

Lpupﬂ:B+A X 10(’)* [(X_"’O ) +()'—)‘o)2]) @

where B is the intensity of the diffuse component, A is the intensity of the guided component
and the rest of the second term is identical to equation 1. In general optical measurements
produce estimates of rho that are twice those of psychophysical estimates®: 1 16, 11, 13 That
is, the cone directionality is more pronounced for the optical measurements. From the average
measurements reported to date in the literature, the factor of two appears to be consistent. This
suggested to us that there may be a simple physical relation between the two types of
measurements.

In the current paper we directly compare psychophysical and optical measurements of cone
directionality obtained using the same apparatus in the same subjects. Our goal was to confirm
that both techniques are tapping a common underlying feature of cone directionality by making
the measurements of cone directionality under similar experimental conditions. In addition, by
making the measurements at high retinal illuminances we could minimize the role of high
photopigment optical density in explaining the broader psychophysical datal’-23. By making
the measurements at both 0 and 2 deg retinal eccentricity we could control the probability that
re-absorption of light by neighboring cones?4 could contribute to the reported difference
between optical and psychophysical measurements. If there were a single physical factor
controlling the difference in the optically and psychophysically measured directionality, then
we expected that it would be similar across subjects.

The apparatus is a modification of the reflectometer we have previously used to image the
pupillary distribution of light returned from the fundus 6. Figure 1 shows a schematic of the
modified Maxwellian view optical system. The current configuration includes the same
measurement and detection channels as previously described6:25. However, the fixation
channel has been expanded to include a new bleaching channel and a psychophysics/fixation
channel. These added channels are combined at a series of beamsplitters prior to combination
with the illumination and detection channels.

The measurement channel projects a 1 deg field onto the retina through a pinhole aperture with
an 18um diameter entrance pupil and is illuminated by a 543 nm laser. The pinhole is optically
conjugate to the eye’s pupil and its location within the pupil can be moved under computer
control. The retinal illuminance was varied by using a series of neutral density filters.

The detection channel contains a cooled, 16-bit CCD camera (Princeton Instruments) which
images the light distribution at the pupil, and only the light an aperture in a retinal conjugate
plane limits the measurement to light reflected from a 2 deg. retinal area surrounding the
stimulus.

The bleaching channel provides an 8 deg. 532 nm illumination field using a 4 mm diameter
entry pupil. The bleaching channel was turned off during the 1 second image acquisition period
for the optical measurements, and was on continuously, acting as a background, for the
psychophysical measurements.
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The psychophysics/fixation channel provides either a 543 nm test field (used in the
psychophysical measurements presented here) or a 633 test field (used as a fixation stimulus).
The location of the pupil entry position of the test field is controlled by computer via two
stepper motors. The retinal location of the field is varied using a field stop that can be translated
using computer-controlled stepping motors. A neutral density wedge under computer control
varies the retinal illuminance of the test stimulus. The test stimulus was square wave modulated
using an optical chopper (Stanford Instruments). The speed of the flicker was set to 25 Hz.

For the optical measurements fixation was controlled by varying the angular separation of the
measurement and psychophysical channels. A 0.25-deg. 633 nm circular target was placed in
the test channel and the subject fixated on the flickering test target. Any differences in the
retinal location between the fixation target and the measurement stimulus due to differences
in entry pupil position were nullified at the start of each session by requiring the subject to
align the two stimuli using a response box. The fixation displacement required for the 2 degree
retinal location was then calculated as a displacement from the 0 degree condition.

For the foveal psychophysical measurements the subject fixated the test target, and adjusted
the intensity to set the flicker to threshold. For the 2 deg retinal eccentricity measurements an
aperture with two holes was used in the psychophysical channel and both the 633 and 543 nm
lasers illuminated the spinning diffuser. Wratten filters (Kodak) were placed in front of the two
holes such that each passed light from only one of the lasers. The relative intensity of the lasers
was set with filters such that the fixation target was above threshold when the flickering test
was at threshold. This arrangement allowed us to move the entry pupil location of the fixation
target in tandem with the entry pupil location for the test target, minimizing the effect of optical
aberrations on the relative locations of the test and fixation stimuli.

Six normal subjects aged 26-47 year, 2 females and 4 males, participated in this study. One of
the males (JH) had deuteranomalous color vision, while the others were color normal. No
reliable difference from normal color vision were found for the deteranomalous observer in
the current experimental condition. Three of the subjects (SB, SM, and JH) participated in all
conditions. The three additional subjects (AL, DG, and RA) were experienced with
psychophysical experiments but due to time constraints we obtained only one(RA) or two (DG,
AL) sets of foveal data. All subjects were dilated with 0.5% Mydriacyl after informed consent
was obtained.

Optical measurements

Optical measurements were performed in the same way as those reported by Burns et al 16,
with the exception that the bleaching channel was used to maintain the retina in a bleached
state between measurements. The bleaching light was 5.7 log td. A typical imaging session
involved making initial measurements to find the optimal entry pupil location. Once the peak
location was found, the distribution of light returning from the retina was measured in the plane
of the pupil for 9 pupil entry locations. These locations were centered at 0.5 mm intervals in a
3x3 matrix centered on the initial estimate of the optimal entry location. The optimal location
was selected from these images and the results of the parameter fitting for the optimal position
are reported. For measurements at 2 deg in the temporal retina the fixation stimulus was
illuminated. All other aspects of the measurements are as described previously.

Psychophysical measurements

The flicker threshold for a 25 Hz, square wave modulated, 543 nm light was measured using
the method of adjustment. The background was set to 4.3 log td2®. Thirty seven entry pupil
positions, located at 1 mm intervals in the center of a 7x7 matrix were used. Pupil entry
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locations were presented in a pseudo-random sequence, and each pupil location was tested
twice within each session.

For the three primary subjects 4 experimental sessions were run at both 0 degrees and 2 degrees
temporal retinal eccentricity. The first session was used as a practice session, and the data from
the final three sessions were analyzed and averaged.

Data Processing

RESULTS

For the psychophysical measurements the subject’s precision at setting the flickering stimulus
to threshold is approximately proportional to the threshold for all pupil entry positions. We
therefore did not fit equation 1 to the data directly. We first calculated the logarithm of the
luminous efficiency for each of the 37 pupil loci. We then fit the log sensitivities to a two
dimensional parabolic function (equivalent to the logarithm of equation 1). This approach
corresponds to the conventional technique for fitting SCE | data 2» 1. For the optical
measurements we used the approach described in detail by Burns et al. 16. Briefly, the
distribution of light in the plane of the pupil was treated as consisting of a diffuse component
and a guided component, and equation 2 was fit to the data directly. From this fit we obtained
the peak location and estimate of rho.

Optical Measurements

Sample images from each of the six subjects are shown in Fig. 2. Each image represents a
single intensity distribution at the plane of the pupil, obtained when the retina was illuminated
along the axis of the photoreceptors. The location of the peak of the fit of equation 2 to the
peak of the measured intensity distributions is taken as the location towards while the cones
are oriented (that is, the maximum of the optical Stiles-Crawford effect), and rho as the
directionality. In previous studies we have shown that the peak location estimated with this
approach is insensitive to the exact choice of pupil entry position2:27.

Psychophysical measurements

Fig. 3 shows contour plots of the log flicker-sensitivity measurements as a function of pupil
entry position for the six subjects. Smooth contours have been drawn at 0.2 log sensitivity
intervals. All subjects showed a clear pupil location where luminous efficiency was highest.
Luminous efficiency decreased smoothly away from this optimum location as expected.

Comparison of psychophysical and optical estimates of cone directionality

Figure 4 compares the estimated peak location for the psychophysical and optical measurement
atboth 0 and 2 deg. As in previous studies? we found large individual variations in the pupillary
location of the peak luminous efficiencies between subjects. However, the agreement in the
estimation of peak location between the two techniques was good, with a mean distance
between techniques of 0.5 £ 0.3 mm. Since the sampling interval for the psychophysical data
was 1 mm, the difference between the estimated peaks for the two techniques was less than
the sampling interval. In addition, the discrepancies between the two techniques were smallest
for the subjects with the most runs, suggesting that the remaining differences may be related
to the accuracy of the data.

Fig. 5 compares the estimated rho parameter (the narrowness of the directional tuning) for
foveal measurements determined from both techniques for the six subjects. The optical
estimates of directional tuning (rho) were higher than the psychophysical estimates for all
subjects. However, we also found that a broad psychophysical tuning function for a given
subject did not necessarily correspond to a broad optical measurement in that subject. Fig. 6
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shows the ratio of the two estimates of the tuning width for the subjects. While the mean value
of the ratios for the six subjects is close to 2 as had been previously reported for mean data
10, 13 'the individual ratios ranged from 1.3 to 3.3.

Changing the measurement location to 2 deg had a different effect on the two types of
measurements. Figure 7 compares the directionality measured at 0 and 2 deg retinal
eccentricities for subjects, JH, SM and SB. The foveal data are included from Fig 5 for
comparison. The change in directional tuning with retinal location varies from subject to
subject. For instance for the psychophysical data rho decreased slightly from 0 to 2 deg for
subject SB but increased for subjects JH and SM as has been reported elsewhere?8-30, This is
in contrast to the optical measurements which narrowed for all subjects2°. Overall for these
three subjects the ratio of the optical to psychophysical estimates of rho increased from 2.1 in
the fovea to 4.6 at 2 degrees.

DISCUSSION

The current data confirm that the location of the estimated peak luminous efficiency of the
cones is the same for both optical and psychophysical measurements of cone directional
sensitivity. This is consistent with previous studies % 1% 10 and is strong evidence that both
optical and psychophysical techniques are tapping a common underlying process. We also
found that when measured in the same individual, under very similar conditions, the
psychophysical measurements gave consistently broader estimates of cone directional
sensitivity than did optical measurements. This confirms previous studies which made this
comparison based on average results %10:13, However, the data do not support the idea that
there is a simple physical relation between the two types of measurements. The lack of a
significant correlation between the psychophysically measured rho and the optically
determined rho suggests that either multiple processes contribute to the measured differences,
or that the major contributor to the difference between techniques is highly variable across
individuals. In the remainder of the discussion we will outline the current understanding of
some of the factors in addition to waveguide properties of the cone inner segments which can
contribute to the measured photoreceptor directionality.

Ocular Media

Differences in the absorption of the ocular media for light traversing different pupil entry
positions can effect measurements of the Stiles-Crawford effect?:31:32 However, for the
relatively younger ages, as well as for the longer wavelengths used in the present study, ocular
media is unlikely to be a major cause of the measured differences. In addition, the difference
between the optical and psychophysical measurements is similar whether the cones are directed
towards the center of the pupil or more eccentrically.

Photoreceptor Disarray

If each photoreceptor has a relatively narrow angular sensitivity, but there is significant
disarray33-35 in the orientations of groups of photoreceptors within the measurement area, then
the angular sensitivity of the eye measured psychophysically will be broader than that measured
optically. This is because optical measurements are obtained when the cones are illuminated
from a single entry pupil position near the peak of the cone directionality, and psychophysical
measurements are obtained by measuring sensitivity for a series of different pupil entry
positions. However, both psychophysical3* and optical2® estimates of receptor disarray near
the fovea indicate there is only a minimal role for receptor disarray in the healthy fovea,
although it may be more important in the periphery and in diseased eyes.
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Leakage of light from outer segments

It is generally accepted that some photons that are captured by the inner segment of the cones
do not travel the full length of the outer segment, but instead escape the outer segment (cone
leakage). Photons captured by the inner segments at a high angle (far from the Stiles-Crawford
peak) are more likely to exit the outer segments. The effect of this leakage on directionality
measurements differs between the psychophysical and optical measurements. For the SCE-I
effect the escaped photon has a chance of being absorbed by adjacent cones?4, and thus can
still contribute to visual sensitivity. For optical measurements it is unlikely that these photons
will be recaptured and guided back towards the pupil, and as a result these photons do not
contribute to the optical measurements. At extremely high angles of incidence photons might
never be captured by the cones, but rather can pass transversely through the outer segments.
Such photons could contribute to visual sensitivity but are not likely to be optically captured
upon scattering, and thus probably do not contribute to the optical measurements of
directionality.

Leakage of light from the outer segments arises because some waveguide modes which are
launched in the inner segment of the cones are not propagated for the full length of the outer
segment. This causes a decrease in the average pathlength of light through the outer segment
with increasing angles of incidence. This decreased pathlength has consequences for both the
reflectometric and the psychophysical measurements. For psychophysics it is a major
contributor to both the change in the absorption spectrum of the cone photopigments with angle
of incidence (self-screening) and to cone cross-talk, the stimulation of one cone by light that
first passes through another. For the optical measurements it means that the modal distribution
that is reflected or scattered back towards the pupil may not match the modal distribution
available for photopigment absorption.

Self-Screening

Since light entering the cones off-axis has a shorter path-length through the photopigment than
light entering the cones on-axis, the cones have a lower effective optical density for off-axis
illumination, and this shorter pathlength causes a change in spectral sensitivity as predicted by
Beer’s law17-33:36:21. This change in sensitivity is a major cause of the change in the color
appearance of a light with pupil entry (the Stiles-Crawford effect of the second type SCE-II)
17-23. The fact that bleaching eliminates much of the SCE-11 effect 18:37, confirms that the
total pathlength of light through the outer segments changes with the pupil entry position. The
variation in the effective optical density of the photopigments with pupil entry position also
has an effect on the SCE-I effect when it is measured with the photopigments present at high
densities. Self-screening occurs because the distribution of quantal catches along the length of
the cones is not constant, that is, the ends of the outer segments have been “screened” by the
more proximal portions of the outer segments. The relatively decreased probability of
absorbing a photon for light entering the cones along their axis means that the resulting
psychophysically determined SCE-1 effect is broader than expected based on its waveguide
properties alonel8:3:20:22,.23 At high retinal illuminances, when the photopigment is bleached,
the SCE-I effect narrows. Self-screening is unlikely to explain the discrepancy between the
psychophysical and optical estimates of cone directionality measured in the current study since
both sets of measurements were made with the cone photopigments bleached.

Cone-to-Cone cross-talk

Chen and Makous24 have shown that the acuity of the eye to interference fringes decreases for
high angles of incidence on the cones. They present evidence that this occurs because some of
the light that escapes one cone, can be absorbed in adjacent cones, resulting in a loss of contrast
for high spatial frequencies. The discrepancy between our psychophysical and optical
measurements is unlikely to arise solely from cross-talk, since the psychophysical data
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collected at 2 degree are also broader than the optical data at 2 deg. Based on a simple model
of the angles involved and the relative size and spacing of the cone outer segments, the cross-
talk at 2 degrees retinal eccentricity should be reduced by more than a factor of 10 times relative
to the fovea. Our results (Fig 7.) show only a slight narrowing of the width of the bleached
SCE-1 effect and only in two out of three subjects. The increased directionality is very small,
and never makes the psychophysically determined width close to the optically determined
width. In fact, the ratios between the widths of the two techniques increases from 2.47, 2.06
and 1.65 at the fovea to 3.32, 3.72 and 6.89 at the 2 deg. retinal location for subjects JH, SM
and SB respectively. Thus, we do not believe that inter-cone-absorption alone can explain the
relative narrowness of the optical measurements.

Coupling of reflected light

Scattering

While there are different models for how light is reflected or scattered back towards the
pupil®38-40 it is highly likely that once light exits the cone outer segments only a small
proportion is recaptured and guided back towards the pupil#L. The directional component of
the retinal reflectance apparently arises from reflections at either the photoreceptor discs,
from scattering from melanin granules of the retinal pigment epithelium which lie in close
proximity to the cone outer segments39 or from the base of the outer segments themselves. If
only selected waveguide modes are transmitted as far as the reflecting element, or if the
coupling constant differs for different waveguide modes3?, then the relative number or
proportion of modes that are measured by reflectometry may be smaller than the number which
are available for photopigment absorption. Because of this loss of higher order waveguide
modes it is reasonable to suspect that optical measurements will be narrower than the
waveguide properties of a single receptor. This is a viable explanation for the difference
between our optical and psychophysical measurements, though by itself it does not readily
explain the large variability in the ratio of the psychophysical and optical estimates of
directionality. An additional factor such as a large variability in the outer segment morphology,
or the spatial relation between the outer segment tips and the photoreceptors would also be
required to explain this variability.

We have previously presented both a model and supporting data 2742 which argue that the
interference of light returning from different photoreceptors at slightly different planes alters
the distribution of light measured in the plane of the pupil. According to scattering theory, the
distribution of light originating from the cone mosaic is affected both by the waveguide
properties of the cones and by cone aperture and spacing. As a result the measured rho value
is the sum of two terms, one from the waveguides, the other from cone spacing. This causes
the measured light distribution to be narrower than the distribution predicted based on the
waveguide properties of the cones alone, an effect that is especially prominent at 2 deg retinal
eccentricity where the cone spacing is larger. While taking scattering into account decreases
some of the variability of the optical measurements, and decreases the discrepancy between
optical and psychophysical estimates of directionality, scattering cannot account for the entire
difference between the optical and psychophysical measurements.

CONCLUSIONS

The location for the peak sensitivity of the cones estimated either by psychophysical or optical
techniques are the same, and this strongly supports the contention that both approaches are
dependent on the underlying directional sensitivity of the cones. However, the optical estimates
of angular sensitivity are always narrower than the psychophysical estimates and the ratio of
the directionality measurements using the two modalities is highly variable. The two most
likely causes of the discrepancy between the two measurement techniques are the difference
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mode structure between the light captured by the inner segment and that reflected back out
the cones and the spatial effects arising from slight phase differences between the cones.
nce this latter effect is dependent on cone spacing, it can account for at least some of the

individual variability in the optical measurements 4344, However, cone spacing alone cannot
account for the total effect we have measured in the present study. It is also evident that we
cannot use either type of measurement alone as a basis for constructing models of photoreceptor
optics.
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A schematic of the optical apparatus used in this study. This was a four channel, Maxwellian
view, optical stimulator/imaging system, and a slightly different version has been described in
detail elsewherel. For this study there were four main optical channels. The measurement
channel provides the stimulus for the optical measurements. The detection channel, which
contained a cooled CCD (Princeton Instruments) is used to record the distribution of light
emerging from the plane of the pupil. The bleaching channel produces a large field stimulus
that acts to bleach the retina in the optical measurements, and provides a bleaching background
field for the psychophysical measurements. The psychophysics channel provides a stimulus
that can be positioned both in the pupil and the retina, and was used to generate both fixation

and test stimuli (see text).
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Figure 2.

Optical measurements of cone directionality for six subjects. Each image is the intensity
distribution measured at the pupil plane of light returning from the retina when a 1 degree
retinal area is illuminated near the peak of the directionality reflectivity function. The scale bar
indicates 2 mm. Initials correspond to images for each of the subjects.
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Contour plots of the logarithm of the relative luminous efficiency as a function of pupil location

for the same six subjects as figure 2. Contours are plotted at 0.2 log unit intervals.
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Figure 4.

Comparison of the estimates of the location in the pupil of peak cone sensitivity measured
psychophysically (open squares) and optically (solid circles). The lines connect the estimates
using the different techniques for each subject. Dashed lines and a numeral 2 indicate the
comparisons for SM, JH, and SB at 2 deg in the termporal retina.
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Figure 5.

Comparison of cone directionality (rho parameter) measured by both optical (open squares)
and psychophysical (squares) techniques for the same six subjects. Error bars represent V1 std
error of the mean.
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Figure 6.

Ratio of the optical and psychophysical estimates of rho for each subject at the fovea. Each
solid circle indicates the mean of the ratio for each individual, and the error bar represents
V1 std error of the mean. The vertical dotted line shows the average across subjects.
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Figure 7.

The change in cone directionality with retinal location for three subjects. The optical
measurements (dashed lines) and psychophysical measurments (solid lines) change differently
with changes in retinal position.
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