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1 Introduction

Abstract. A model of the directional and nondirectional reflection
spectrum of the human fovea is developed, incorporating reflectors,
absorbers, and a wavelength-dependent optical Stiles-Crawford effect
(OSCE). Data from 102 healthy subjects between 18 and 75 years
obtained with the fundus reflection analyzer (FRA), an imaging spec-
trograph that measures the directional reflection profile of the human
fovea in the pupil plane from 400 to 950 nm, were analyzed. Sub-
groups of young (<40 vyears) and old (>50 years) observers were
defined. Mean results of the young group defined a template for di-
rectionality versus wavelength. For the whole group, mean reflection
at 550 nm from the cones was 2.12%, from the retinal pigment epi-
thelium 0.56%, and from the choroid 7.92%. Lens density, cone disc
reflection, and blood layer thickness showed significant trends versus
age. The model for the first time simultaneously describes the spectra
of the directional and nondirectional reflection of the human fovea.
Rayleigh scatter losses of the media and in preretinal layers were as-
sumed zero in the nondirectional pathway. Mean density of the macu-
lar pigment of a subgroup (53 subjects, 19 to 75 years) correlated
significantly with independent data from reflectance and autofloures-
cence images obtained by scanning laser ophthalmoscope (SLO) and

data from flicker photometry. © 2008 Society of Photo-Optical Instrumentation En-
gineers. [DOI: 10.1117/1.2899151]
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A few years later, Delori and Pflibsen® build a reflectome-
ter based on a grating spectrometer, allowing all wavelengths

Several attempts have been made to model the spectral reflec-
tion of the fundus of the eye by assuming reflection at differ-
ent retinal layers interspaced with ocular absorbers. In 1986,
Van Norren and Tiemeijer' measured the reflectance of the
fovea, a peripheral site, and the optic disc at 14 wavelengths.
Measurements were rather cumbersome, as each wavelength
needed a separate session. Their instrument optimized the di-
rectional reflection from the receptors (the optical Stiles-
Crawford effect, or OSCE) by using entry and exit pupils that
were small and close together. Their model had two reflecting
layers, one at the retinal pigment epithelium (RPE) and one at
the sclera. In addition, four absorbers were distinguished;
lens, macular pigment, melanin, and blood. In that same year,
Van Blokland and Van Norren® presented reflectance measure-
ments with an instrument that enabled detailed information
about the shape of the directional reflection, but only four
laser wavelengths were available. In a descriptive model, the
authors suggested several trajectories that light takes in the
receptor layer.
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to be measured simultaneously. The optical design used the
exit pupil of a Zeiss fundus camera and thus was not opti-
mized for obtaining the directional reflection from the recep-
tors. Their model added a graded reflection from the choroidal
space to the model of Van Norren and Tiemeijer. They
achieved a better estimate of absorption in melanin and blood,
but the receptor layer was ignored. Van Norren and Van de
Kraats presented an instrument that could measure 15 wave-
lengths quasi-simultaneously.* The instrument was again op-
timized for the directional reflection, and it used low light
levels to enable retinal reflection spectra with the nearly full
complement of visual pigments. A new model was derived by
Van de Kraats et al. with better funded trajectories of light in
the receptor layer.5 Spectral reflection was measured at two
pupillary positions, one at the maximum of the directional
reflection and one at a position with the entry and exit pupils
shifted horizontally by 2.5 mm. A reflection from the stack of
cone receptor discs was incorporated in the model, based on
measurements with high and low levels of visual pigment and
with high and low directional reflection. The model permitted
the isolation of pre-receptor, receptor, and post-receptor sig-
nals, thereby improving the accuracy of estimating the pre-
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receptor parameters and lens and macular pigment density.

A new instrument proposed by Van de Kraats and elabo-
rated by Zagers et al.® combined the directional resolution
earlier presented by Van Blokland and Van Norren,” with the
spectral resolution of Delori and Pflibsen.® In 1 second, a
two-dimensional (2-D) image could be measured from a
foveal spot illuminated with intense white light, containing in
one dimension the spectral aspects and in the other the direc-
tional aspects. The fast measurement allows large samples. In
their data analysis, Zagers et al..% as a first approach, used the
directional component of the signal to estimate the pre-
receptor absorbers and parameters for the optical quality of
the receptor layer.

The purpose of the present study was to propose and test a
model that fully explains both the spectral and the directional
aspects of the reflection of the human fovea, i.e., the direc-
tional cone reflection and the nondirectional background re-
flection. The model generates quantitative information about
reflectors and absorbers. In addition, the dependence on age
of these parameters was studied. A validation of the estimates
of macular pigment density was obtained with three other
methods in an identical subgroup of 53 subjects.

2 Theory
2.1 Optical Stiles-Crawford Effect in the Pupil Plane

The angular reflection, R(,), from an illuminated spot at the
fovea shows up in the pupil plane as a Gaussian-shaped spa-
tial intensity distribution (the directional component with am-
plitude A) on a pedestal of background light (the nondirec-
tional component B):>"*

R(x)=B+A X 107°6=%0)° (1)

with p the directionality, and x the horizontal location in mm
in the pupil plane relative to the center of the pupil. The peak
of the OSCE is generally not exactly at the center of the pupil;
the difference is x,. Measured curves are cut off by the edges
of the (generally dilated) pupil (Fig. 1).

2.2 Spectral Behavior of Directionality p

The directionality p of the Gaussian varies with
wavelength’:

P()\) = pwg + Pscant X (550/)\)27 (2)

with p,,, a waveguide component inherent to the receptors
that is constant over wavelength, p;..; a scalar preceding a
scatter component that varies with wavelength due to interfer-
ence effects between receptors, and A the wavelength in nm
(Fig. 2; the data are described in Sec. 5). The equation stems
from Marcos et al.,” but it was slightly modified by the nor-
malization at 550 nm to enable easy comparison of the con-
tributions of p,,, and pyeqy-

2.3 Origin of the Directional Component

The origin of the directional reflection has been located on the
discs of the cone receptors5 or at the end of the outer
segments.'” Experiments with the visual pigments in a
bleached condition as used throughout this paper cannot dis-
criminate between these two options. In line with our earlier
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Fig. 1 Directional and nondirectional light measured across the (8-
mm) pupil of the eye (artificial data). The directional part, the OSCE,
has a Gaussian shape. It sits on a pedestal of nondirectional back-
ground light.

interpretation’ based on measurements in both the dark and
the bleached states of the visual pigments, we opted for
choosing the discs as the source of the directional reflection.
The reflection from the layers posterior to the receptor layer is
considered nondirectional. The principle is illustrated in Fig.
3, where ray tracing through a lens and through a more com-
plex refractive element, a receptor, results in the same reflec-
tion value as from the bare surface. In the retina, finally all
rays through the receptor layer, guided or nonguided, hit the
layers posterior to it, including the highly scattering choroid.
Reciprocity theory states that the reflected rays take the same
paths on their way back, preserving the wide-angle scattering
nature, at least over the full width of the pupil.

To prove this, Van de Kraats et al.” described an experi-
ment with an annulus around the measuring area to illuminate
the receptor layer only from the choroidal side. As expected,
the reflected light from the central, nonilluminated part
showed heavy absorption because of blood and melanin, but
no directionality. Similarly, in experiments from the Burns
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Fig. 2 The directionality p as a function of wavelength. Data points
are the mean of the young group (see Sec. 5.2); error bars are the
mean standard errors per subject.
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Non-directional sum

Fig. 3 Different refractive elements in front of a diffusely scattering
Lambertian surface, all leading to nondirectional behavior. At the left,
a measuring device is looking directly at the surface (only one angle
shown). At the center, light is bent through a lens. At the right, light is
guided through and escapes from a bleached cone receptor. The path-
ways to the surface are similar on the way back. Above the cone
receptor, the intensity distribution at some distance (pupil plane in the
eye) is shown, with the fraction guided through the receptor, the un-
guided fraction escaping the receptor, and the sum of both, forming
again a nondirectional background.

group using the fluorescence of lipofuscin in the pigment epi-
thelium as a new source of light located behind the receptors,
no directional light was found."*™"® The implication of both
types of experiment is not that light avoids the pathway
through the photoreceptors on its way back,'” but rather that
the Gaussian-shaped directional light guided through (recap-
tured by) the photoreceptor outer segments is perfectly
complemented with inverted Gaussian-shaped light through
the pathways passing the outer segment wall. These pathways
are in reversal to that of the (nonperpendicular) light escaping
the outer segments on entering the cones from the direction of
the pupil (Fig. 3). In conclusion, any directional light must
originate from reflections in the cones themselves (including
the outer segment tips), and not from light that also traveled
the layers behind it.

2.4 Cone Capture Area

From (optical) antenna theory,”’ it follows that the capture
area of a cone is not purely determined by its physical dimen-
sions, but can be larger.s’17 Estimations using waveguide
theory also give a significantly higher effective capture area
compared to the physical frontal area of a cone.'® We there-
fore assumed that all perpendicular light enters the cones and
that none reaches the interspaces. For oblique angles, light
escapes from the cone outer segment into the interspaces, ac-
cording to the generally accepted explanation of the Stiles-
Crawford effect.” Energy distributions calculated in rods
showed almost identical behavior for wavelengths of 475,
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505, and 714 nm.”° On this basis, we also assumed that, again
for the perpendicular case, the light captured by the foveal
cones is constant over wavelength. In the bleached condition,
the light passes the cone outer segments into the deeper lay-
ers. Due to the reciprocity principle, a large part of the light
reflected from the deeper layers must be recaptured by the
cones.

3  Model
3.1 Overview

An earlier version of the model with an extensive discussion
was published by Van de Kraats et al.’ The main deviations in
the present model concern the regaining of scattered light of
the nondirectional component, a wavelength-dependent re-
flection from the cones, the use of a tapered blood layer thick-
ness, and new templates for the eye media and the macular
pigment. A schematic view of the model is given in Fig. 4.
Briefly, with the directional reflection originating from the
cone receptors, only absorbers anterior to the cones, i.e., lens
and macular pigment, leave their spectral fingerprint.™*' The
nondirectional amplitude is in addition influenced by absorp-
tion in blood and melanin.® In the anterior eye, light is ab-
sorbed by the media. The first (nondirectional) reflection oc-
curs in front of the receptor layer, at the internal limiting
membrane (ILM). Although the reflection at the ILM is specu-
lar and therefore directional, it does illuminate the pupil
quasi-uniformly and can therefore be treated as nondirectional
because it emanates from an image of the source located very
close to the retina.”? Next, the only directional reflection takes
place at the cone outer segments. A further nondirectional
reflection occurs at the retinal pigment epithelium. Last, light
is reflected at the choroid, with absorption in blood and mela-
nin. To avoid complex formulas, losses at reflecting layers of
a few percent were ignored in the calculation of posterior
layers. Visual pigments were supposed to be fully bleached.

3.2 Absorbers in Both Directional and
Nondirectional Components

The transmission of the various absorbing layers was de-
scribed by their optical density (Fig. 5). In general,

T=10"%", 3)

The density of the media is given in our recent model®

D yedair(N) = dgp, X Mgy (N) +dpy X Mpy(N) +dpo X Mpo(N)
+24 X Myy1e(N). 4)

Briefly, Mg;(N) is a spectral template for losses in Rayleigh
scatter in the cornea, humors, and lens; M;y(\) is a template
for losses in the young lens; and M (\) is for losses in the
aging lens. The parameters dg;, d;y, and d, derived from
fitting the measured data to the model, were the age-
dependent densities at 400 nm. A term d,,,,;,; for a neutral
density of the media to provide for some losses due to scatter
by relatively large scattering particles was ignored. M, (\)
is the density of 1 mm of water; we used?* a fixed total thick-
ness of water of 24 mm.

For the case of nondirectional reflected light, we defined
D,.anair(\), almost similar to the preceding case, but with
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Fig. 4 Model of the reflection of the fovea. For clarity, separate path-
ways were drawn for light entering the eye and for reflected light.
Light enters the eye at the left (thick line, illumination) and meets
several layers of tissues in the anterior eye, the receptor layer, and the
deeper layers posterior to the retina. Absorbing layers are shown as
boxes, and reflecting layers are shown as horizontal lines. Reflection
takes places at four layers and is symbolized by lines angled at
45 deg, continuing as the thin line at the right traveling upward to the
detector. The only source of directional reflection seen by the instru-
ment is from the cone discs, all others are nondirectional. Abbrevia-
tions are explained in the Secs. 3.2-3.5.

dg; set to zero. This assumption was made after fitting the
data from the isolated nondirectional light in the pilot analy-
sis, where dg; showed a strong tendency toward zero. The
rationale is that the light that is scattered somewhere anterior
to the cones changes angle of direction. It is therefore easily
lost for the directional reflection, while it is not easily lost for
the nondirectional component consisting of light scattered
perhaps a second time in deeper layers. This assumption of
regaining scattered light in the nondirectional condition was
tested with nearly noiseless mean data from a young and old
group (Sec. 5.3).

The transmission of the macular pigment was described by

Dyp(N) =dyp X Myp(N). (5)

For the template of macular pigment absorption, we used a
mixture of 70% zeaxanthin and 30% lutein®:
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Fig. 5 Absorbers as appearing in the eye, displayed with the mean
densities for our group of subjects. The absorbers in the eye media are
LY (lens young), LO (lens old), RL (Rayleigh scatter losses), and above
800-nm water. In the retina, macular pigment absorbs from 400 to
520 nm. In the deeper layers, posterior to the retina, light is absorbed
by melanin and blood.

My p(N) =0.7 % Zeax(\) + 0.3 * Lutein(\). (6)

We normalized it at the peak wavelength (460 nm) to 1. Thus,
parameter d,,,, is the density of macular pigment at 460 nm.

3.3 Directional Component

The OSCE was described by a Gaussian shape in the pupil
plane:

SCE(x) = 107~ %0, (7)

with p the directionality, and x the horizontal position relative
to the entrance beam in the pupil plane of the instrument. Due
to the alignment procedure (see Sec. 4.3), the position of the
maximum of the OSCE at x; was always close to zero. Note
first that we did not use a reference position relative to the
center of the pupil as in the general form in Eq. (1). Note, too,
that Eq. (1) also includes the nondirectional component.
Risc(N), the directionally reflected light originating from
the cone discs, was assumed to decrease with wavelength as

Rdisc()\) = Rdistr X (550/)\)2a (8)

with R ;.. the reflection from the outer segments. The wave-
length dependency deviates from an earlier description5 for
reasons addressed in Sec. 6.5.

At the level of the receptor layer, the directional reflection
becomes

Rrecep()\’x) = SCE()C) X Rdisc()\) . (9)

At the level of the cornea, the directional component in both
the spectral plane and in the pupil plane can be described by

Ry (\,x) = (1072APmeaasis WPyl 5 R L (N,x). (10)

3.4 Nondirectional Component

The nondirectional component is easiest considered from the
choroidal space. The backscattering of light in the choroidal
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tissues was taken as a neutral reflection R, ,;4- Light in the
choroidal space is absorbed by blood and melanin.

We defined the density of a layer of 95% oxygenated blood
with a thickness of 100 wm as Dy;o0q 100 #m()\).% To account
for the variety of path lengths through the center and periph-
ery of small and large blood vessels, we assumed for the
template a wedge-shaped blood layer, with path lengths from
zero to 100 wm. These fixed path lengths were taken to avoid
complex path length corrections during the fitting process. To
obtain the final blood thickness parameter as a scalar in um,
we divided the 100 um wedge results by 100. The template
for a layer of blood of 1 wm with correction for different path
lengths can now be calculated as

M,,0q(N) ==0.01 X log{[1 - 10~Pbiood_100 ,Lm(k)]/
[Dpivod 100 gm(N) X In(10)]}. (11)
The density of a layer of blood with a thickness Thy,,,; in um
is

Dhl(md()\) = Thhl()nd X Mhl()nd()\) . (12)
For the transmission through a uniform layer of melanin,
we took the spectral data of Gabel et al.,”’ approximated by

M,,.,(\) =2.45 X [0.007 + 0.165 X exp(—= \ X 0.0055)

+ 113 X exp(—= N X 0.011) — 4300 X exp(— A
X 0.022)]. (13)

The term 2.45 served to normalize the function to 1 at
500 nm so that D,,,; is the parameter for the density of mela-
nin at 500 nm. The density of melanin becomes

Dmel()\) = dmel X Mmel()\) . (14)
Reflection from the deeper layers as seen at the level of the
receptor layer is then described by
Rdeep()\) = Rrpe + Rchoroid X IO_ZXwblwd(k)*’Dmd(ML (15)
with R,,,, the parameter for a neutral reflection at the RPE.
The complete description of the nondirectional reflection is
Rn()ndir()\) = IO_ZXDmede[r()\) X [RILM + IO_ZXDW)(}\)

X Rdeep()\)l (16)

where R;;,, represents a parameter for a neutral reflection at
the ILM, and D,,,zv4i(N) is the special case for the density of
the media without Rayleigh scatter losses, as explained in
Sec. 3.2.

3.5 Complete Model

At the level of the cornea, the total reflection is the addition of
the directional component [Eq. (10)] and the preceding calcu-
lated nondirectional component [Eq. (16)].

Rmtal()\’x) = Rdir()\’x) + Rm)ndir()\) . (17)

The total number of parameters in the model is 13 (Table 1).
In a single measurement, there are about 4500 free parameters
(90 at 5-nm intervals in the spectral range from 400 to
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Table 1 Mean parameters for the complete group of subjects.

Parameter p-value
(reference Value Correlation  for age  Repro
wavelength) (standard deviation)  with age effect (%)°

Thygter (MmM) 24 — fixed —
djy (400) 1.260 — fixed —
dio (400) 0.530 (0.305) 0.890 <0.001° 3
de (400) 0.500 _ fixed

Ry (%) 0.136 (0.098)  -0.165  0.097 20
dpnp (460) 0.391 (0.156) 0.025 0.801 7
Ry (%) 2121 0.917) -0.657 <0.001° 8
p (mm-2) (550) 0.155 (0.050) -0.139  0.162 13
d,..; (500) 1245 (0.222)  -0.049  0.625 1

Thijeod (um) 6536 (31.69) -0.516 <0.001° 6

Rope (%) 0.563 (0.155)  -0.037 0712 9
Reboraid%) 7.918 (1.441) 0.221  0.025° 2
Xo (mm) ~0.029 (0.270) — — —

9Significant pvalues (p<0.05) are printed in bold.

The five measurements for each subject were used to calculate the standard
deviation in the parameters as a measure for reproducibility. The mean of the
reproducibility for the whole group as a percentage of the parameter value is
given in the Repro column.

950 nm X 50 at 0.1-mm intervals in the pupil range; see Sec.
4.1).

4 Methods
4.1 Instrument

The instrument described by Zagers et al.® was redesigned in
a desktop version that could be aligned with a joystick. In
addition, the spectral range was extended to 400 to 950 nm,
and the switching mirrors were replaced by beamsplitters, en-
abling continued observation of both pupil and retina during
measurements. A halogen lamp L (12-V, 30-W Wotan 64260,
Osram, Munich, Germany) illuminated a spot of 1.8-deg di-
ameter on the fovea (Fig. 6). The light was spectrally filtered
by F (6 mm BG26 Schott AG, Mainz, Germany; 1-mm Schott
UGS3; Unaxis TL60, Linos, Goettingen, Germany) for the
comfort of the subject and to prevent overloading the sensi-
tive CCD camera (KX85 Apogee Instruments, Inc., Auburn,
Massachusetts) that served as the detector. The intensity of the
spot was 6.42log Td; calculations showed that it could be
viewed safely for 15 min.”® The filament of the halogen lamp
was imaged in the pupil plane of the eye, where it defined the
2.6X 1.3 mm illumination pupil. With a separation of
0.7 mm below this illumination pupil, a slit-shaped detection
pupil S of the instrument of 15X 1 mm formed the input for
a prism-based imaging spectrometer. The 15-mm slit length
allows ample room for aligning an eye with a dilated pupil
and an eccentric OSCE maximum (see Sec. 4.3). The 2-D
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Fig. 6 (A) Simplified view of the instrument. L is a 30-W halogen
lamp. F are the filters to attenuate the red part of the spectrum. The
lamp illuminates a spot at the fovea of 1.8 deg via the small mirror M,
and the front lenses LT and L2 which form a Badal system. L2 can be
moved for focusing the retina. The reflected light from the retina (cen-
tral 1.5 deg) fills the entire pupil, but only the part remaining after the
slit S conjugated to the pupil is drawn. This light is spectrally decom-
posed by the dispersion prism P and forms a 2-D image at the CCD
camera. (B) The area in the subject’s pupil used for illumination of the
fovea and the slit-shaped area used for detection of reflected light
from the fovea.

image on the CCD detector had in one dimension the direc-
tional information from the intensity distribution over the slit-
shaped exit pupil. In the other dimension, it contained the
spectral information, as light from each point of the slit was
decomposed by the prism. Only light from the central 1.5-deg
foveal spot was used for detection. Because of the prism, the
image at the CCD with 1300X 1030 pixels had an alinear
spectral axis. It was transformed by software, using the dis-
persion calculation, to an intensity-normalized and linear re-
flection image of 250 pixels at 0.1-mm intervals at the pupil
axis, and 90 pixels at 5-nm intervals at the spectral axis (400
to 950 nm). Refraction errors were compensated by adjusting
a Badal-type front lens system (L1 and L2).

4.2 Calibration

A mercury lamp (90-W, Type 93136, Philips, Eindhoven, The
Netherlands) was used for spectral calibration. Before each
measurement session, the instrument was calibrated for sensi-
tivity by mounting two different calibration tubes on the front
lens. An instrument stray-light image was assessed with a
dark reference tube, containing a light trap. All subsequent
images were corrected with this image. A white reference tube
contained at the end a surface painted with white paint
(Kodak 6080 White Reflectance Coating, Eastman Kodak
Company, Rochester, New York). Because the distance of the
white surface was at 230 mm from the instrument’s pupil
plane (10 times the focal distance of the eye), the measured
white reference image represented a 1% reflection from the
eye.

4.3 Protocol

A group of 102 subjects, mean age 49 years (range 18 to 75),
took part in the measurements. The data of 53 subjects were
published earlier using another analysis technique.” The te-
nets of the Declaration of Helsinki were followed, and the
local Medical Ethics Committee approved the protocol. Be-
fore the experiment started, the nature of the experiment was
explained to the subjects, and written informed consent was
obtained. The pupil of one eye was dilated with one or two
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drops of tropicamide 0.5%. Subjects were aligned to the in-
strument, with the entrance beam clearly visible in the ante-
rior eye. Initially, the entrance beam was placed somewhere
above the center of the pupil, to allow space for the invisible
detecting slit below the entrance beam. A chin rest and temple
pads helped maintain the position of the head. The subjects
were instructed to fixate the center of the illuminated spot.
The front lens was adjusted for a sharp image of the retina at
the monitor. Next, the subject leaned back, and the dark ref-
erence image was taken. Measurements at a rate of about 2
per second were displayed at the computer screen in the form
of two cross sections of the 2-D image, the spectral shape at
pupil profile position zero, and the pupil profile at 540 nm.
The alignment was optimized by searching in the pupil plane
for the peak of the OSCE. This process was facilitated by
simultaneously displaying (in a different color) the highest
profile from the start of the measurements. The optimal hori-
zontal position in the pupil plane was easily found by moving
the instrument until the peak position of the Gaussian-shaped
directional profile fell symmetrically around profile position
zero. Profile position zero corresponds to the horizontal center
of the entry beam. The optimal vertical position in the pupil
plane was found by trial and error using the highest profile
trace. During optimizing, the spectral view was watched to
keep unwanted reflections from the anterior eye low. These
reflections were recognized by their relatively high reflec-
tances near 400 nm. The optimization procedure took about
2 min, enough to bleach the visual pigments to almost 100%.
At the optimal position, five measurements with an integra-
tion time of 1 s each were obtained. If necessary, head posi-
tion was readjusted when the head drifted away from the op-
timal position, recognized by a drop in amplitude.

4.4 Pupil Limits

The reflection profile, as seen in the entrance slit of the instru-
ment, is cut off by the pupil of the eye. Left and right limits in
these pupil plane positions were determined as follows. First,
the data in the spectral range from 500 to 600 nm (where the
signal has low noise) were binned to 5 nm, yielding 20 pro-
files. Next, left and right from the central pupil position, those
data points where the signal dropped to 20% of the central
value were taken. From those 20 left and right limits, we took
the lowest. In the final step, the left and right limits were
moved 1 mm to the center and applied to the complete mea-
surement to avoid any interference from the pupil edge.

4.5 Subselection of Young and Old Groups

To develop and evaluate the model, two subselections were
made from the group of subjects: a group <40 years (mean
24), and a group >50 years (mean 58). From the five mea-
surements per subject (see Sec. 4.3), a further selection was
made by allowing measurements only over at least 4 mm,
with pupil limits outside the range —2.5, +1.5 mm (nasal to
temporal), and a minimum of three measurements per subject.
This gave 45 measurements from 10 subjects for the young
group and 81 measurements from 18 subjects for the old
group. To find a template for p as a function of wavelength,
the pupil profiles at every wavelength (binned to 5 nm) for
the young group were analyzed for p with the Gaussian model
from Eq. (1). The means of the standard deviations within a
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Fig. 7 Analysis of a single measurement using the Gaussian fit from Eq. (1). (A) Data points of the pupil profile at 540 nm (error bars smaller than
the symbols) and model curve (solid line). (B) Spectral behavior of the directional reflection from the foveal cones (thin solid curve), the
nondirectional reflection (dashed curve) from the background, originating from pre- and post-receptor layers, and the sum of both (thick solid line).
Continuous curves connecting the data points are presented for clarity. The data points in the lower half of the figure represent p (scale on the right).
Because of the noisy appearance and to avoid overlap with the amplitude curves, p is not plotted below 420 nm. In such a single measurement,
the decline of p with wavelength is not clear and can deviate from the mean result presented in Fig. 2.

subject were calculated to provide an indication for the error
in the data points. Next, a “young measurement” was calcu-
lated by averaging the data points in the young group within
the pupil range they had in common in their original measure-
ments; similarly, an “old measurement” was calculated.

4.6 Fitting the Data

For the pilot explorations with the young and old group data,
the Solver in Microsoft Excel 2003 was used to fit the data
with the model by minimizing chi-squares. All spectral tem-
plates were convolved with the bandwidth of the spectrom-
eter. For the final analysis of individual measurements with
the 2-D model, the Levenberg-Marquardt routine®® was ap-
plied. The noise in the data points, used for weighting, was
calculated from the square root of the photons counted. For
analyzing the statistics, SPSS 12.0.1 for Windows (SPSS,
Inc., Chicago) was used.

5 Results
5.1

To illustrate the spatial profile and the spectral behavior of the
directional and the nondirectional components, the data from
a single measurement of a 20-year-old subject are presented in
Fig. 7. The amplitudes of the directional component and the
nondirectional component were estimated by fitting the el-
evated Gaussian curve from Eq. (1), at each wavelength to the
pupil profile. The result at 540 nm is presented in Fig. 7(A).
The amplitudes versus wavelength are presented in Fig. 7(B).
The total reflection at the peak of the profile was found by
adding the amplitudes of the directional component and the
nondirectional component. Going from left to right, both
curves show a sharp increase beyond 420 nm, where the lens
absorption ends (young eye), and a further increase near
500 nm, where the absorption from the macular pigment
(MP) ends. The effect of macular pigment is stronger in the
directional curve than in the nondirectional one. The nondi-
rectional curve displays an increase near 600 nm, where

Single Subject
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blood no longer absorbs, together with a gradual increase due
to increasingly less absorption in melanin. The directional
curve lacks these features. Beyond 700 nm, the curves show
the influence of absorption by water, leading to a strong de-
cline at 900 nm.

The more complex shape of the nondirectional component
due to the addition of light from the choroid, visible above
580 nm, is evident. The dilution of the macular pigment fin-
gerprint near 500 nm, due to preretinal reflectors, is also
clearly visible.

When the directional component becomes low in the abso-
lute sense, or low relative to the nondirectional component,
the estimation of p becomes increasingly noisy, visible below
500 and above 600 nm. Through interaction in parameters,
noise in p then also causes noise in the separation of the
directional and nondirectional amplitude. To resolve this, a
smooth template for p as function of wavelength was derived
(Sec. 5.2). The single parameter for p, instead of a value at
each wavelength, also keeps the total number of parameters in
the model limited to 13 instead of more than 100.

5.2 p Template

The mean p in the young group as a function of wavelength
(Fig. 2) was used to find the parameters p,,, and py.,, in Eq.
(2), resulting in

p(\) =0.050 +0.097 X (550/\)>. (18)

A similar analysis of the old group yielded similar results in
the spectral range from 500 to 600 nm. Below 500 nm, the
result was very noisy due to the high density of the aged lens.
Also, at the longer wavelengths above 600 nm with the in-
creasing amplitude of the nondirectional component, the more
irregular shape of the reflection in the pupil plane in the older
group appeared as noise in the directional component. The
error bars in Fig. 2 are the means of the standard deviations
within a subject. These values were used for weighing the
data in the fitting process. Equation (18) normalized to 1 at
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Fig. 8 Mean (log) reflection as a function of wavelength for the young (left) and old (right) groups. The upper panels show the directional reflection
from the cones, and the lower panels show the nondirectional background reflection from layers anterior and posterior to the receptor layer. The
data points have error bars with the mean standard deviation, but most are smaller than the symbols. The model curve (thick line) almost exactly
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to zero, is shown for comparison (dotted line, no residue shown).

550 nm was used as a template for p as a function of
wavelength.

5.3 Test of dy, on Mean Directional and
Nondlirectional Spectra for the Young and
Old Groups

The almost noiseless mean data from the young group and the
mean data from the old group were used to test the general
concept of the spectral model from Sec. 3, and in particular
the assumption of dg; =0 for the nondirectional part. With the
template for the spectrum of p [Eq. (18)], data were fit using
Eq. (1) to derive the directional and nondirectional ampli-
tudes. Results of these analyses are shown as the data points
in Fig. 8. Model curves were drawn using the equations from
Secs. 3.3 and 3.4. The directional data were fitted first to Eq.
(10) (with dg; and d;y fixed to the calculated values accord-
ing to the mean age of the groups), yielding values for d;,
dyp, and R ;.. The nondirectional data were fitted next to Eq.
(16) (with d; g, dyp, and R, fixed to the values obtained in
the directional fit, and d; y fixed as above and dp; set to zero),
yielding values for d,,e,Thpiooa> a0d Rijs Ripe, and Reporoig-
An almost perfect fit to the data could be obtained (chi-
square young=17; chi-square old=17). When dp; was not set
to zero for the fitting of the nondirectional spectra, but also
taken as a fixed parameter according to the mean age of the
groups [by replaCing Dmedeir in Eq (16) by Dmeddir]’ chi-
square values were more than an order of magnitude higher
(chi-square young=244; chi-square old=257). The two-step
strategy of first fitting the media and macular pigment param-
eters on the directional component, and so avoiding interac-
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tion with deeper layer parameters, was applied in this section
only to strengthen the assumption of setting dg; to zero for
the nondirectional component. In the rest of this paper, fitting
to the data of individual measurements, all free parameters
were fitted simultaneously.

5.4 Age Effects

Next, the model was applied to the individual measurements,
allowing the study of age effects in the parameters. In total,
510 measurements from 102 subjects were analyzed. At first,
all 13 parameters were allowed to vary, except water (fixed to
24 mm). As expected, the media term d;, showed a high
correlation with age (0.843, p<<0.001). The media parameter
dry, however, showed an unexpected negative trend with
age.” Inspection of the original data showed that with the
increased density of the lens at higher ages (d;o) together
with the attenuation by dg;, the measured reflection near
400 nm reached the noise floor of the instrument. This limited
the necessary dynamic range for proper detection of djy.
Other parameters have a much wider effective spectral range
of their templates and were less sensitive to this problem. In
the receptor layer, only R ;. showed a significant correlation
with age (-0.466, p<<0.001). In the deeper layers, Thy;,oq
reached the value —0.487 (p <0.001). Last, a very low cor-
relation was found for R j,,0iq (0.209, p=0.035).

The media scatter term dg; showed a low (but not signifi-
cant, p=0.551) correlation with age, as found in an earlier
study.” To avoid problems due to the low signal at 400 nm,
both media parameters d;y and dg; were set to the calculated
values for a mean age of 40,7 leaving d; o as a free parameter
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Fig. 9 Age trends for the parameters lens old, choroid reflection, blood layer thickness, and cone discs reflection.

for the media. This left 10 free parameters for the final fitting
of the data. The mean results are summarized in Table 1.
Parameters with a significant age trend (p <0.05) were plot-
ted versus age squared in Fig. 9. Age squared was used be-
cause it consistently yielded smaller chi-squares than a linear
fit.* Reproducibility (the repro column in Table 1) was de-
fined as the average coefficient of variation (100X standard
deviation in the five measurements per subject/mean param-
eter value).

5.5 Parameter Cross Influences

The mean covariances between parameters of all individual
measurements were calculated from covariances provided by
the fit routine. Only three appeared higher than 0.6: the value
0.694 between p and the reflection from the RPE, 0.681 be-
tween the ILM reflection and the density of macular pigment,
and 0.620 between melanin and the reflection from the
choroid.

The Pearson bivariate correlations between parameters af-
ter correction for age were also calculated. Neglecting corre-
lations below 0.266, corresponding to 7.1% of the variance
explained, only two remained with p<<0.05. The first is be-
tween p and R,,, (0.545), the second between melanin and

blood (—0.663).
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6 Discussion
6.1 General

We developed a model for fundus reflection that for the first
time simultaneously describes the spectra of the directional
and nondirectional reflection of the human fovea at a high
spectral and spatial resolution. The excellent fits support the
assumption that the deeper layers generate no directional
component. Van de Kraats et al.’ already gave experimental
and theoretical evidence, and this was also confirmed by
Burns et al." using the autofluorescence of lipofuscin. As the
fluorescence is by nature omnidirectional, it formed a new
source of light behind the receptor layer, undisturbed by pre-
retinal reflections. We found that a large part of the light from
deeper layers must be recaptured by the cones due to the
reciprocity principle (Sec. 2.4). At first glance, a surprising
aspect of the model is that Rayleigh scatter losses in the eye
media and in preretinal layers have to be included only in the
directional pathway. This will be discussed in the next section.

6.2 Absorbers

6.3 Media

In the initial analysis of the complete group of 102 subjects,
the lens young component d;y and the Rayleigh scatter com-
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ponent dg; were free parameters. The mean value of d;y was
0.61=0.35, and dg; was 0.55%0.33. In a pilot analysis, the
reflection near 400 nm appeared so low due to the combined
attenuation caused by d;y and dp; that it reaches the noise
level of the instrument, limiting the dynamic range for proper
detection. In a second analysis, therefore, d;y and dg; were
fixed to mean values corresponding to an age of 40 years
(1.26 and 0.5).” This prevented less meaningful results, espe-
cially at older ages when d; increases substantially. The de-
crease with age of the lens young component as shown by
Zagers probably was contaminated by this effect.”’ Going
from 20 to 60 years, the density for the total media at 420 nm
in the Zagers study increased by 0.12 log units. Our data
showed an increase of 0.46log units at 420 nm. This sug-
gests that the Zagers increase in age of the lens old compo-
nent was compensated by a too large decrease of the lens
young component.

The significant improvement of the fits by using the value
for dg; of 0.5 in the directional reflection, but setting it to zero
in the nondirectional one, was surprising at first. At second
thought, it was explained by part of the light that is scattered
anterior but near to the cones. Light scattered in that layer is
changing the angle of direction, and therefore is easily lost for
the directional reflection, while it is not easily lost in the case
of the diffusely scattered nondirectional component. Van den
Berg et al¥! presented optical scatter losses in the cornea, but
in fact they included the humors and preretinal layers as well.
Their magnitude of the Rayleigh scatter losses for a 1-deg
field can be calculated as 0.34. Estimates of losses of light
scattered outside a retinal field of 1-deg by the cornea and
lens for the relatively young eye from Vos et al.** result in a
density of only 0.03. For our larger illumination field of
1.8 deg, it should be even less. According to this, a large part
of our Rayleigh scatter value of 0.5 originates from additional
scatter losses in preretinal layers anterior to the cone photore-
ceptors. The model is however unable to discriminate between
these losses and scatter losses in the eye media.

The aging slope of 0.000162 X age? for the media attrib-
uted here solely to d; (dg; was fixed) is comparable to the
sum of the aging values d; and dg; (0.000132+0000031
=0.000163) from a literature study.” Apparently because of
fixing the value of dg; to 0.5, some of its (small) aging aspect
has moved into dj .

6.3.1 Macular pigment

The macular pigment optical density in a subgroup of 53 sub-
jects was analyzed before with two previous models and com-
pared with densities obtained with heterochromatic flicker-
photometry (HFP), scanning laser ophthalmoscope (SLO),
reflectance difference at 488 and 514 nm, and SLO
autofluorescence.”’ Analysis of the data with the 1996 version
of the fundus reflection model’ resulted in 0.44, compared
with the current 0.37. A simple model containing only the
directional component21 yielded 0.53, being too high because
of the earlier mentioned parameter interaction with the Zagers
lens templates.21

Apart from the current wavelength-dependent reflection
from the cones, some of the differences can be due to the
different absorption data for macular pigment used. The Han-
delman data® we used show a somewhat different density
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Table 2 Macular pigment density using different methods.

Field size Correlation
Method (deg) dyp with current
Current 1.5 0.37 1
Kraats 1996 1.5 0.44 0.95
Zagers 2004 1.5 0.53 0.88
SLO reflectance 0.5 0.33 0.66
SLO autofluoresence 0.5 0.31 0.61
HFP 1 0.30 0.57

near 420 nm (see Sec. 3.2) than previously used data. Com-
paring the absolute numbers with results from other instru-
ments (Table 2) is also more difficult because of the strong
effect of the retinal area under test (here, 1.5 deg). Unex-
pected at first sight, the models, while using a larger field,
yield the highest densities. This is explained by the fact that
the models compensate for all disturbing factors, like the di-
luting effect from light reflected at the ILM. The necessity for
a good model is seen in Fig. 7(B), where the macular pigment
fingerprint is unmistakably higher in the directional compo-
nent compared to that of the nondirectional component. The
latter clearly shows the diluting influence of the ILM reflec-
tion. The SLO reflection method was lacking such compensa-
tion. More difficult to understand is the lower value for the
SLO autofluorescence technique, because here dilution by
preretinal autofluorescence is not expected.

We repeated the calculation of the Pearson bivariate corre-
lations on macular pigment between the current model results,
previous models, and the other techniques (Table 2). All cor-
relations were highly significant (p <<0.001). The d;p param-
eter showed no significant change with age, as in most other
studies,”**** with the notable exception of a recent study
including over 800 subjects reported by Nolan et al. using
HFP that showed an unexpected decrease of 0.17 from 20 to
60 years.3 3

For the complete group of 102 subjects, despite the cova-
riance of macular pigment with the reflection from the ILM of
0.681, the model seemed to succeed well in separating them,
as shown by the low and not significant correlation after cor-
rection for age (0.113, p=0.259).

6.3.2 Blood

For the absorption in blood, we used a template derived from
a 100-um wedge-shaped layer of blood. This is a more real-
istic model of the blood layer, because it contains a large
range of path lengths through the blood layer instead of al-
ways the same length as with a homogeneous layer thickness.
The result is that the large dynamic range in the transmissions
over the whole spectrum in the case of a homogeneous layer
thickness is compressed, yet without adding more parameters
to the model.**® Th,,,,, declines significantly with age, prob-
ably due to the accumulation of basal laminar deposits on the
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. . 37-39
choriocapillaries and Bruchs membrane,

choriocapillaris.

Measurements of choroidal blood volume with a laser
Doppler flow technique also shows a decrease of about 45%
from 20 to 70 years."” Another study using morphometric
analysis showed a 45% decrease in the density and a 34%
decrease in the diameter of the lumen of the choriocapillaris
from the first to the tenth decade.*' It is difficult to say how
these phenomena impact on Thy,,,, and what fraction of
Thyjpoq is from the choriocapillaris.

The correlation between blood and melanin of —0.663 is
likely to have a true physiological background. Their tem-
plates are so different that the interaction of parameters in the
model is not expected. This is expressed by the low covari-
ance between these parameters (0.138). One obvious explana-
tion is that blood and melanin in some degree crowd each
other out.

screening the

6.3.3 Melanin

Melanin was not found to be age dependent. This is a minor
contradiction with determinations from young and old donor
material based on only the retinal pigment epithelium, de-
creasing about 37% in the macular area.*” In analyzing the
results of the macular area of only 16 subjects in another
study, an age relation could not be found.* Measured in op-
tical density units, the fraction of the melanin in the RPE is
about one-third of the total melanin.””** If two-thirds of the
melanin fraction in the choroidal space is constant with age,
age dependency is expected to be much lower. While pure
melanin decreases with age, more complex granules of the
type melanolipofuscin and melanolysosomes increase by
72%.** With their absorption spectrum not very different from
pure melanin,* discrimination with our reflection technique is
not possible—another argument for an almost zero age depen-
dency of melanin. More important is that in the case of using
reflection techniques to derive the total melanin content, it
better reflects the functionality of melanin for the stray-light
reduction in the retina. Other techniques based on pure mela-
nin only are perhaps less important in this respect.

Despite the covariance of melanin with the reflection from
the choroid of 0.62, the model seemed to succeed well in
separating them, as shown by the low correlation after correc-
tion for age (0.252, p=0.011).

6.4 Nondirectional Reflectors

The first, small reflection (approximately 0.1%) occurs at the
ILM. A reflection at the outer limiting membrane was not
incorporated because it cannot be discriminated from the re-
flection R,,,, (0.56%) located at the receptor layer/retinal pig-
ment layer interface. Although a reflection at Bruchs mem-
brane seems physiologically probable, it would add at least
two parameters (Rp,,cn and Dgprmeianin) to the deeper layers,
as in Delori et al.> Without these extra parameters, we ob-
tained very good fits. The price to be paid is that the absolute
values of d,,,; and Thy,,,, have limited physiological mean-
ing; trends are relevant, however. Reflection of the choroid
increases somewhat with age (Fig. 9), possibly due to the
same deposits as discussed for the increases of blood layer
thickness with age.
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Fig. 10 The directional fraction of the total light reflected from the
fovea versus wavelength for the young group. Maximum directionality
is around 525 nm. At lower wavelengths, the directional cone signal
is reduced by macular pigment, while the ILM part of the non-
directional reflection is not reduced. At longer wavelengths, there is a
growing influence from the nondirectional reflection from the deeper
layers because blood and melanin become more and more
transparent.

6.5 Directional Reflection

In previous papers, we assumed that the origin of the cone
directional reflection lay in spectrally neutral Fresnel reflec-
tions by small differences in the refractive index of the discs
and the interstitional fluids.>*"*° Although this was supported
by measurements of Zagers et al. on pseudophakic subjects,”!
Choi et al.*’ argued that the wavelength range used was too
limited to support the conclusion. Other authors™®* assumed
the integral volume of the Gaussian shape to show spectrally
neutral behavior, as is commonly found in diffraction-limited
processes.16 Consequently, the peak amplitude should drop
with lambda~2. With the current, much-extended wavelength
range, the peak amplitude was clearly seen to decrease at the
longer wavelengths, where other absorbers play no role [Figs.
7(B) and 8]. We therefore also opted for lambda~2 behavior in
the new model. Following Marcos et al.”'% the p of the
waveguiding part of the OSCE is constant with wavelength.
Another scatter component from interference of light from
neighboring cones introduces lambda~ behavior, as seen in
Fig. 2. Summarizing, we have shown that the light intake by
the cones on perpendicular entrance is neutral because of the
large capture area (Sec. 2.4). The summated reflection from
the discs itself still remains a neutral Fresnel reflection. The
light escaping the receptor in the backward direction forms a
Gaussian intensity distribution at the pupil plane, with the
properties shown in Figs. 1 and 2. The volume, however, is
taken as neutral.

Choi et al.¥’ stated, on the basis of three wavelengths (550,
650, and 750 nm), that the guided fraction under the 2-D
OSCE is neutral with wavelength. Our extensive wavelength
data (Fig. 10) follow the model curve and clearly show a
strong wavelength dependency (note that absorption in the
media is cancelled in the calculation); a maximum is at
around 525 nm. Such wavelength dependence is obvious be-
cause below 525 nm, the directional cone signal is reduced by
macular pigment, while the ILM part of the nondirectional
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reflection is not. At wavelengths above 580 nm, the nondirec-
tional reflection from the deeper layers increases because
blood and melanin become more and more transparent.

The correlation between p and R,,, of 0.545 (p<0.001)
could in principle be caused by a non-Gaussian behavior in
the skirts of the directional reflection. If the theoretical func-
tion is low in that region compared to the real directional
profile, it uses R, to fill the gap. Physiological interaction is
less likely with the relatively high covariance of 0.694 in
mind, an indication that the model likes to interact with these
parameters. A practical solution in further applying the model
could be fixing p and using Ry, as the indicator of healthy
cones.

For the present purpose with bleached visual pigments,
R ;s might as well be taken as the outer-segment end reflec-
tion. That the discs are the origin could only be made plau-
sible by experiments with dark adapting and bleaching of the
visual pigments.” Figure 9 shows a large decrease in the disc
reflection as a function of age. That the large reflection from
the choroid (8%) and that from the retinal pigment epithelium
(0.56%) have no such a decrease is a strong argument for the
receptors as origin. Because the width of the Gaussian as
given by p has no age dependency and there is neither evi-
dence for a large decrease in the number of cones nor for a
large decrease in length of the outer segments,”’50 we might
speculate that the indexes of refraction of the discs, and the
interspaces between them, slowly drift toward each other at
older ages. In diseases like age-related macular degeneration
(AMD), R ;. might decrease at a faster rate because here the
number of cones or the lengths of the outer segments are
possibly affected.

7 Conclusion

A new model gives fundamental insight in to how the direc-
tional and nondirectional spectral reflection from the fovea are
related to each other. Previous attempts were less successful
because the transmission in the eye media was taken as equal
in both components. Setting the Rayleigh scatter to zero in the
nondirectional reflection component caused a dramatic im-
provement of the model fit. This part is, however, presently
not fully understood; we could not find support from other
sources in the literature for additional scatter losses in prereti-
nal layers. Further work on this issue will be needed.

The model generates quantitative estimates of several im-
portant optical absorbers in the eye as macular pigment, lens
density, blood, and melanin, as well as parameters related to
the optical quality of the cones, the cone disc reflection, and
p. In addition, the model estimates the reflection from the
retinal pigment epithelium and the choroid. A validation of the
macular pigment optical density was obtained by the signifi-
cant correlations obtained with independent estimates.
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