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In images of the human fundus, the fraction of the total returning light that comes from the choroidal layers
behind the retina increases with wavelength [Appl. Opt. 28, 1061 (1989); Vision Res. 36, 2229 (1996)]. There is
also evidence that light originating behind the receptors is not coupled into the receptor waveguides en route
to the pupil [S. A. Burns et al., Noninvasive Assessment of the Visual System, Vol. 11 of 1997 Trends in Optics
and Photonics Series, D. Yager, ed. (Optical Society of America, 1997), p. al; Invest. Ophthalmol. Visual Sci. 38,
1657 (1997)]. These observations imply that the contrast of images of the cone mosaic should be greatly re-
duced with increasing wavelength. This hypothesis was tested by imaging the light distributions in both the
planes of the photoreceptors and the pupil at three wavelengths, 550, 650, and 750 nm, with the Rochester
adaptive optics ophthalmoscope. Surprisingly, the contrast of the retinal images varied only slightly with
wavelength. Furthermore, the ratio of the receptorally guided component to the total reflected light measured
in the pupil plane was found to be similar at each wavelength, suggesting that, throughout this wavelength
range, the scattered light from the deeper layers in the retina is guided through the receptors on its return
path to the pupil. © 2005 Optical Society of America
OCIS codes: 330.7310, 330.5370, 330.6130, 010.1080, 330.5310.
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1. INTRODUCTION

The light that returns from the fundus in ophthalmoscopy
is reflected from many layers in the retina, pigment epi-
thelium, and choroid. Models that predict the overall
spectral reflectance of the fundus in terms of the spectral
properties of the ocular pigments allow inferences about
the relative contribution of different layers. For example,
the reflectance of human retina increases steeply with in-
creasing wavelength owing largely to the decrease in ab-
sorption by melanin and blood.’™ The decline in the mela-
nin and blood absorption allows infrared light to
penetrate more deeply into the choroid. Therefore, not
only does the total reflectance increase with wavelength,
but there is also an increase in the fraction of light in the
fundus image reflected from the deeper layers. Elsner et
al.’ capitalized on this fact, using infrared light in scan-
ning laser ophthalmoscopy to reveal choroidal structures
that are difficult to image in visible light. For the same
reason, the longer excitation wavelength for indocyanine
green makes this dye superior to fluorescein in revealing
deeper choroidal structures.*® Models of fundus reflec-
tance suggest that the fraction of the total light returning
through the pupil that comes from the deep layers behind
the photoreceptors increases approximately eightfold
from the middle of the visible spectrum (550 nm) into the
near infrared (750 nm), whereas the relative contribution
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from photoreceptors is thought to decrease accordingly by
approximately threefold.?

In addition to the spectral signatures of different pig-
ments in the fundus, the distribution of the returning
light in the pupil plane contains information about the
relative contribution of different layers to the fundus
reflectance.”'* The light that enters the receptors and re-
mains confined in them on reflection back toward the pu-
pil will be distributed in the pupil plane in accordance
with the antennae properties of the recep‘cors.3’14 Each
photoreceptor guides light toward a common point near
the center of the pupil,ls’16 resulting in a roughly
Gaussian-shaped light distribution. The light distribution
in the pupil also contains a pedestal that is thought to
arise from returning light that has not been guided by the
receptors.'® For example, the light returning from the an-
terior layers of the retina should fill the pupil uniformly
because it has not passed through the cone waveguides.
The distribution of light in the pupil returning from lay-
ers posterior to the photoreceptors is less certain. If this
light couples into the receptors on the return pass, then
one would expect this light to contribute to the directional
component of the pupil plane image. However, if cones are
inefficient at collecting light originating from behind the
retina, then this light will contribute mainly to the ped-
estal.

© 2005 Optical Society of America
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There is little published data to allow us to decide be-
tween these hypotheses, though the prevailing view is
that light reflected from deeper layers is not
directional.'1"*® Brindley and Rushton'? concluded that
cones are relatively unexcitable from behind. They made
observations of the relative brightness of lights incident
on the retina in the normal fashion and lights introduced
to the retina near the sclera. It is difficult to interpret
their results because the actual flux density at the photo-
receptors produced by transscleral illumination was not
measured directly. Prieto et al. 1 and Burns et al.'*!7 in-
vestigated the angular tuning of the light generated by
fluorescence in the retinal pigment epithelium (RPE).
They showed that the distribution of autofluorescence
from lipofuscin is nondirectional, giving rise to a uniform
light distribution at the pupil plane. This suggests that
light arising from autofluorescence in layers behind the
retina is not guided by photoreceptors.

These previous findings taken together predict that the
contrast of in vivo images of the cone mosaic will decrease
with increasing wavelength owing to the relative increase
in the component reflected from the deeper layers, which
is expected to be nondirectional. The ability to image the
cone mosaic with a high-resolution fundus camera
equipped with adaptive opticszo’21 (AO) allows a direct
test of this hypothesis. Contrary to expectation, the con-
trast of images of the cone mosaic declines only slightly
with increasing wavelength.

2. METHODS

A. Subjects

Three subjects between the ages of 20 and 26 yr. with
healthy eyes were recruited for the study. Two of the three
subjects (DG and EM) were emmetropic, and one subject
(JT) was mildly myopic (-2.50 diopters). In this case, the
refractive error was corrected with a trial lens. After writ-
ten consent was obtained in accordance with the Declara-
tion of Helsinki, the pupil was dilated with one drop of 1%
tropicamide and one drop of 2.5% phenylephrine prior to
data collection. A dental impression was used to stabilize
the subject’s head.

B. Procedure
The Rochester AO ophthalmoscope®*?! was used to take
images in both retinal and pupil planes at three different
wavelengths, 550, 650, and 750 nm. In each case, the full
width at half-maximum (FWHM) of the spectral interfer-
ence filter used was 25 nm. Acquisition of the pupil plane
images required the insertion of an extra achromatic dou-
blet lens (focal length=+40 cm) in the science camera
arm to make the normally retinal conjugate CCD camera
conjugate to the pupil plane. The subject was instructed
to observe the 1 deg, temporal fixation mark while flash-
lamp pulses of 4 ms duration were delivered to the eye.
The entrance pupil for the flash had a diameter of
2 mm,; its small size was chosen to maximize the fraction
of incident light guided into the photoreceptors. All im-
ages were obtained through a 6 mm exit pupil that re-
mained centered on the subjects’ pupils throughout the
experiment. For the 2 mm entrance pupil, the flashlamp
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pulses had energies of 0.279, 0.195, and 0.122 mJ for the
550, 650, and 750 nm wavelengths, respectively.

The position of the entrance pupil was translated both
vertically and horizontally in 1 mm increments until the
best pupil image was observed on the CCD camera. The
best image was defined as the position in which the inten-
sity of the directional component was largest without the
problematic first Purkinje image due to the corneal reflec-
tion.

To keep image noise constant across wavelength, the
amount of reflected light captured by the imaging camera
was equalized for all wavelengths with neutral-density
filters in the flashlamp arm and adjustments of the
flashlamp voltage. To increase the amount of light return-
ing from the eye and to eliminate wavelength-dependent
variations in photopigment transmittance, the photopig-
ment in the retinal location to be imaged was first
bleached with a 10 s exposure of 550 nm light at 37
% 10% td-s. This exposure duration and intensity bleached
98% of the photopigment.??

Following the bleach, five images of the same wave-
length were taken with approximately 5 s between im-
ages. The photopigment was then bleached again, and an
additional five images were taken. The wavelength was
randomly varied between each set of five images until
30-40 images were collected per wavelength. For each of
the three wavelengths, the seven best images (e.g., those
without debris in the tear film on the cornea) were regis-
tered and averaged.

After the pupil plane images were acquired, images
were taken of the photoreceptor mosaic under the same
conditions and with the same procedure, with one excep-
tion: The lens (focal length=+40 cm) was removed from
the imaging pathway to make the CCD camera conjugate
with the plane of the photoreceptors instead of the pupil.
The field on the retina subtended 1 deg. Minor refocusing
was required to maximize the contrast of the images of
cones at each wavelength. The resolution of the CCD cam-
era in the retinal imaging plane for each of the three sub-
jects, DG, EM, and JT, was 0.59, 0.60, and 0.62 um/pixel,
respectively, corresponding to approximately five to seven
pixels per cone. Both the pupil and retinal plane images
for a particular subject were taken in the same experi-
mental session.

3. RESULTS

A. Analysis of the Pupil Plane Images

The intensity distribution of the pupil plane image con-
sists of a guided component directed toward the center of
the pupil, which sits on a pedestal representing the dif-
fuse, scattered light. This distribution is illustrated sche-
matically in Fig. 1A. Following Burns et al.,?® a Gaussian
function was fitted with a least-squares procedure to the
light distribution, Lpypy,, recorded in the 6 mm exit pu-
pil:

Lpupr(r) =B +A X 107", (1)

where A is the amplitude of the guided component as-
sumed to come from the cones, p (in inverse millimeters
squared) is the space constant of the Gaussian profile, B



2600 J. Opt. Soc. Am. A/Vol. 22, No. 12/December 2005

is the amplitude of the diffuse component or uniform ped-
estal beneath the guided component, and r (in millime-
ters) is the distance from the peak of the intensity distri-
bution.

The volumes underneath the guided light distribution,
G,, and the diffuse component, D,, were calculated for
each of the three wavelengths. To assess the contribution
from the cones to the total reflected light, the ratio of the
volume of the guided component to the total volume
within the pupil was computed. This is referred to here as
the guided fraction of the pupil image, C,,:

G

P
Co= G,+D, @

Figure 2 shows a cross section through the pupil image
of one subject, EM, at each of the three wavelengths. Data
points from the original image are shown as dots. The
guided component has been fitted with the Gaussian
function®® described in Eq. (1) and is shown as a solid
curve.

It is clear from Fig. 2 that the amplitude of the guided
component, A, decreased with increasing wavelength,
whereas the breadth of the Gaussian function increased.
This same pattern was observed in all three subjects.

GUIDED COMPONENT
DUE TO THE CONES

BILINEAR INTERPOLATION

GUIDED
COMPONENT

DIFFUSE COMPONENTS

Fig. 1. Schematic cross sections of the diffuse and guided com-
ponents for the pupil and retinal planes. A, Pupil plane. The
guided component (light gray) has a Gaussian profile that is most
often centered in the pupil aperture, and the guided component
sits above the diffuse pedestal (dark gray). B, Analogous cross
section in the retinal image space. The peaks correspond to the
waveguided light in the cones and have a Gaussian-like distribu-
tion. The floor of the guided component was found through bilin-
ear interpolation. The waveguided contribution lies above the
diffuse light scattered from the anterior and posterior layers to
the photoreceptor plane.

Choi et al.

Therefore, when the volume of the guided component was
considered, the ratio of the guided component, G,, to the
sum of the guided and diffuse components (G,+D,) re-
mained surprisingly similar. The values for the guided
fraction, C,, across all three subjects ranged from 0.528 to
0.655, and the variation in C,, was not statistically signifi-
cant, with p>0.05. A summary of the p and C, values cal-
culated for all three subjects is shown in Table 1.

Figure 3A shows the total retinal reflectance for each of
the imaging wavelengths as measured from the light dis-
tribution in the pupil planes for each of the three observ-
ers. To measure the reflectance, we followed the method
described by Pallikaris et al.?* The total reflectance was
defined as the ratio of the irradiance at the CCD camera
when a subject’s retina is in the optical system to the ir-
radiance at the CCD camera when the eye is replaced by
a highly reflective (97%) mirror located in the pupil plane.
The ratio of the irradiances, and hence the reflectance due
to the mirror, Ry, was calculated for each combination of
flashlamp voltage, neutral-density filter, and spectral in-
terference filter used for each of the three subjects.

From Fig. 3A, it is clear that the total reflectance of the
retina does increase substantially with increasing wave-
length for all subjects, as expected. The observed change
with longer wavelength averaged a ninefold increase,
which is consistent with the values of 4 and 10-15 re-
ported by van de Kraats et al.® and Delori et al.,? respec-
tively.

Figure 4A shows the guided fraction, C,, averaged
across the subjects in the pupil plane. The guided fraction
ranged from 0.55 to 0.60 times the total reflectance across
wavelengths in the 550—750 nm range. The variation in
the guided fraction with wavelength for the pupil images
was not statistically significant (p>0.05). This result
would not be expected unless the deeply penetrating light
is coupled back into the receptors. We found no evidence
that the cone fraction, C,, varied with wavelength in any
of the three subjects.

B. Analysis of the Retinal Plane Images

The intensity distribution of the retinal plane image can
be likened to a two-dimensional array of spatially sepa-
rated, rotationally symmetric, Gaussian-like functions
that sit on top of a diffuse background, where each
Gaussian-like function represents the distribution of light
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Fig. 2. Guided and diffuse components measured in the pupil plane at the three wavelengths for subject EM. The total quantum flux
measured by the pupil conjugate CCD camera was equalized across wavelength. All three subjects showed the same trend of results: The
amplitude and the p value of the guided component decrease with increasing wavelength; therefore, the overall volume of the guided
fraction stays similar across wavelength. The guided fraction was fitted with a Gaussian function (solid curve) given by Eq. (1).
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exiting a single cone photoreceptor. Since the contrast of
the photoreceptor mosaic is related to the strength of the
modulated signal versus the background level of the im-
age, the retinal plane images were analyzed by examining
the intensities of the local maxima and the local minima
in the image.

More specifically, in a procedure analogous to that de-
scribed for the pupil plane images, the intensity distribu-
tion of the retinal plane image was divided into guided
(modulated) and diffuse (background) components. A typi-
cal cross-sectional profile through four photoreceptors is
shown schematically in Fig. 1B.

To analyze this distribution, we determined the loca-
tion of the peak intensity (local maxima) corresponding to
individual cone locations and the intensity at six to nine

Table 1. Summary of Pupil Plane Results for
Subjects JT, EM, and DG*

Subject Wavelength (nm) p (mm2) c,
JT 550 0.13 0.552
650 0.06 0.550
750 0.05 0.560
EM 550 0.17 0.585
650 0.13 0.528
750 0.02 0.655
DG 550 0.11 0.572
650 0.06 0.572
750 0.05 0.573

“p represents the space constant of the Gaussian profile, measured in mm=2, C,is
the guided fraction of the intensity distribution, as calculated from the pupil plane
images.

A 025
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locations around the estimated boundary of each cone (lo-
cal minima). Using bilinear interpolation, a surface was
created that passed through all the trough values. The
volume beneath this surface was taken as the diffuse
component, D,, whereas the volume above was taken to
be the total guided component, G,. The guided fraction of
the retinal image, C,, was then given by

G,
C.= .
G,.+D,

(3

C. Deconvolution of Retinal Plane Images

The receptor fraction of the retinal image is a lower bound
on the light that passes through the receptors on the re-
turn pass. The diffuse component in the retinal image
overestimates the amount of light that passes between re-
ceptors. Blur from diffraction at the eye’s pupil as well as
residual aberrations and light scatter in the eye’s optics
casts some of the receptoral light into the troughs be-
tween cones in the image. This blur is wavelength depen-
dent because of the dependence of diffraction on wave-
length, which could confound our attempt to compare
images of the retina at different wavelengths. To reduce
this problem, we used deconvolution to remove the image
blur caused by both diffraction and the residual aberra-
tions in the eye that remained uncorrected by the adap-
tive optics (AO) system. The images were deconvolved on
the basis of point-spread functions (PSF's) generated from
the 60 Zernike coefficients measured by the wavefront
sensor of the AO system. These coefficients were calcu-
lated for a 6 mm diameter pupil with the numbering
scheme set forth in the Optical Society of America’s rec-
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Fig. 3. A, Variation of retinal reflectance plotted as a function of wavelength for the pupil plane images. The results for all three sub-
jects, JT, EM, and DG, are shown. Solid curves represent the total retinal reflectance, whereas dashed and dotted curves represent the
guided and diffuse components of the total reflectance, respectively. B, Analogous plots of retinal reflectance plotted as a function of
wavelength for the retinal images. The total reflectance values measured in both the retinal and the pupil planes agree strongly; how-

ever, the guided component is larger at the pupil plane.
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Fig. 4. A, Guided fraction, C,, from the pupil images (i.e., irradiance from the guided component divided by the total irradiance) as a
function of wavelength (solid curve). B, Analogous plot for the guided fraction, C,, from the retinal images. For both figures the solid
curves are the means of three subjects, the error bars representing one standard deviation. The dashed curves represent the prediction
from the retinal reflectance model of van de Kraats et al.® with the added assumption that no light reflected from layers behind the retina
is coupled back into receptors. For both the retinal and the pupil plane images, the guided fraction of the total reflectance stayed essen-
tially constant across wavelength in contrast to the predictions.

Fig. 5. Retinal plane images for subject DG at an eccentricity of 1 deg in the temporal retina. The top row shows the registered raw
images for the three imaging wavelengths 550, 650, and 750 nm. The bottom row shows the same images but deconvolved using the

system PSF. The scale bar corresponds to 10 um.

ommended standards.?’ Each PSF was computed using
the Fourier modulus squared of a complex wavefront with
unit amplitude within the pupil support (6 mm) and zero
outside. A multiframe iterative deconvolution technique
was applied. This algorithm has been previously applied
to retinal images for cone classification®® and is described
elsewhere.?”? This algorithm permits the PSFs to also
vary within external constraints while solving for a com-
mon object from a set of multiple input images. For this
application, the initial PSFs were those generated from
the Zernike polynomial wavefront fits, and the initial ob-
ject was the coadded, registered raw data. Although de-
convolution reduces the effect of the eye’s optics, it does
not correct for light scatter, which is not measured by

Shack—Hartmann wavefront sensing. For this reason, the
cone fraction calculated here will underestimate the true
cone fraction, a point that is returned to in the discussion.

Figure 5 shows retinal images taken at three different
wavelengths for subject DG. The top row shows the regis-
tered mean of the best images collected from the AO sys-
tem, and the bottom row shows the results of the same
images deconvolved with the system PSF. The main re-
sult is that, though the deconvolved images have higher
contrast than the raw images, in each case, there is little
effect of wavelength on image contrast. For example, the
modulation transfer function (MTF) for a 6 mm pupil is
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on average only 18% higher at 550 nm than at 750 nm,
with the MTF for 650 nm lying in between.

For subject DG, the guided fraction, C,, of the light dis-
tribution for the original set of images ranged from 0.108
to 0.138. By comparison, the guided fraction of the decon-
volved images was approximately two times higher and
ranged from 0.257 to 0.301. Subjects EM and JT also had
similar results, with C, values for the deconvolved images
that ranged from 0.283 to 0.348 and from 0.168 to 0.209,
respectively. Again, the variation of the guided fraction,
C,, with wavelength was not statistically significant, with
p>0.05.

Figure 3B shows the total retinal reflectance as a func-
tion of wavelength for each of the three observers as cal-
culated from the retinal images. As in the case of the pu-
pil images, the average total reflectance, which is the sum
of the cone and diffuse values, increased with wavelength,
from 0.02% at 550 nm to 0.17% at 750 nm, a factor of 8.5.
This value lies between the values of 4 and 10-15 re-
ported by van de Kraats et al.® and Delori et al.,? respec-
tively. Not only does the total reflectance increase with
wavelength but both the cone and the diffuse component
also increase.

The reflectance from the retinal images was calculated
using the procedure of Pallikaris et al.?* The reflectance is
defined as the ratio of the irradiance at the imaging cam-
era when a subject’s retina is in the optical system to the
irradiance at the CCD camera when the eye is replaced by
a highly reflective mirror located in the pupil plane. This
method for calculating the reflectance results in lower
values than other studies because of our use of a mirror
where the eye’s pupil plane would normally reside rather
than a Lambertian scatterer in the retinal plane of an ar-
tificial eye.>® We prefer the mirror method because the es-
timate of reflectance then captures all the light losses
within the eye.

Equation (4) gives the formula relating the mirror re-
flectance, R, to that of a Lambertian surface, Ry :

d2

R =Ry———,
LZM g2 | 4p

(4)

where d is the diameter of the exit pupil of the eye (6 mm)
and f is the ocular focal length (taken to be 17 mm).

With Eq. (4), the reflectance values obtained using the
method of Pallikaris et al.?* were rescaled to that of a
Lambertian scatterer. The reflectance values at each
wavelength averaged across the three subjects were
0.63%, 4.55%, and 5.62% for the 550, 650, and 750 nm
wavelengths, respectively. This is in agreement with pre-
vious studies that measured the eye reflectance using a
Lambertian surface.??

Figure 4B shows the guided fraction, C,, as a function
of wavelength, averaged across all three observers. The
average distance between adjacent cones, y, the guided
fraction, C,, and the ratio of the guided fraction in the
retinal image to the guided fraction in the pupil image,
C,/C,, for each subject at each wavelength are also shown
in Table 2.

The fraction of the total reflectance originating from
cones averaged approximately 0.126, and the variation
with wavelength was not statistically significant, with p
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Table 2. Summary of Retinal Plane Results for
Subjects JT, EM, and DG*

Subject Wavelengh (nm) C, C,/C, x(um)
JT 550 0.106 0.192 4.26
650 0.106 0.193 4.26
750 0.096 0.171 4.26
EM 550 0.198 0.338 3.72
650 0.153 0.289 3.72
750 0.118 0.180 3.72
DG 550 0.138 0.241 3.35
650 0.108 0.189 3.35
750 0.113 0.197 3.35

“C, is the guided fraction of the intensity distribution, as calculated from the reti-
nal plane images. C,/C,, is the ratio of the guided fraction calculated from the retinal
plane image before deconvolution to the guided fraction calculated from the pupil
plane image. Finally, y is the average distance across wavelength between adjacent
cones in the photoreceptor mosaic, measured in micrometers.

>0.05. Figure 4B also shows the guided fraction that
would be predicted from the fundus reflectance model of
van de Kraats et al.? if none of the light that penetrated
behind the receptors were guided back through them. In
this case, the guided fraction would drop by a factor of 3,
an amount that is not evident in either the raw or the de-
convolved images of the cone mosaic. Collectively, our re-
sults demonstrate that the fraction of the total reflectance
due to cones is roughly independent of wavelength across
the 550—750 nm range.

4. DISCUSSION

The main conclusion of these experiments is that the frac-
tion of the fundus reflectance that contains the signature
of cones is independent of wavelength across the range
from 550 to 750 nm. This conclusion was obtained with
two different methods: analysis of the guided component
of the pupil plane image as well as analysis of the cone
component of the retinal image.

Though the cone fraction of the light is not wavelength
dependent, the cone fraction estimated from the retinal
images is about four times smaller than that estimated
from the pupil plane images. One reason for this is that
the retinal images, unlike the pupil plane images, are
subject to blur by the eye’s optics, which reduces the
modulation in the image that can be directly attributed to
cones. We employed AO and deconvolution to reduce this
modulation loss, but our measurements are still subject to
scatter in the retina and the eye’s optics. Miller et al. 2 es-
timated that the contrast of the cone mosaic is quite high
in visible light (555 nm), approaching 100% in simula-
tion, implying that the spaces between cones are quite
dark in the retinal image. The study used a small field to
illuminate the retina (6.8 arc min), which tends to reduce
blur due to light scatter. The cone fraction estimated from
the pupil images is likely to be an underestimate of the
light that is guided through the receptors. For example,
rods account for approximately 50% of the retinal area at
this eccentricity,30 and the light guided by them will pre-
sumably contribute to the diffuse component rather than
the guided component owing to the breadth of their angu-
lar tuning.31
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Our results are difficult to reconcile with several other
lines of evidence. First, the prevailing view has been that
light that penetrates deep into the fundus, such as infra-
red light, does not get efficiently coupled into the cones.
Our result suggests that either the variation with wave-
length in the depth of penetration is much less than pre-
viously thought or that deeply penetrating light does in
fact get efficiently coupled into cone outer segments on
the return pass. The first alternative seems unlikely
given the obvious increases in the contrast of choroidal
vessels observed in infrared light. The contrast has been
shown to increase by about a factor of 2 as the wavelength
increased from 800 to 900 nm.”

For reasons that are not yet clear, it seems that when
the cone mosaic is backilluminated with light, the cones,
rather than the spaces between them, transmit light. Ear-
lier work by Enoch®? showed the same observation in ex-
cised retina of various animals and demonstrated that the
receptors can be illuminated in both directions (i.e., from
inner-to-outer-segment as well as from outer-to-inner-
segment direction) to produce the same waveguided
modes. These results are in accordance with Helmholtz’s
reciprocity theorem in optics. However, this does not seem
to be the case for all sources of backillumination in living
eyes (i.e., intact retina). Burns et al.!” have provided com-
pelling evidence that at least one source of light originat-
ing from behind the receptors, autofluorescence by lipo-
fuscin in the RPE, is not guided back toward the pupil
and diffusely fills the pupil instead. An imaging densito-
meter was used to measure the distribution of light
emerging from the pupil in that study. The uniform dis-
tribution of intensity for autofluorescence was shown to
hold for both longer- and shorter-wavelength light and
also for near the peak of the Stiles—Crawford function and
far from the peak. Since lipofuscin is located in the scleral
side of the retinal pigment epithelium, it makes sense
that this light could be much less efficient in launching
guided modes at the outer segment tip. More work will be
required to clarify why lipofuscin autofluorescence is not
guided back through receptors, whereas long-wavelength
light that also originates from layers behind the receptors
is.

Several models have been proposed over the past de-
cades to describe the pathways of light through the retina
in both directions. Some authors®'* have assumed that
the light waveguided by photoreceptors on its return path
arises from scattering by the melanin granules close to
the tips of the outer segments. An alternative model was
proposed by van de Kraats et al.® stating that the origin of
reflected light through photoreceptors is from the stack of
discs within the outer segments and the flat background
represents diffusely reflected and backscattered light,
which originates from various layers in the retina but in
particular from the choroid. The contribution of the recep-
toral layer to the reflected light from the retina was
shown to decrease with increase in wavelength as shown
in Fig. 4. However, in our study, the cone fraction was
found to be constant across wavelength, 550—750 nm. We
do not know enough about the passage of light through
cones to exclude the possibility that light of different
wavelengths returning from the choroid can enter at
other points besides the tip of the outer segment.
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The directional properties of cones, assessed with rho
(p) values of our study, agree with those of previous
studies.'®®? We found that the p value decreases (i.e., the
curve broadens) with increasing wavelength. Marcos et
al. 13 also showed the same trend of p-value change with
wavelength. The p values in their study decreased from
0.17 at 543 nm to 0.12 at 670 nm, whereas our data
changed from 0.14 at 550 nm to 0.08 at 650 nm (these are
the mean values across three subjects).

Recent work by Zagers and van Norren" measured the
amplitude of the directional component of the bleached
fundus reflectance as a function of wavelength. They ar-
gued that the photoreceptors are spectrally neutral reflec-
tors, which is in conflict with the conclusions of the
present study. They made the assumption that if the in-
tegrated flux (i.e., the volume of the distribution of reflec-
tance in the pupil plane) were to be spectrally neutral, the
amplitude would decrease with increasing wavelength.
Their results showed a slight decrease in amplitude with
wavelength (from 1.71% at 400 nm to 1% at 650 nm).
These amplitude values were then expressed as optical
density values by taking minus the logarithm to base 10,
which made the variation between the wavelengths mini-
mal. On the other hand, both our pupil and retinal imag-
ing results showed an increase in the total light from re-
ceptors with wavelengths of 550—750 nm. Zagers and van
Norren®® were unable to obtain reliable data beyond
650 nm, and it may be that part of the discrepancy is due
to the fact that different ranges of wavelengths were in-
volved in the two studies.

More recently, it has been demonstrated that it is pos-
sible to obtain high-contrast images of the cone mosaic at
900 nm using the Rochester AO ophthalmoscope.35 This
provides additional qualitative support for our conclusion
that cone contrast is remarkably well preserved with in-
creasing wavelength. The invariance in the contrast of
the cone mosaic with wavelength suggests that light that
penetrates behind the retina and is scattered back toward
the pupil has a preferred path through the outer seg-
ments of photoreceptors.

It is tempting to think that the visual system has
evolved to increase the photoreceptor quantum catch,
much as it has been argued that the cat’s tapetum in-
creases its sensitivity in the dark.%3" However, owing to
the high absorption of light by melanin in the visible por-
tion of the spectrum, the amount of light making a second
pass through the receptor is so small relative to the first
pass that there would seem to be little advantage con-
ferred by such a mechanism.

34

5. CONCLUSION

In fundus imaging, light that returns to the pupil from
the deeper retinal layers must pass through the photore-
ceptor layer. We show that most of that light is coupled
back into the photoreceptors and is guided toward the pu-
pil. One practical consequence of this result for vision re-
search is that in high-resolution retinal imaging the pho-
toreceptor mosaic retains its contrast into the near
infrared. This allows the noninvasive investigation of the
normal and diseased cone mosaics in vivo with imaging
wavelengths in the near infrared, which are more com-
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fortable and less hazardous to the patient.
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