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Chapter 1

| ntroduction

1.1 Aim of theThess

The main aim of thisinvestigation was to develop a new instrument for measurement
of light reflected from the retina in a living human eye. At the start of the project,
the requirements were formulated as follows. First, the instrument should measure
the spectral composition of the reflected light. Second, it should be able to measure
the distribution of light in the pupil plane. This distribution exhibits the directional
properties of the retinal reflectance. Third, it was desirable to have the ability to
observe the pupil and the measured part of the retina. There are two fields of interest
where the new instrument could play an important role. First, model analysis of
spectra yields the optical densities of ocular absorbers, e.g., the eye lens, melanin,
and the macular pigment.1™ Second, the directional reflectance provides information
on the integrity of the foveal cone photoreceptors.®’

Modelsfor the spectral reflectance rely on the assumption that light is reflected at
alimited number of layerswithin the eye, and that other layers absorb light. The mod-
els are capable of handling severa reflecting and absorbing layers, on the condition
that the spectral properties of these layers are know. They yield the optical densities
of a number of absorbing pigments in the eye.X3 In particular the yellow macu-
lar pigment has received substantial interest in the past years. It is predominantly
present in the region used for sharp vision, the fovea, also called the yellow spot. The
pigment is a collection of the carotenoids lutein and zeaxanthin.® It has been sug-
gested to reduce the risk for the important retinal disease called age-related macular
degeneration.> ! Intervention may be possible because macular pigment density has
been demonstrated to increase after dietary supplementation of lutein,’213 and with
consumption of foods rich in lutein such as spinach or corn.!* Demonstration of
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the efficacy of macular pigment awaits further supplementation studies, more exten-
sive epidemiological research, and randomized intervention studies. On the premise
that the protection hypothesis holds, a screening tool of the general population might
become useful. The instrument presented in this thesis could play arolein al the
mentioned fields of research on macular pigment.

The second possible application relies on measurement of the directional proper-
ties of the light reflected from the retina. These properties are inferred from the dis-
tribution of light in the pupil plane. Normally, more light is reflected near the center
of the pupil compared with the edges.’>23 Thisis called the optical Stiles-Crawford
effect. The source of the directional reflectance resides in the cone cells. These cells
are mainly known for their sensitivity to light. They have an elongated cylindrical
shape. In the healthy eye, the long axes of the cells are pointed precisely toward a
common location near the center of the pupil.2* When illuminated by a narrow beam
of light impinging parallel to their long axes, they act as atiny flash-torch in the re-
verse direction, reflecting predominately toward the location of common aignment
in the pupil. Hence, a prominent maximum in the reflection is produced. Both the
amplitude of the directional reflectance and the width of the distribution provide in-
formation on the health of the foveal cone photoreceptors.®” Objective information
on the foveal receptorsisnot easily available with the present clinical tests.

It was proposed to base the new instrument on an imaging spectrograph. The
first goal to be reached was a demonstration of the feasibility of this concept. In
our particular application, the dlit of the spectrograph will be placed over the dilated
pupil of the eye, where it defines a horizontal bar. A single small spot on the retina
will be illuminated with a halogen lamp. Note that such a lamp emits a continuous
spectrum in the visible wavelength range. Light reflected from the center of the
illuminated spot will be sampled. The spectrograph will produce a spectrum for
each point along the bar-shaped exit pupil. In effect, a spectral image is produced,
hence the qualification “imaging”. The resulting spectral image can be looked upon
in two ways: first, as spectra versus location aong the horizontal bar in the pupil,
and second, as images of the bar depicting a profile of the distribution of light in
the pupil for each wavelength. Thus, the proposed arrangement should facilitate
simultaneous measurement of both the spectral and the directional properties of the
retinal reflectance. The two proclaimed applications concentrate on the fovea: the
region of the retina specialized for acute vision. Therefore, the apparatus was coined
the “Fovea Reflection Analyzer”.
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Figure 1.1: Schematic cross section of the human eye. The main components are 1, cornea;
2, lens; 3, zonules; 4, iris; 5, agueous humor; 6, vitreous humor; 7, sclera; 8, optic nerve.
The small depression at the bottom (9) is called the foveal pit. Thisregion is shown in more
detail in Fig. 1.3.

1.2 Optical Anatomy

In this Section we briefly review the optical anatomy of the eye. The purpose isto
identify the structural components relevant for the optical interaction of light with
the eye, atopic to be discussed in the next Section. More detailed information can
be found in the books by Wyszecki and Styles,?®> by Bloom and Fawcett,?® and by
Atchison and Smith.2” The book “Eye and Brain” by Richard L. Gregory could serve
as an introduction to the more specialized literature, and covers many interesting
aspects of vision and visual science outside the scope of the present thesis.?

The schematic cross section in Fig. 1.1 depicts the main components of the human
eye. The cornea and the eye lens focus light on the retina, comparable to a photo-
graphic camera. At its edge, the lensis supported by the zonules. On the outside, the
zonules are attached to the ciliary body. Contraction of the ciliary muscle contained
therein allows the lens to become more convex, which provides accommodation on
nearby objects. Relaxation of the ciliary muscle resultsin flattening of the lens. This
brings faraway objects into focus. Near the front surface of the lens, the iris restricts
the amount of light entering the eye, comparable to adiaphragm. The central opening
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Figure 1.2: Anexample of afundus photograph. The bright spot |eft of the center isthe optic
disk. Thisiswhere the blood vessels enter and leave the eye. At the right of the center, the
dlightly darker area marks the location of the macula and fovea.

in theirisformsthe pupil of the eye. Its diameter depends on the lighting conditions,
but on other factors as well. Between the cornea and the lensis a small space, which
contains the aqueous humor. The eyeball is filled with the vitreous humor, a gelati-
nous mass consisting mainly of water. An opague white tissue, the sclera, encloses
the eye. Together with the intraocular fluid pressure, it serves to maintain the shape
of the eyeball.

The fundus coversthe larger part of the inside of the eyeball. Figure 1.2 presents
an example of a fundus photograph. This photo shows the region at the back of the
eye, oppositeto thelens, whichiscalled the posterior pole. The most striking features
are the blood vessels. They concentrate toward the optic disk, where they enter and
leave the eyeball. At theright of the center, a slightly darker area can be recognized.
This is the macula, which is aso called the yellow spot. Its yellow appearance is
caused by the presence of the macular pigment. It is located along the axons of
the nerve fibers in front of the receptors,?®2° and is highly concentrated towards the
center of the macula.?®32 Asis apparent from Fig. 1.2, large blood vessels are absent
in the macula. Embedded in the maculais the fovea. Thisisthe most important area
of the retina, because it is speciaized for high visual acuity. The fovea measures
approximately one degree in diameter. (Clinical terminology is used here, c.f., Jalkh
and Celorio.®3) It isdensely packed with cone photoreceptor cells; the rods are absent
in this area.3*
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Figure 1.3: Schematic section of the fovea depicting the main layers of the retina. From top
to bottom these are 1, the optic nerve fibres; 2, the ganglion cells; 3,4, the inner plexiform
and nuclear layers; 5,6, the outer plexiform and nuclear layers; 7, the photoreceptors; 8, the
retinal pigment epithelium; 9, the choroid. Thetop layers spread away from the fovea, visible
asasmall depression: the fovea pit. In the living eye layers 1-6 are transparent, 7 contains
the visual pigments, and 8 and 9 contain the highly absorbing pigment melanin.

The fundus is a stratified tissue. The main layers are visible in the schematic
section of the fovea depicted in Fig. 1.3. At the top, the inner limiting membrane
forms the boundary between the vitreous humor and the retina. From top to bottom,
the other layers of the retina are the layer of optic nerve fibres, the ganglion cells, the
inner plexiform and nuclear layers, the outer plexiform and nuclear layers, the layer
of photoreceptors, and the retinal pigment epithelium (RPE). The retinais supported
by the choroid. Thislayer contains alarge number of blood vessels and melanocytes.
Ontheinside, it is delimited by Bruch’s membrane, on the outside by the sclera. The
layers in front of the photoreceptors spread away from the fovea, visible as a small
depression: the foveal pit. The outer segments of the photoreceptors contain in the
order of one thousand parallel membranes or disks.?>3% 3¢ These membranes support
the visual pigments.

1.3 Optical Interaction of Light with the Eye

We are most familiar with the idea of the eye as a structure facilitating the sense of
vision. The dark pupil creates the impression that light can enter the eye, but cannot
escape it. Thisis not true. When the eye is entered with a beam of light, light is
reflected and scattered back at the various layers in the eye that were introduced in
the previous Section, e.g., the choroid, the RPE, the photoreceptor layer, the inner
limiting membrane, and the cornea. A small portion of the light escapes the eye,
and can be analyzed quantitatively. The next Chapter will discuss severa techniques
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Figure 1.4: A typica reflectance spectrum for a female subject aged 20 years. The re-
flectance is expressed as a percentage relative to awhite diffuse 99% reflecting surface and is
plotted on alogarithmic scale. The horizontal axis depicts the wavelength in nanometer (nm)
and roughly spans the visible wavelength range. The spectrum shows a strong decrease from
the longest wavelengths (red light) toward the shortest wavel engths (blue light).

for measuring light reflected from the eye. In this Section, the genera spectral and
directional properties of light reflected from the retina are discussed. In addition, it
is described how the measurement light itself influences the reflectance.

1.3.1 Spectral Absorption and Reflection

The spectral characteristics of the light absorbing pigments in the eye dictate the
behavior of fundus reflectance with wavelength.23 The reflectivity is generally ex-
pressed relative to awhite diffuse 99% reflecting surface. A typical reflectance spec-
trum for asubject aged 20 yearsis shownin Fig. 1.4. The highest reflectance amount-
ing to 4% is obtained for wavelengths above 600 nm. In this wavelength region
melanin is the most important absorber. The spectra are dominated by light scattered
back from the choroid. Below 600 nm, the absorption by the hemoglobin in blood
sets in. Reflectance, mainly originating from the cone outer segments, the retinal
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Figure 1.5: An example of an intersection through the distribution of reflectance in the pupil
plane, obtained at 540 nm for the same subject as in Fig. 1.4. Again, the reflectance is
expressed as a percentage reflectance. The horizontal axis depicts the horizontal location in
the pupil plane in millimeters (mm); the nasal (N) and temporal (T) side are indicated. The
intersection shows a peaked directional component on top of a flat background. Two sharp
drops at about 4 mm nasal and temporal mark the edges of the dilated pupil. The profile
has a maximum 1 mm nasal of the pupil center, which corresponds to the common point of
alignment of the photoreceptors.

pigment epithelium, and the superficial choroidal layers, decreases to approximately
1.3%. For spectra obtained from the fovea, below 500 nm, macular pigment further
reduces the reflectance. Below 430 nm absorption in the lensincreases strongly. This
causes the reflectance to drop below 0.2%. At this level, small amounts of light re-
flected and back scattered from the inner limiting membrane, the vitreous, and the
cornea, easily dominate the light reflected from the fundus. Spectra of the periphery?
and of the optic disk®’ decrease strongly with wavelength aswell. As aconsequence,
seen through an ophthalmoscope, the retinahas ared color. Another manifestation of
this property is the appearance of “red eyes’ on flashlight pictures taken in the dark.

1.3.2 Directional Reflectance

Stiles and Crawford demonstrated in 1933 that light entering near the center of the
pupil is perceived brighter, compared to light entering at the edge.®® This effect
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is now called the psychophysical Stiles—Crawford effect of the first kind (sce 1).36
The effect originates from the directional sensitivity of the photoreceptors. As stated
before, they have an elongated cylindrical shape and their long axisis oriented toward
aposition near the center of the pupil.2* Asaresult, the angle made with the receptors
issmall for rays entering the pupil near this point, and larger for rays entering near the
pupil edge. The visua efficiency of the light decreases with the angle of incidence.

The same antenna characteristics of the photoreceptors that cause the SCE | en-
dow the light reflected from the retina with directionality. The disks within the cone
outer segments reflect light predominately along the long axis of the receptors.® The
resulting distribution of light in the pupil plane exhibits a maximum near the point
of common alignment of the photoreceptors. An example of an intersection of such
adistribution for the same subject asin Fig. 1.4 is depicted in Fig. 1.5. In analogy
with the psychophysical scCE I, the directiona reflectance of light from the fundusis
called the optical Stiles-Crawford effect (SCE).2>22 In principle, the SCE | and SCE
are purely retinal phenomena. A complicating factor is that the spectral absorption
of light in the eye lens also depends on the location of entry and exit in the pupil.
The light absorbing pigments are mainly present in the inner part of the lens, and to
a lesser extent in the outer part, and they change with age in a different manner in
these two compartments.3%4° Furthermore, the central and marginal path lengths are
different.*! Fortunately, because the absorption in the lens strongly decreases with
increasing wavelength, these effects can be neglected for wavel engths above approxi-
mately 440 nm. For the larger part of the visible wavel ength range, the distribution of
light in the pupil can be considered directly related to the directionality of the retinal
reflectance.

1.3.3 Retinal Illuminance and Light History

The retinal illuminance of the measuring light influences the optical density of the
visua pigments in the receptors. A high illuminance will cause them to bleach to a
nearly transparent state. In the dark, the visual pigments are maximally regenerated.
A change in the optical density of the visua pigments has its effect on the direc-
tional and spectral properties of the reflected light. During regeneration of the visual
pigments at dark adaptation, the spectral reflectance and the amplitude of the optical
ScE are reduced at wavelengths where the pigments absorb.® 16 With bleaching, the
reflectance and the amplitude of the SCE increase.

In addition to changes in the visual pigments, a second mechanism plays arole.
On time scales longer than required for near complete light or dark adaptation of the
retina, DeLint et al.*? still observed changes in spectral and directional reflectance.
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Figure 1.6: The new instrument was constructed on an optical bench. The tube running from
the left to the right forms the imaging spectrograph. At the left, the black housing of the
CCD camera can be recognized. The optics providing the entrance beam and the observation
channel are situated at the top right. The subjects were aligned with the instrument by means
of aheadrest, visible at the right of the image. A detailed explanation of the instrument will
be given in Chapter 3.

These slow optical changes were attributed to changes in the reflectivity of the disks
in the receptor outer segments. The slow increase of reflectance after along period
in the dark was dependent on the retinal illuminance during a bleached period pre-
ceding the measurement. Thisindicates that the light history has an influence on the
reflectance on atime scale of 10-30 minutes.

1.4 Outlineof the Thesis

First, Chapter 2 briefly reviews existing techniques in quantitative fundus reflectom-
etry. Emphasis is placed on previous instruments for measurement of the spectral
and directional properties of fundus reflectance. In Chapter 3, we describe the Foveal
Reflection Analyzer in detail. Figure 1.6 depicts a photograph of the experimental
setup. To demonstrate the feasibility of simultaneous measurement of spectral and
directional fundus reflectance, we analyze single spectra, taken at the location where
the distribution of light in the pupil has a maximum, and single pupil profiles at 540
nm. These spectra and profiles are compared with earlier results described in the
literature.
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The model available for analysis of the spectra was developed a few years ear-
lier in our group.2 Unfortunately, the model cannot be applied to entire spectrograph
images. As a consequence, the model analysisis restricted to single spectraand pro-
files. We set out to expand the model, with the aim to fit the entire two-dimensional
data set simultaneously. This is first shown in Chapter 4, in which we analyze the
directionality, or peakedness, of the distribution of reflectance in the pupil as a func-
tion of wavelength. Second, in Chapter 5 we obtain spectra for the amplitude of the
directional reflectance, and we elaborate on the spectral reflectance of the receptors
and the absorption of light in the macular pigment and in the eye lens. These results
areimportant steps towards improvement of future models of spectral and directional
fundus reflectance.

Finally, in Chapter 6, we present a pilot study on diabetic patients. The optical
density of the macular pigment and the eye lens are assessed from single spectra.
The integrity of the foveal conesisjudged from the directional reflectance obtained
at 540 nm. The results warrant initiation of clinical studies on alarger scale, paral-
lel to the more fundamental work. For this future purpose, our group has recently
developed atabletop version of the instrument.



Chapter 2

Review of Instruments
for Fundus Reflectometry

2.1 Introduction

The cornesa, the lens, and the fluids in the eye are relatively transparent in the visible
wavelength region. This, of course, is crucia for clear sight, but also alowsin vivo
probing of the fundus with light. This technique is generally referred to as fundus
reflectometry. The discipline dates back to the invention of the ophthalmoscope by
Helmholtz in 1851.%3 His device contained a number of paralel glass plates. The
function of these plates was to reflect light into the investigated eye. When look-
ing through the plates, the observer could see the other eye's retina. Later, similar
arrangements were invented, for example a mirror with a central hole. Qualitative
application of Helmholtz's principle in the clinic was an enormous success. The first
guantitative experiments started in the fifties of last century, and were focussed on the
assessment of the optical density of the visual pigments.**#> Recently, Berendschot
et al.*> reviewed the principles and applications of fundus reflectometry, covering
both the historical and modern developments.

Important considerations for the design of an instrument for measurement of fun-
dusreflectance are the optical configuration in theretinal plane, the optical configura-
tioninthe pupil plane, the spectral range and resolution, and the retinal illuminance of
the measuring light. Theinterplay between the optical properties of the eye and those
of the fundus reflectometer determine what is eventually measured. In this Chapter
we explore several existing instrumental designs. Emphasisis placed on recent tech-
niques, similar to those applied in the present thesis. Reviews with a broader scope
were given by Knighton®® and in the aforementioned paper by Berendschot et al.*®

11
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2.2 Single Spot Reflectometers

Van Norren and van de Kraats (1989, 1996)

Van Norren and van de Kraats originally built a single spot reflectometer for assess-
ment of the optical density of the visual pigments,*’ but later it was applied to collect
spectral reflectance data in general.> The measuring beam, obtained from a 30 W
halogen lamp, illuminated a small spot on the retina. Available field sizes were 2.3,
3.0, 4.5 or 6.9 deg; the sampled fields measured 1.6, 2.8, 3.5 or 5.4 deg. In order to
decrease the influence of imperfect imaging, the illuminated fields were in general
dlightly larger. Animage of the filament of the lamp, focussed in the pupil plane, de-
fined an entrance pupil of 1 x 0.5 mm. The exit pupil, separated by 0.25 mm from the
entrance pupil, was half circular and 2.5 mm in diameter. The small size of the pupil
arrangement allowed scanning of the pupil plane and made the apparatus sensitive to
the directional reflectance. The measuring beam contained arotating (14 revolutions
per second) filter wheel. The wheel contained 14 interference filters in the range
410740 nm with a bandwidth of 7 nm. Asthe wheel rotated, different filters lined
up in the measuring beam in a repeating sequence. This method enabled consecutive
measurements at different wavelengthsin afast manner. Theinterferencefilterswere
combined with a set of neutral density filters to keep the retinal illuminance at alow
level. This allowed measurements in a dark adapted condition. With a separate il-
lumination channel the visual pigments could be bleached to 93-97%, depending on
the position of the entrance beam in the pupil plane.

Delori and Pflibsen (1989)

Delori and Pflibsen modified a Carl Zeiss fundus camerato a single spot reflectome-
ter.? The measuring light was a 3 ms flash of a xenon arc lamp. The illuminated
field was in the range 14 deg. The configuration of the entrance and exit beamsin
the pupil plane was not specified. It is assumed that the original configuration of a
Zeiss camera was used: an annulus for the entrance beam and a concentric circular
field in the center of the pupil for the exit beam. With this configuration, the direc-
tional properties of the reflectance cannot be measured. The reflected light of the
polychromatic flash was resolved spectrally with a spectrograph. The spectral range
was 400-912 nm, the resolution was 7.5 nm. Data of 19 different wavelengths in
the range 455-805 nm were used for further analysis. Prior to the measurements,
the light used for observation and alignment bleached more than 99.5% of the visual
pigments.
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Delori (1992, 1994)

Delori constructed an improved spectrophotometer for measurement of spectral re-
flectance and the intrinsic fluorescence of the fundus.*®“° The light source was a
150 W xenon-arc lamp. For the excitation of fluorescence excitation filters with a
transmission window of approximately 20 nm were inserted in the entrance beam.
For fundus reflectometry, the full spectrum was passed, but the beam was attenuated
with a 2.5 neutral density filter. The illuminated field size was 3.0 deg; the sampled
field measured 1.3 or 2.0 deg. The pupil plane configuration was not optimized for
the measurement of directional fundus reflectance. Spectral analysis of the fluores-
cent and reflected light was facilitated with a monochromator and a multichannel
analyzer. Presumably, all spectrawere obtained in a bleached condition.

2.3 Retinal Imaging Spectrograph

Hammer et al. (1997) equipped a Zeiss RcM 250 fundus camera with an imaging
fundus spectrograph.>® The device measured the spectral reflectance of a spatially
resolved bar on the retina. The spectral reflectance versus location gave information
on the distribution of absorbing pigmentsin the fundus. Also, it provided the spectral
reflectance of detailed structures such as blood vessels or small regions with retinal
pathology. A 40 x 1500 um bar shaped field (0.14 x 5.15 deg) was illuminated with
the flash of a xenon-arc flash lamp. The illuminated field on the fundus was imaged
on the entrance dlit of an imaging spectrograph. The spectral range was 400—-710 nm,
the spectral resolution was better than 2 nm. The image obtained with the ccb was
usually binned to 64 rows in the spatial direction. In this case, the spatial resolution
of the spectrograph achieved in practice was 23.8 um (8.18 x 10~2 deg). The configu-
ration of the entrance and exit beams in the pupil plane was not specified. Again, itis
assumed that the pupil plane configuration of an original Zeiss camera was used: an
annulus for the entrance beam and a concentric circular field in the center of the pupil
for the exit beam. With this configuration, the directional properties of the reflectance
cannot be measured. A tungsten halogen lamp was available for fundus observation
with a 45 deg field angle. Presumably, the illuminance of this observation light was
high enough to bleach the visua pigment.
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2.4 Photoreceptor Alignment Reflectometers

Gorrand and Delori (1995)

Gorrand and Delori built an apparatus to measure the orientation and directionality
of the photoreceptors.’® Their aim was to study photoreceptor function in normal
observers, and the abnormalities occurring with retinal pathology. The instrument,
the photoreceptor alignment reflectometer (PAR), gave information similar to a psy-
chophysical sCE test, but within less time and with higher reliability. The measuring
beam was provided by a543 nm He-Nelaser. Theilluminated field sizeswere 2, 3, 4,
or 5 deg in diameter. The sampled fields sizeswere always chosen 1 deg smaller. The
PAR jointly moved a closely separated entrance and exit pupil in the pupil plane with
stationary retinal fields. Thus, the retinal angle was sampled with both the entrance
and the exit beam. In one 4 s measurement, five horizontal lines 1 mm apart were
scanned in 7.14 um steps. 56 horizontal steps were averaged; data points were sepa-
rated 0.4 mm in the horizontal direction. The diameter of the entrance pupil was less
than 0.1 mm. The exit pupil diameter was 1 mm. Their separation was 1.2 mm. At
the start of a measurement, illumination for 10 s with the measuring beam bleached
95% of the visual pigment.

Burnset al. (1995)

Burns, Wu, Delori and Elsner modified the PAR described above.l® Their objectives
were similar: measuring orientation and directionality of the photoreceptors. The
measuring beam was provided by a 543 nm He-Ne laser. The size of the illumi-
nated field on the retina was 2 deg; the size of the sampled field was 1 deg. The
entrance beam measured 28 um in diameter in the pupil. In contrast to the earlier
design, the location in the pupil plane was stationary during a single measurement.
With the modified PAR the distribution of light in the pupil plane was imaged on a
512 x 512 pixels ccb. Usually 3 x 3 pixels were binned, which yielded a resolution
of 0.075 mm/pixel. Typically, the integration time was 4 s. The illuminance of the
measurement light could be reduced for measurements in a dark-adapted state.

2.5 Scanning Laser Ophthalmoscopes

Webb et al. (1980, 1987)

In 1980, Webb, Hughes and Pomerantzeff built the first scanning laser ophthalmo-
scope (sSL0), called flying spot Tv ophthalmoscope.®! Their aim was to construct an
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ophthalmoscope capable of operating at light levels far lower than used in common
ophthalmoscopes and fundus cameras. This was achieved by profiting from the high
throughput of the laser light source: a small entrance pupil could be used, leaving
room for alarge exit pupil. Webb, Hughes and Delori®® made several changes to the
SLO design resulting in a new type: the confocal sLO. In older types, the exit beam
was stationary. In the confocal sLO, the exit beam was descanned. The detector was
still placed at a plane conjugate to the pupil, but in the confocal SLO an aperture
conjugate to the retina in front of the detector limited the region from which light
was collected. This configuration increased the contrast of the images. The scanning
laser ophthal moscope proved to be a versatile instrument for imaging and fluorescein
angiography, and has become common practice in many ophthalmology departments.

Van Norren and van de Kraats (1989)

Van Norren and van de Kraats®® constructed a confocal sLo following the design
by Webb et al.>? It was intended for imaging retinal densitometry, an application
suggested earlier by van Norren.>* The scanning beam was provided by either a
633 nm He-Ne laser or a 514 nm Ar laser. An important difference with Webb
et al.’s design was the configuration of the entrance and exit pupil in the pupil plane.
In the designs by Webb et al., the entire pupil was used to collect light from.51:52
The pupil plane configuration in van Norren and van de Kraats sLO was similar
to the arrangement in their single spot reflectometer.*’ The circular entrance pupil
measured 0.5 mm and was separated by 0.25 mm from the half circular exit pupil,
measuring approximately 2 mm in diameter. The small sizesleft achoice in position
inthedilated pupil of the subject. DeLint et al. obtained retinal imageswith thissLo,
while scanning the small entrance and exit pupil configuration along a horizontal line
in the pupil plane.® The images showed the optical SCE versus|ocation on theretina.
A fast shutter enabled capture of single frames, each recording bleaching less than
1% of the cone or rod pigments. With a sufficiently low frame rate, images of the
dark adapted retina could be obtained.

2.6 Discussion

To briefly recall the aim of this study (c.f., Section 1.1): we intended to built an
instrument based on an imaging spectrograph. Imaging spectroscopy on the living
human eye was demonstrated before by Hammer et al.®® In their instrument, the
entrance dlit of the spectrograph was conjugate to the retinal plane. We aimed at
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Table 2.1: Indication of the performance of the apparatus on a scale good (+), moderate (+)
and bad (—). Thecriteriawereresolution in theretinal plane (R. RES.), resolution in the pupil
plane (P. RES.), the ability to gather spectral information (SPEC.), and the ability to measure
under dark adapted conditions (D.A.).

First author (year) I nstrument R. RES. P.RES. SPEC. D.A.
Van Norren*’ (1989), densitometer — + + +
Van de Kraats® (1996)

Delori? (1989) reflectometer - — + -
Delori*849 (1992, 1994)  reflectometer — - + -
Hammer® (1997) imaging spectrograph + - + -
Gorrand'® (1995) PAR — + - —
Burns®® (1995) PAR — + - +
Van Norren® (1989), SLO + + - +
DeLint® (1997)

present thesis new instrument - + + —

placing the entrance dlit of an imaging spectrograph conjugate to the pupil plane.
The configuration achieves high spatial resolution in the pupil plane (along the bar)
and high spectral resolution at the same time. Because only a single 1.9 deg spot
on the retinawill be sampled, the retinal resolution will be poor. To achieve enough
signal for detection in the spectrograph, the instrument will operate at light levels
that nearly fully bleach the visua pigments; dark adapted measurements will not
be possible. The new instrument will be described in detail in the next Chapter.
Table 2.1 gives a qualitative overview of the characteristics of the previous designs
and the proposed new instrument. The review given in this Chapter demonstrates the
novelty of the proposed concept. The new instrument will be discussed in relation to
the existing designs more extensively in the General Discussion (Chapter 7).



Chapter 3

Simultaneous M easurement of
Foveal Spectral Reflectance and
Cone Photoreceptor Directionality

N.PA. Zagers, J. van de Kraats, T.T.J.M. Berendschot, and D. van Norren

“Simultaneous measurement of foveal spectral reflectance and cone-photoreceptor
directionality”, Appl. Opt. 41 (2002), 4686-4696.

Abstract:

Aninstrument for simultaneous measurement of foveal spectral reflectance and cone-
photoreceptor directionality is described. The key element is an imaging spectro-
graph (spectral range of 420-790 nm) with its entrance dlit conjugate to the pupil
plane of a human eye. A 1.9-deg spot on the retinais sampled in 1 s. Video obser-
vation of the retina and the pupil facilitates proper alignment. Measurements were
performed on 21 healthy subjects. Model analysis of spectra provided densities of
photostable ocular absorbers. As an example, macular pigment and melanin are dis-
cussed in more detail. Spatia profiles exhibited the optical Stiles—Crawford effect,
reflecting cone-photoreceptor directionality.

17
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3.1 Introduction

The transparent media of the human eye allow non invasive probing of the fun-
dus with light. In the past decades, a large number of quantitative reflectometry
techniques has been developed.*® Two important quantifiable aspects of fundus re-
flectance are its spectral and directional properties. Model analysis of spectral re-
flectance provides densities of photolabile pigments such as cone visual pigment and
of photostable ocular absorbers such as macular pigment, lens, and melanin.® Liem
et al. provided areview of the clinical importance of visual pigment density.>® Re-
cently, there has been substantia interest in the photostable macular pigment. It is
suggested to reduce the risk for age-related macular degeneration.®>! Intervention
may be possible because macular pigment density has been demonstrated to increase
after dietary supplementation of lutein®13 and with consumption of spinach, corn, or
acombination of both.** The directional characteristics of fundus reflectance provide
information on the integrity of foveal cones, giving similar insights as obtained with
measurement of visual pigment density.® Assessment of cone integrity can serve asa
differential diagnostic in visual acuity loss of unknown origin.>® Reduced direction-
ality is associated with macular edema of various origin.”In this paper we describe a
new apparatus, the fovea reflection analyzer, that is capable of measuring both spec-
tral and directional properties of fundus reflectance simultaneously. The key element
is an imaging spectrograph, with its entrance dlit placed conjugate to the pupil plane
of an eye. Applications concentrate on the fovea, the fundus region corresponding to
the area of the visual field with the highest acuity.

Van Norren and Tiemeijer constructed a simple spectral reflectance model us-
ing two reflective and four absorbing layers.! The model was applied to spectral
reflectance at 14 wavelengths, obtained with a densitometer.>” Delori and Pflibsen
equipped a fundus camera with a spectrograph for measuring spectral reflectance of
a bleached retina.? They elaborated on the spectral reflectance model, an important
addition being scattering in the choroid. Following thisline of research, Delori build
a spectrophotometer, which measures spectral reflectance, and aso intrinsic fluores-
cence of the fundus.*® Kilbride et al. obtained fundus images with a tel evision-based
reflectometer at several wavelengths. Analysis of theimages reveal ed the distribution
of visual and macular pigment.3-38 The imaging ability is alarge advantage over the
other techniques; however, spectral resolution islimited. With imaging spectroscopy,
Hammer et al. achieved higher spectral resolution and maintained spatial resolution
along a bar-shaped field on the retina.>°

The second important property of light reflected from the fundus is its direc-
tionality. Stiles and Crawford demonstrated in a psychophysical experiment that the
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luminous efficiency of a narrow ray versus location in the pupil plane shows a bell-
shaped curve, with its maximum near the center of the pupil plane.® This is now
known as the Stiles—Crawford effect of the first kind (SCE 1). Reflectance exhibits a
similar bell-shaped dependence on location in the pupil plane, also with a maximum
near the center.1>2%.59 The psychophysical sce | and optical SCE originate from di-
rectional properties of the receptor cells and their alignment towards the center of the
pupil plane. Gorrand and Delori designed a photoreceptor alignment reflectometer
for measuring the distribution of reflectance in the pupil.®® The design was modi-
fied and improved by Burns et al.»® Both apparatus are capable of mapping the light
distribution in the pupil plane. Using a home-built scanning laser ophthalmoscope
(sL0),> DelLint et al. obtained retinal images while scanning the small entrance and
exit pupil configuration along a horizontal line in the pupil plane®® The images
showed the optical SCE versus location on the retina. Van de Kraats et al. simul-
taneously studied spectral and directional properties of fundus reflectance.® With a
densitometer®’ they were able to measure spectral reflectance versus location in the
pupil plane by jointly scanning a small entrance and exit pupil configuration. Van de
Kraats et al.2 added directional properties, and the properties of the visual pigment,
to the van Norren and Tiemeijer? reflectance model.

In summary, the devices mentioned above measured either spectral reflectance or
distribution in the pupil plane. Simultaneous measurement of both was not possible
yet. Van de Kraats et al.’s analysis required a series of measurements, and spatial
resolution in the pupil plane was poor.2 Both photoreceptor alignment reflectome-
ters'® 19 and the sLo used by DeLint et al.?>4’ contained a laser as the light source
and therefore yielded limited spectral information. In this present paper we describe
an apparatus for measurement of foveal spectral reflectance versus position on a hor-
izontal section of the pupil plane.

3.2 Apparatus

3.2.1 Oveview

A schematic representation of the experimental setup isdepicted in Fig. 3.1A. Retinal
and pupil planes are indicated with R and P and conjugate planeswith R’ and P'. In
some cases, adjacent elements or planes are drawn as asingle line. At the top right,
the entrance beam emerges from a lamp and passes lenses L1 through L4 and the
ophthalmic front lens L. The entrance beam defines a small entrance pupil in pupil
plane P and illuminates a small spot in the retinal plane R. Light reflected from the
eyeis captured by lens L. Separation of the reflected light from the entrance beam
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Lamp, P’
A R’
L11, L L1, L2, F
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P
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8mm 2.8° R

Figure 3.1: (A) Schematic of the apparatus; drawing not to scale. p, pupil plane; R, retinal
plane; P and R’, planes conjugate to P and R; Lamp, 30 W halogen lamp; L1-L11, lenses; F,
spectral filters; mp, mirror with central hole; L, ophthalmic front lens; Mm;, insertable mirror;
Li, insertable lens; v, video camera; Slit, dlit conjugate to p; Prism, direct vision prism; ccp,
cooled ccp camera. (B) pupil and retinal plane configuration. Left: The disk represents the
dilated pupil. The entrance pupil and bar-shaped exit pupil are drawn to scale. Right: The
illuminated field, with cross hairs for fixation, and the concentric sampled field.

is achieved with an ophthalmic mirror my,. The reflected light is either available for
observation with a video camera v, or for analysis with an imaging spectrograph.
The mode used depends on the position of an insertable mirror M;. The spectrograph
image is captured with a cooled integrating cCD camera.

The retinal and pupil plane configuration is depicted in Fig. 3.1B. In the retina
plane, the illuminated field measures 2.8 deg. The sampled field is concentric, and
measures 1.9 deg. This overlap ensures a complete illumination of the sampled field,
despite small errors in focus and aberrations in the optics of the eye. The cross wire
is centered on the illuminated field. In the pupil plane, the entrance pupil is placed
centered with and below the bar shaped exit pupil. Their separation is0.7 mm. The
bar is defined by the dlit of the spectrograph. To avoid confusion, the terms entrance
and exit are defined with respect to the eye, not the spectrograph.
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3.2.2 Entrance Beam

The entrance beam forms aMaxwellian view system, used for controlled illumination
of asmall spot on theretina. Animage of the coil of the 30 W halogen lampisrelayed
to the pupil plane with achromatic pairsL1, L2 and L3, L4, and the ophthalmic front
lens Lt (20 D, Nikon). The front lens can be moved in the direction of the beam
(zdirection) to focus on theretina. Eye reflectanceisfar lower in the blue wavelength
region than in the red. In the parallel beam between L1 and L2, glass filters F are
placed (FG3 and BG38, 3 mm both, Schott) to increase the ratio of blue over red light
and to block most of the infrared light. The intensity of the light entering the eye
is 1.10 x 108 Troland (Td). An aperture in plane P’ after L2 controls the size of the
entrance beam in the pupil plane to 0.8 x 1.2 mm (with the front lens focussed at
infinity). A cross wire for fixation is placed in plane R’ close to the lamp. Between
L3 and L4 the beam is again paralel. Another retinal conjugate plane R’ is available
here, where an aperture controlsthe visual angle of theilluminated field on theretina.
A 2.8 deg fidd is used for measurements. For alignment, the field angle is increased
to 16 deg. An additional green filter (vG9, Spindler & Hoyer) is then inserted to
increase contrast of the view. The intensity of the alignment beam is 3.35 x 10° Td.

3.2.3 Capturing Light Reflected from the Eye

Light reflected from the eyeis captured by lens Ls. Theretinal planeisimaged in the
focal plane of Ly, the pupil plane in the plane of my,. Light reflected from the eyeis
dim compared with the bright entrance beam. To avoid reflections from the cornea,
the entrance and exit light are separated with an ophthalmic mirror My, conjugate to
the pupil plane. When the entrance beam, which passes through the central hole
of Mp, is correctly focussed in the pupil plane, reflections from the cornea largely
disappear in the same hole. Light reflected from the eye is captured by the remaining
part of the mirror. This configuration allows observation of the entire pupil, except
for the part covered by the hole. Lens L isplaced dightly out of center and isdlightly
tilted to redirect reflections at the front and back glass—air interfaces out of the center
of the beam. In thisway, the reflections are blocked by theretinal apertureat R’ inthe
spectrograph and by a small mask on a glass plate in front of L10 in the observation
beam.

3.24 Video Observation of the Retina or Pupil

For alignment of the subject, a video observation channel is available. When the
mirror M; isinserted, lenses L5 and L 10 act together as arelay pair. Both the retinal
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and the pupil plane are relayed to between lens L10 and L11. Lens L, moved in or
out of the beam with a magnetic solenoid, controls which plane is focused on the
video camera chip v (vcB-3512P, Sanyo). Imaging the retina allows usto focus the
cross wire and observe whether the subject fixates correctly. Imaging of the pupil
alows us to observe the location of the entrance beam within the pupil and is also
used to achieve an optimal focus of the entrance beam in the pupil plane.

3.2.5 Imaging Spectrograph

When the mirror M; is removed from the beam, light is available for the imaging
spectrograph. When lenses L5 and L6 are combined, we can image the pupil plane
a infinity. In between L6 and L7, aretina plane R’ is available, where an aperture
controlsthe size of the sampled region on theretinato 1.9 deg. A dlit, 0.90 mm wide,
isplaced in the focal plane of lens L7, conjugate to the pupil plane. The dit defines a
horizontal bar-shaped exit pupil, which measures 0.8 x 12 mm in the pupil plane of
the eye (with the front lens focussed at infinity). The dlit isin the focal plane of lens
L8, which images it at infinity. The light traverses a direct vision dispersion prism
(Prism, Spindler & Hoyer, Part No. 331120). The spectral image is focused on the
chip of acooled ccb camera (ccD, ST-237, Santa Barbara Instrument Group). The
cameraisread out in 3 x 3 binning mode. The spectral image contains 213 pointsin
the spectral direction and 85 pointsin the spatial direction.

3.3 Methods

3.3.1 Calibration Frames

Reflectance was routinely calibrated with a surface painted with Eastman 6080 white
mounted at the end of a black, anodized tube.3 This painted surface was calibrated
against afreshly pressed BaSO, surface, which we considered the gold standard. The
white reference was placed at 445 mm behind the pupil plane and illuminated with
the measuring light. The front lens focus was adjusted to place the referencein areti-
nal conjugate plane. White reference frames calibrate the spectral output of the lamp,
transmission of the optics, sensitivity of the ccb camera, aswell as sensitivity varia-
tions among ccD camera pixels. To account for stray light in the apparatus and dark
current in the ccb camera, reference frames of adark cloth held at approximately 1 m
behind the pupil plane were taken. The integration time of the dark frames matched
the integration time of the measured spectrum and the white reference frame. White
and dark reference frames were obtained prior to each session. In case a refractive
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correction was required during the session, additional dark frames for the new posi-
tion of the front lens were obtained at the end of the session.

3.3.2 Calculation of Reflectance

Each 3 x 3 binned pixel on the ccp is a detective element, measuring counts at a
certain wavelength A within the range AA, and at a certain pixel position x in the spa-
tial direction. In this subsection, we derive an expression for calculating reflectance
R(A,x) from the number of counts in the measurement Cy (A, X), the white refer-
ence Cw (2, x), and matching dark references Cyp (A, X) and Cwp (A, X). R(A,X) isan
equivalent reflectance: all sources contributing to the reflected light are considered
as if they were diffuse reflectors.’ Let By (L) be the number of photons per sec-
ond in the entrance beam, at wavelength A within the range AL, either entering the
eye or faling on the white reference surface. Part of the photons will be reflected
and backscattered, forming a source of photons in the retinal plane. The number of
countsin a pixe is proportional to the photon flux through its detection area and the
integration time. The flux through the area Ap spanned by the detective element in
the pupil plane at distance d from the retinal plane, is proportional to Ap/d?. In the
measurement situation, the number of detected countsis given by
_ ROWX)YH'\O‘)tMAM 8(7\" X)

CM (7\, X) = 27'Cdgye —{—CMD(?L,X), (31)

with tyy the integration time of the measurement, Ay the detection area in the pupil
plane, and dgye the axial length of the eye. The constant vy is the ratio of the sampled
and illuminated areain the retina plane. S(A, x) is a sensitivity factor containing the
transmission of the optics, the quantum efficiency, and the gain of the ccb pixels.
The factor 2rt accounts for light being reflected into half of a sphere.

In the case of the BaSO,4 white reference surface, 99% of light in the range 400—
800 nm is reflected perfectly diffuse or isotropic into a half-sphere.?® A relation
similar to Eqg. (3.1) holds for the white reference images:

_ 0.99 YA (MtwAWS(A, X)
B 2nd2,

Cw (A, X)

+ CWD (7&, X), (3.2)

with ty the integration time, Ay the detection area in the pupil plane, and d¢ the
distance between the white reference and the pupil plane.
Combining Egs. (3.1) and (3.2), the percentage equivalent reflectanceis given by

tw Aw (deye)sz (A, X) —Cmp (A, X)
R(A,x) =099 — = ( =2C . 33
%) tm Av \ dret / Cw(A,X) —Cwp (A, X) (33
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The factor Aw/Awm, which accounts for changes in scale of the pupil plane with the
front lens position, is calculated from pixel scale Spix as (S:|X7W/SD|X7M)2 (for cali-
bration of Spix, see Subsection 3.3.3). The axia length of the eye dgye is calculated
from the front lens focal adjustment. It is assumed that the cornea and eye lens can
be treated as a single flat lens with focal distance 22.29 mm?® and that all ametropia
can be attributed to avariation in axia length of the eye.

An estimation of the error in the reflectance value starts with calculation of the
error in the raw pixel data:

1
_ 2
o= (RN%%) , (3.4)

where RN is the read noise of the camerain counts, N is the number of counts read
from the pixel, and B is the bias level of the camerain counts. Typica values are
RN = 12, N in the range 150-5000, and B = 100. The factor 3 accounts for 3 x 3
on-chip binning. When the appropriate error propagation mathematics and Eq. (3.3)
are used, an error is attributed to the reflectance.

3.3.3 Spectral and Spatial Calibration

For spectral calibration of the spectrograph, images of a mercury lamp illuminating
the wall opposing the setup were obtained. Pixel positions of seven lines were deter-
mined [wavelengthsin air: 435.8, 491.6, 546.1, (577.0+579.1) /2, 623.4, 690.8, and
772.9 nm].%% The wavelength range covered by the spectrograph was 420-790 nm.
Dispersion strongly depended on wavelength. At 420 nm the spectral range covered
by one 3 x 3 binned pixel was approximately 0.4 nm; at 760 nm it was approximately
6 nm. For calibration of pixel scale Spix, atransparent film containing periodic ver-
tical dark bars was placed in the pupil plane. Images of the wall opposing the setup
revealed the periodic pattern, which enabled us to scale the pupil plane to ccp pix-
els. Scale was calibrated for the complete range of front lens settings. With the front
lens focussed at infinity, one 3 x 3 binned pixel corresponded to 0.14 mm in the pupil
plane. Prior to the calcul ation of reflectance, theimages were binned and interpol ated
to 5 nm spectral and 0.1 mm spatial resolution to correct for the nonlinear dispersion
of the prism and variable scaling of the pupil plane.

3.3.4 Protocol

The research followed the tenets of the Declaration of Helsinki and was approved by
the local Medical Ethics Committee. The purpose was explained at the beginning
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of the experiment, and written informed consent was obtained. The pupil of one
eye was dilated with one or two drops tropicamide 0.5%. A chin rest and temple
pads, connected to a headrest, were used to maintain head position. The headrest
can be adjusted in three dimensions. This alowed us to focus on the pupil plane
and to position the entrance beam within the pupil. Subjects were instructed to fixate
the cross wire at al times. For adjustment of the headrest, the large field with an
additional green filter was used. With the large field the pupil lit up more brightly,
focus in the pupil plane was more critical, and a larger part of the retina could be
seen. The entrance beam was focused in the pupil plane. Care was taken to avoid
reflections from the corneal surface of the eye. Fixation was checked in the retinal
image. If required, the front lens focus was adjusted. During focal adjustment the
headrest was moved as well to maintain a good focus in the pupil plane.

We then searched the maximum in the directional reflectance (e.g., the maximum
of the sCE) using the measuring field. During the search, we continuously read the
spatia profiles near 540 nm from the ccb while discarding the remaining part of the
data, thereby achieving a short readout time. Integration time was reduced to 0.25 s.
At 540 nm the directional reflectance shows up prominently. In the horizontal direc-
tion in the pupil plane (along the spectrograph dlit) the maximum position is readily
observed in a profile plot on a computer display. The maximum in the vertical direc-
tion wasfound by amanual search. Whilewe scanned vertically, the latest profile was
compared by eye with the highest profile till then. The search typically took approx-
imately 2 min. In this period, visua pigments are bleached away at approximately
97%.%> At the optimal entrance position five spectra were obtained. Prior to each
measurement, subjects were instructed to blink once, keep their eyes wide open, and
fixate on the cross wire. Integration time was 1.0 s. The entire procedure described
above, apart from the cross wire focused on the retina, was repeated five times to test
repeatability. Settings of the headrest were changed on purpose in between two runs
to increase independence.

335 Subjects

All subjects (n = 21) were Caucasian, unfamiliar with any eye disease, and had no
complaints on visual acuity. The majority [n = 15 (12 females)] fell in the age group
18-27; the mean age was 22. Six of the subjects (male) were aged 40-74. The six
older subjects can be considered experienced observers, whereas the younger subjects
were all naive subjects. Fourteen subjects had no refractive correction. For the other
cases, refraction wasin therange —1.5to0 —4 D, except two older subjects having —6
and —7D.
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Figure 3.2: Image of foveal spectral reflectance (female subject, age 20). Surface height
represents the equivalent reflectance of the fovea, expressed as a percentage on alogarithmic

scale, versus wavelength and position in the pupil plane. Tempora (T) and nasal (N) side are
indicated.

3.4 Reaults

3.4.1 Reflectance Spectrum Image

An example of an image of two-dimensional reflectance is presented in Fig. 3.2 (fe-
male subject, age 20). Figure 3.2 shows the equivalent reflectance of the fovea, ex-
pressed as a percentage on alogarithmic scale, versus wavelength and location in the
pupil plane. Temporal (T) and nasal (N) sidesareindicated. Theimage can belooked
a in two ways. first, as spectral reflectance versus location in the pupil plane, and
second, as an optical Stiles-Crawford profile versus wavel ength.
Adopting the first view, the characteristics of spectral fundus reflectance are rec-
ognized: a decrease toward short wavelengths, with steeper decrements at 590 nm,
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510 nm, and at the lowest recorded wavelengths.1 361 At the longest wavelengths,
ocular pigments, except melanin, are fairly transparent. Below 590 nm, light is ef-
ficiently absorbed by blood. The contribution to reflectance from deeper, blood rich
layers diminishes, causing the first decrement. Reflectance below 590 nm mainly
originates from the receptor cell layer.3 The second decrement at 510 nm is due to
macular pigment. The latter also causes a shallow dip near 460 nm. Absorption by
the crystalline lens causes a decline at the shortest recorded wavel engths.

The optical SCE is best observed in the region 510-590 nm. The profile near
540 nm, indicated by the thick line in Fig. 3.2, presents a typical example. Re-
flectance shows a bell-shaped dependence on position in the pupil plane, with a max-
imum slightly on the nasal side of the pupil center.1>:16.18-20 At |onger wavelengths,
the directional part of the reflectance dissolvesin the much larger nondirectiona part.
At shorter wavelengths, absorption by the macular pigment and the crystalline lens
leaves the bell shape intact, but strongly reduces the amplitude of the directional re-
flectance.

3.4.2 Spectral Intersections

For each measurement, the spectrum at the pupil position with the highest reflectance
at 540 nm was selected (e.g., the spectrum indicated with a thick line in Fig. 3.2).
We fitted the spectra with the van de Kraats et al. fundus reflectance model using a
least-squares method.®%2 Each data point was assigned a weight of 1 over its error
squared. The model describes radiation transfer in the eye with alimited number of
reflecting, absorbing, and scattering layers. Spectral properties of the absorbers are
taken from the literature. Eight parameters were optimized: reflectance from disksin
the outer segments of the photoreceptors Ry, at the inner limiting membrane Rijm,
at the cornea Ryomea, the optical densities of melanin Diea, macular pigment Dmac,
the aging component of the lens Djens_a, the thickness of the blood layer Thygod,
and a parameter accounting for scattering in the choroid Dgg. The parameter Reornea
was added to the model. Visua pigment density was assumed zero, and the Stiles—
Crawford parameter SC was set at unity. Values for other fixed parameters and a
detailed description of the mode! are given in the original paper.3

A sample (n = 5) of spectral reflectance curves spanning the full age range is
shown in Fig. 3.3A. The solid curves represent moded fits. The effect of an increase
in lens absorption with age is apparent from the downward trend with age of the
spectra below 500 nm. Deviations between the data and the model are largest below
425 nm. Here, both reflectance and the power of the entrance beam are low, resulting
in alow signal-to-noise ratio. The mean of all spectra (n =5 x 5 x 21) is depicted
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Figure 3.3: (A) Spectral intersections at the pupil position with maximum reflectance at
540 nm. Five subjects spanning the full age range are presented; gender and age areindicated.
Vertical bars indicate the error associated with each point (hardly discernable and absent for
most points). The solid curves represent model fits. (B) Mean reflectance spectrum (solid
curve), together with data from Delori and Pflibsen? (1989) and van de Kraats et al.3 (1996).
In the mean spectrum, small dips that are due to macular pigment are present at 460 and
490 nm.
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Table 3.1: Spectra reflectance data. A, wavelength; R, mean reflectance; SD, relative
between-subjects standard deviation, i.e., the standard deviation of the subject means divided
by the mean; RE, relative error

A(hm) R(%) SD RE(%) A(m) R(%) SD RE (%)
420 0115 039 17 500 162 016 10
430 0162 044 57 600 208 017 10
440 0207 045 3.4 610 231 017 11
450 0210 045 28 620 259 018 1.1
460 0219 044 22 630 281 018 18
470 0262 043 18 640 305 018 20
480 0294 041 1.4 650 328 018 22
490 0332 039 13 660 353 018 23
500 0476 034 1.1 670 377 018 16
510 0742 028 085 680 401 018 22
520 104 025 075 690 426 017 15
530 121 024 068 700 447 017 22
540 129 023 065 710 461 017 25
550 133 021 056 720 469 016 3.1
560 137 020 068 730 471 017 40
570 139 019 077 740 464 016 58
580 142 018 094 750 453 016 90

with asolid curvein Fig. 3.3B, together with data from the literature (squares, Delori
and Pflibsen;? circles, van de Kraats et al.®). The mean data are also presented in
Table 3.1, together with relative standard deviations, i.e., the standard deviation of
the subject means divided by the mean of subject means. Also given is the relative
error, which was first calculated for each subject from the mean of the estimated
measurement errors and mean of 25 spectra and then averaged over subjects.

Table 3.2 gives a summary of the results of the spectral model fit. The parameter
mean is the mean of 21 within-subject mean values. The standard deviation oy is
the standard deviation of the subject means with respect to the parameter means.
Puvin and Puax arethe lowest and highest within-subject means. In some cases Py n
reached zero. Thiswasthelower limit set in thefit algorithm. Apart from estimations
for the best fit, the Levenberg—Marquardt method returned 68% confidence intervals
for the fitted parameters.5> The mean of 21 for the within-subject mean confidence
interval estimationsisalso shownin Table 3.2. The study design of five measurement
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Table 3.2: Spectral model (Top) and Stiles—Crawford parameters (Bottom). PM: parameter
mean; on: between-subject standard deviation; Pyin, Puax: lowest and highest within-
subject mean; Cl: mean of confidence interval estimations; CRt, CRs, CRy: coefficients of
repeatability for the total, within the series, or between the series standard deviation. (N) and
(T) stand for nasal and temporal.

PM oN Pun  Puax Cl CRr CRs CRpm
Dacat 0.20 0.041 011 027 0.0066 0014 0.010 o0.010
Thpigod (Um) 68 18 29 104 6.5 15 12 10
Dinda 1.1 011 095 14 0.022 0.045 0.033 0.032
Raisk (%) 2.8 050 16 35 0050 054 030 047
Dmac 0.45 011 028 064 0.010 0084 0.071 0.047
Riim (%) 0034 0052 O 0.20 8.6 0.049 0.039 0.029
Diens—a 0.11 012 O 048 0.032 0.058 0.043 0.039

Reomea ()  0.043  0.028 O 0.10 45 0.029 0.024 0.017
Xc (mm) 043N 063 13N 13717 00063 020 013 0.16
p (mm2) 0.17 0.037 012 0.23 00037 0036 0.024 0.028

A (%) 0.77 025 030 114 00060 022 010 0.20
B (%) 0.52 0.080 035 0.65 00058 0.084 0.062 0.059
A/B 15 046 070 24 0026 052 029 045

series with five replacements allowed an estimation of (1) the total standard deviation
oT, (2) the standard deviation with respect to the mean of series cs, and (3) the
standard deviation of the mean of seriesoy. The coefficient of repeatability isdefined
as the 95% range for the difference in two repeat measurements.®® The coefficients
followed from the mean values of 67, 65, and oy after multiplication by 2v/2.

Figure 3.4 gives an impression of the model predictions for single measurements.
Figure 3.4A shows 25 macular pigment density (Dmac) estimates for all 21 subjects.
Dmac is known to vary substantially between subjects. The within-subject variability
is occasionally large. Six subjects had experience in this type of experiment (1, 3,
12, 13, 17, and 21). They generaly showed low variability. In some of the other
subjects, variability was equally low (e.g., 2, 10, and 11). Others, however, show a
large variability (e.g., 9 and 19). Fig. 3.4B isasimilar scatterplot for melanin density
(Dmmea). For melanin, within-subject variation is much smaller compared with Dpyac.
The stability of the melanin dataindicates that the high Dy Variability is not related
to instrumental errors or head instability of the subject. A probable explanation is
givenin Section 3.5.
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Figure 3.4: (A) Macular pigment (Dmac) and (B) melanin density (Dinga) estimates for all
25 measurements per subject. For macular pigment, both between- and within-subject varia-
tions are large. For melanin they are much smaller. Macular pigment for the within-subject
variation is markedly different between subjects; e.g., subject 11 hasllittle variation, whereas
for subject 9 the data are highly scattered. The latter subject had difficulties maintaining rigid
fixation during alignment.

3.4.3 Spatial Intersections: Stiles—-Crawford Effect Profiles
For each measurement, the profile at 540 nm was selected and fitted with

R(X) = B+ A10 P, (3.5)

with R the percentage reflectance, x the location in the pupil plane in millimeters,
B the nondirectiona background reflectance, A the amplitude of the directional re-
flectance, p a measure for the peakedness, and x. the center position.’*2° The fit
used a least-squares method with each data point assigned aweight of 1 over itserror
squared.®? Dataincluded in the fit met two conditions: distance to either of the pupil
edges more of than 1 mm and distance to the entrance beam of less than 3 mm.
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Figure 3.5: Profiles at 540 nm demonstrating individual differencesin the optical sCE. Data
are for the same subjects as in Fig. 3.3A; gender and age are given. Solid curves represent
fitsto the data. Nasal (N) and temporal (T) side are indicated. Pupil edges are recognizable
as the sharp drops in the region 3-4 mm. Maximum reflectance shows up near the center of
the pupil, with atendency toward the nasal side.

Optical scE profilesat 540 nm (n=5) are shown in Fig. 3.5 for the same subjects
asinFig. 3.3A. The solid curves represent fits with Eq. (3.5). At the pupil edges, the
profiles drop to zero. The edge of the pupil may span numerous pixels when the bar
is far below or above the pupil center because the vertical width of the bar is much
larger than the horizontal width of the pixels. As usual, the maxima show up near the
pupil center, with atendency to the nasal side.’®2° Table 3.2 gives a summary of the
SCE parameter fit results (see explanation in Subsection 3.4.2).

3.5 Discussion

3.5.1 General Discussion

We have demonstrated the feasibility of simultaneous measurement of spectral and
directional fundus reflectance. Both aspects hitherto have been studied separate-
ly.1-3,15-20,31,50,59,61 The course of the spectra and directional aspects agree with
earlier results. In the model by van de Kraats et al. differences between spectra ob-
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tained at the maximum of the optical Stiles-Crawford effect and 2 mm nasally were
fitted with a single parameter.> The model lacks a quantitative relation between the
single parameter and the position in the pupil plane. Furthermore, the model assumes
simultaneous scanning of the entrance and exit pupil. In contrast, we aigned the en-
trance pupil with the maximum of the SCE and obtained spectra for a range of exit
pupil positions. Thus the van de Kraats et al. model as it is cannot be applied to
entire spectrograph images. To our knowledge, other models including both spectral
and directional fundus reflectance are not available. For a more detailed comparison
with the literature, intersections of the data set were analyzed: spectra at the pupil
position with the highest reflectance at 540 nm and profiles at 540 nm.

3.5.2 Mean Spectrum

In Fig. 3.3B, the mean spectrum (solid curve) is compared with literature data. Dif-
ferences between the spectra depend on (at least) three factors: composition of the
population, size of the illuminated and sampled retinal field, and configuration of the
entrance and exit pupil. The large differences between subjects are apparent from
Fig. 3.3A, with the largest variation below 500 nm. There is a strong influence of
age on the spectra, as absorption in the crystalline lens increases with age.* Delori
and Pflibsen measured subjects aged 22—38 years.? The lack of older subjects may
explain the somewhat higher reflectance below 500 nm.

Above 600 nm, a strong dependence on illuminated field size is expected. At
the longest wavelengths, where blood does not absorb, light scatters laterally in the
deeper fundus layers.3 Hence, the larger the illuminated field size, the larger the
reflectance. Delori and Pflibsen illuminated 5 deg and sampled 1.2-1.6 deg.? Van
de Kraats et al.® illuminated 1.9 deg and sampled 1.6 deg. In the present study,
field sizes were 2.8 and 1.9 deg. As can be seen in Fig. 3.3B above 600 nm, the
reflectance slightly raises with the increment from 1.9 to 2.8 deg, whereas the leap to
5 deg substantially increasesthe reflectance in the red. Below 500 nm, field sizesalso
influence the spectra. Macular pigment is highly concentrated toward the center of
the fovea.?®32 The dightly larger sampled retinal field in the present study reduces
macular pigment content and gives rise to higher reflectance in the blue part of the
spectrum. The agreement in the range 520-590 nm is rather remarkable. The present
mean spectrum was selected at the Stiles—-Crawford maximum. The corresponding
pupil plane configuration is similar to the one used by van de Kraats et al.:3 small,
closely separated entrance and exit pupils. Both are sensitive for directiona reflec-
tion, and spectra are equally high. Delori and Pflibsen? used a modified Zeiss fundus
camera, which uses a rather large annular entrance pupil and a concentric circular
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exit pupil, and should be less sensitive to the directional light. Madification of this
arrangement was not reported. It is therefore unclear why the latter spectrum is as
high as the other two. Perhaps there is a difference in the absolute calibration of the
spectra.

Below 630 nm, mean relative errors in Table 3.1 are smaller than obtained by
van de Kraats et al.> The errors are larger at longer wavelengths. Van de Kraats
et al.® included both instrumental errors and errors due to instability of the subject.
In this study, integration time was short, largely eliminating errors that were due to
movement of the subject. The errors are largest below 430 nm, where the output of
the lamp drops and reflectance is low, and above 730 nm, where the spectral filters
block almost al deep-red and infrared light.

3.5.3 Spectral Model Results

The results of the spectral model fit are given in Table 3.2. Parameters are discussed
asin the Table 3.2, upward from the sclera. Deep scatter 10ss Dy Was 0.20, sightly
less than 0.23 found by van de Kraats et al.2 The mean thickness of the blood layer
Thyiood Was 68 um. Van de Kraats et al. found 22.7 um,® and Delori and Pflibsen
found 168 pm.? Delori and Pflibsen used a model with a Kubelka-Munk scattering
description of the deeper layers.? Thisincreased the estimated blood layer thickness.
Melanin density Dmea (1.1 a 500 nm, range 0.95-1.4) is comparable to the densities
found by van de Kraats et al. (1.32 at 500 nm, 0.98-1.68).3 Delori and Pflibsen found
ahigher mean and a much larger range (2.13 at 500 nm, 0.19-7.9).? The former two
studies contained only Caucasians, the latter included two Blacks with three to four
times higher melanin content. This probably explains the differences at the high end
of the range.

Receptor disk reflectance Ry« cannot be discerned from a reflecting layer at the
level of the retinal pigment ephithelium in a single bleached spectrum at the Stiles—
Crawford maximum. The arguments for attributing reflectance at this level in the
retina to the disks in the receptor outer segments are given by van de Kraats et al.®
Mean disk reflectance was 2.8%, similar to van de Kraats et al., who found 2.75%.3
The results can aso be compared with the retinal pigment ephithelium reflectance of
2.3% in the model by Delori and Pflibsen.?2 The high mean disk reflectance demon-
strates the effectiveness of alignment with the Stiles-Crawford maximum. Mean
macular pigment density Dyac Was 0.45 at 460 nm, with arange of 0.28-0.64. Van
de Kraats et al. found higher values (0.54 at 460 nm, 0.42-0.83).3 As stated above,
this was caused when a smaller retinal field was sampled. Delori and Pflibsen found
lower values (0.21 at 460 nm, 0.12-0.31).? In a more recent paper, Delori et al. re-
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ported 0.23 for a reflectometric method (sampled field of 2 deg).®> With a method
based on the autofluorescence of lipofuscin, a fluorophore posterior to the macular
pigment, they found 0.48 (sampled field 2 deg).® The cause for the low reflec-
tometric values may reside in their model because it lacks reflectors anterior to the
macular pigment, e.g., inner limiting membrane and cornea. Accounting for light that
is reflected posterior to the macular pigment gives a higher macular pigment level.
Berendschot et al. studied the effect of lutein supplementation on Dy in eight male
subjects with a reflectometer and a sLo.™® At baseline, mean Dmae Was 0.47 for the
reflectometric and 0.26 for the sLo technique.

Reflectance from the inner limiting membrane R, issmall and problematic to fit.
In many cases the parameter reached the lowest allowed value of zero. Mean R, was
0.034%; even the maximum 0.20% is lower than the mean R, of 0.26% found by
van de Kraats et al.2 They also included data from dark-adapted spectrain the model
fit. Undoubtedly, this allowed a better estimate of Rj,. The mean age-dependent
lens density Djens—a, added with an age-independent density 0.31, gives a mean lens
density of 0.42 at 420 nm, with arange of 0.31-0.79. For some of the young subjects,
Diens—a reached the lowest allowed value of zero. As expected, Diens_a Showed a
trend with age (data not shown). Van de Kraats et al. found a lens density of 0.54
at 420 nm, with a range of 0.42-0.83 for subjects aged 20-51 years, 32 years on
average.® Delori and Pflibsen found alens density of 0.66 for a group of 10 subjects
aged 22-38 years, with an unknown mean.? The latter result is fairly high given the
age of the subjects. The aging algorithm by Pokorny et al. predicts atotal lens density
at 420 nm of 0.66 at age 22, 0.73 at age 32, and 0.89 at age 50.5* Compared with
these values, reflectometric methods produce systematically low values. Reflectance
from the cornea Ryomea Was on average 0.043%. Thisislow in the absolute sense, but
isof equal magnitude as light that is reflected from the fundus at wavelengths bel ow
500 nm, especially in older subjects, eg., see Fig. 3.3A.

The mean confidenceinterval states how accurately parameters are determined in
the model fit. A large confidence interval indicates large measurement errors or bad
convergence of the fit. For most parameters, except Rijm and Regrnea, the confidence
interval was smaller than oy and the range Py n to Puax. Apparently, in some cases,
Riim and Reomea did not strongly contribute to reflectance and were attributed to alarge
error. The weakness of the current model is that sometimes parameters are optimized
in the fit while being insignificant or that parameters reach the lower (physical) limit
Set to zero.

The coefficient of repeatability derived from the total standard deviation CRy
contains the total experimental error. CRy was smaller or hardly larger than oy and
smaller than the range Pyn to Puax. This meansthat the measurements discriminate
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well between subjects. CRy is much larger than the confidence interval for Dpysc and
Rais- Thisindicates that the uncertainty in Dmge and Ry results mainly from exper-
imental errors. A high within series CRs points to errors in fixation and movements
of the subject. Between series, CRy is mainly connected to errors in the alignment
procedure. For Rgis, CRy is largest; most variation is due to variation in alignment
ontheoptical Stiles—Crawford maximum. For Dpnac, CRs islargest. Macular pigment
is highly concentrated toward the center of the fovea.?®>3? This makes Dy Sensi-
tive to errors in fixation. The influence of fixation was illustrated in the scatterplot
in Fig. 3.4A. Experienced subjects showed low variability; and for some inexperi-
enced subjects (e.g., 9 and 19), variability was large. Figure 3.4B demonstrates that
variability in melanin is similar for all subjects. The distribution of melanin pig-
mentation near the fovea is much smoother than for macular pigment.3! Therefore
melanin will not be influenced as strongly by fixation errors aswill macular pigment.
With further automation of the setup and optimization of the protocol, an improve-
ment in the assessment of macular pigment might be expected. It iscrucial to observe
fixation just before each measurement. Coefficients of repeatability for macular pig-
ment, achieved by Berendschot et al., were 0.27 for a reflectometric technique and
0.17 with a sLo based technique.® Despite the problem with fixation, the present
coefficient of repeatability 0.084 was better.

3.5.4 StilesCrawford Profiles

Profiles at 540 nm clearly showed the optical sCE. The profiles were fitted with the
commonly used Gaussian model [Eq. (3.5)]; results are given in Table 3.2. The re-
sults are discussed in relation to three earlier studies. Gorrand and Delori scanned
the pupil plane with asmall exit and entrance pupil configuration.'® A 3-deg retinal
field was illuminated with 543 nm He-Ne light, and the central 2 deg were sampled.
Burns et al. used a small entrance pupil and imaged the entire pupil plane on a ccb
camera.’® A series of images was obtained for several entrance pupil positions. The
image with the highest directional reflectance was selected afterwards. A 2-deg reti-
nal field was illuminated with 543 nm He—Ne light, the central 1 deg was sampled.
DeLint et al. used an SLo with asmall entrance and exit pupil configuration.® The
horizontal meridian of the pupil plane was scanned with both pupils, and retinal im-
ageswere obtained in 514 nm argon light. The series of images show the optical sCE
versus location on the retina. The difference in wavelength with the other studiesis
considered of minor influence.

In the present study mean x. was 0.43 4+ 0.63 mm nasal (given are the mean pa-
rameter plus or minus o). Gorrand and Delori reported 0.86+ 0.84 mm nasal,*® and
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DeLint et al. reported 0.23+0.41 mm nasal .2° In the scatter plot of x. given by Burns
et al., the trend to the nasal side is also present.!® The dlight tendency toward the
nasal sideiscommon to all studies. Our mean peakedness p was 0.174-0.037 mm2,
When compared with the results by Burns et al.,’® 0.0813+ 0.013 mm~2, this is
on the high side. The higher p may result from the larger field size (1.9 versus
1.0 deg) because, for small angles, p increases with eccentricity.?® Gorrand and
Delori'® and DeLint et al.?® use a double scanning method that results in a higher p:
0.204 + 0.035 mm~—2 and 0.226 + 0.049 mm~2 for the central 2 x 2 deg of the SLO
images. For a more detailed discussion on the differences in p between the differ-
ent techniques, see Marcos and Burns?® and Berendschot et al.% Mean ratio A/B
of directional light A over the nondirectional background B was 1.5+ 0.46. Thisis
lower than for Gorrand and Delori, who reported 2.59 + 0.82,'8 and by DeLint et al.
who found 4.9+ 1.8.2° The latter authors used a small aperture confocal to the SLO
spot on the retina, which strongly suppresses the diffuse background component that
is present with larger fields. With a 1.3 deg confocal aperture their, mean A/B de-
creased to 3.0. Interpretation of the confidence interval, CRr, CRs, and CRy was
discussed above in Subsection 3.5.3. The confidence intervals are small compared
with the natural variation. The experimental errors CRy are much larger. Discrimi-
nation between subjects was reasonable. For directional reflectance A, CRy is much
larger than CRs. Variation in A mainly originates from alignment on the optical sCE
maximum, similar to Ry« (see Subsection 3.5.3).

3.6 Conclusion

Simultaneous measurement of spectral and directional reflectance with asimple chin-
rest and headrest proved possible. A video observation channel and afast method for
optimization of the optical sce at 540 nm allowed alignment with respect to the ap-
paratus and on the Stiles—Crawford maximum within a few minutes. Application of
a short integration time reduced errors that were due to movement of the subject.
Spectral analysis provided densities of photostable ocular absorbers such as macular
pigment, lens, and melanin and reflectivity of the disks in the outer segment of the
cone receptor cells. Analysis of spatial profiles delivered Stiles-Crawford parame-
ters. Use of all data, not just one spectrum, awaits extension of the fundus reflectance
model. Errorsin fixation were found to be the main source of within-subject variation
in macular pigment density. This might be avoided if fixation is checked just prior to
the measurement. The new apparatus provides a novel diagnostic tool. It might also
greatly facilitate epidemiological studies of ocular pigments.
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Chapter 4

Wavelength Dependence of
Reflectometric Cone
Photoreceptor Directionality

N.PA. Zagers, T.T.J.M. Berendschot, and D. van Norren

“Wavel ength dependence of reflectometric cone photoreceptor directionality”,
J. Opt. Soc. Am. A 20 (2003), 18-23.

Abstract:

We present evidence for the wavelength dependence of the directionality of light re-
flected from cone receptor cells (optical Stiles—Crawford effect): Blue light is more
directional than red. According to the waveguide-scattering model of Marcos et al.
[J. Opt. Soc. Am. A 15, 2012 (1998)], directionality is the sum of awaveguide com-
ponent and a scattering component. The latter is proportiona to 1 over wavelength
squared, and it is related to the row-to-row spacing of the cone lattice. Our results
alow afirm confirmation of Marcos et al.’s theory. For a 1.9 deg foveal area, group
mean (n = 18) cone spacing was 3.42 um, in good agreement with anatomical data.
Group mean waveguide directionality was 0.077 mm—2,
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40 CHAPTER 4. DIRECTIONALITY VERSUS WAVELENGTH

4.1 Introduction

Stiles and Crawford discovered that light entering near the center of the pupil is per-
ceived brighter, compared with light entering at the edge.3® Relative luminous effi-
ciency showed a bell-shaped dependence on the entrance beam location in the pupil
plane, with amaximum near the center of the pupil. Thisphenomenonisgeneraly re-
ferred to asthe psychophysical Stiles—-Crawford effect of the first kind (SCEe 1). Light
reflected from cone receptor cells exhibits an optical counterpart of the sce 1.1523
In atypical experiment a narrow beam enters near the pupil center and illuminates a
small spot on the reting, centered with the fovea. The visua pigments are bleached
away. Thedistribution of light reflected and scattered from the retinais then recorded
inthe pupil plane. Reflectance shows abell-shaped directional component, again with
amaximum near the center of the pupil. The directional component originates from
the cone receptor cells.® In addition, light scattered in other layers, e.g., the choroid,
givesriseto aconstant background, filling the entire pupil. The directionality of light
reflected from cone receptor cellsis referred to as the optical Stiles—Crawford effect
(optical scE).

In the fovea, cone receptor cells are tightly packed, with their long axes pointing
toward a location near the center of the pupil.?* From the ScE 1 it follows that light
entering near thislocation, traveling parallel to the receptor’slong axis, ismore effec-
tivein éiciting avisual response compared with light from the pupil edges, impinging
on the receptors under aslight angle. Directional sensitivity has been attributed to the
antenna and/or waveguide properties of the receptors,®-%° and leakage of light out of
the receptors at oblique incidence.® 7° Optical reciprocity states that the emitting and
receiving characteristics of an antenna or waveguide are equa. This argument has
been used extensively to explain the similarities between the sce | and the optical
SCE. The main discrepancy between the two phenomenais that the psychophysical
SCE | distribution is broader compared with the optical sCe one. Gorrand and Delori
proposed that some of the modes excited in a photoreceptor waveguide are poorly
excited backward.”* Their model calculations predicted a higher directionality for
the optical SCE. Berendschot et al. predicted that optical SCE directionality does not
depend on wavelength, although evidence for their model curve was limited to data
from five subjects, at two wavelengths.®®

It may seem that the comprehension of the sce | and the optical SCE in terms of
waveguides is fairly complete. However, Marcos et al.?? and Marcos and Burns®
introduced a new factor. They treated reflectance from the layer of receptor cells as
scattering from a rough surface. Each receptor outer segment can be considered a
Separate source contributing to reflectance in the pupil plane, with a random phase
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difference that is due to random differences in outer segment length. The resulting
far-field distribution of light in the pupil is again bell-shaped, in particular, a Gaus-
sian. Light scatters preferentially in the direction of the photoreceptor long axes,
which explains the alignment with the psychophysical sce 1. To account for the emit-
ting pattern of the cones, one must multiply the scattering distribution with a second
Gaussian. The shape factor or directionality of the resultant Gaussian distribution is
given by

P(X) = pug(h) + pecatt (M), (4.1)

where A is the wavelength, pyg is the waveguide component, and psca is the scatter-
ing component.?223 The scattering component was predicted to be proportional to 1
over wavelength sguared and should be related to row-to-row spacing s of the cone
lattice. With two types of experiment, differently sensitive for the two components,
Marcos and Burns managed to separate the waveguide component and the scattering
component. This alowed them to test the predicted dependence on wavelength and
to estimate cone spacing.?® Because the technique was quite |aborious, experiments
were limited to three subjects and two wavelengths.

We recently described an apparatusfor simultaneous measurement of spectral and
directional reflectance (Chapter 3).”? In the present paper we used the same database
to determine whether the shape factor p depends on wavelength. The results allow a
firm confirmation of the theory presented by Marcos et al.?? and Marcos and Burns.?
In addition, we compared resulting data on cone spacing with anatomical values.

4.2 Methods

4.2.1 Instrument, Subjects, and Protocol

Theinstrument, subjects, and protocol have been described in detail el sawhere (Chap-
ter 3).”2 The essentials are summarized below. The key element of the instrument
is an imaging spectrograph with its entrance dlit conjugate to the pupil plane. The
spectral range of the spectrograph is from 420 to 790 nm. The dlit of the spectro-
graph defines a 0.8 x 12 mm exit pupil, placed over the dilated pupil of the subject.
The coil of a 30 W halogen lamp is relayed to the pupil plane of the eye, defin-
ing a 0.8 x 1.2 mm entrance pupil. The intensity of the light entering the eye is
1.10 x 10° Td. The entrance pupil is placed centered with, and below, the bar-shaped
exit pupil. Their separation is 0.7 mm. A 2.8 deg spot centered on the foveaisil-
luminated. The subject fixates on a central cross wire. The central 1.9 deg of the
illuminated spot is sampled. The spectral image is focused on the chip of a cooled
CCD camera. The front-lens focus setting provides an estimation of the axial length
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of the eye, under the assumption that all ametropiais caused by an error in the axia
length of the eye. A chin rest and temple pads connected to a headrest were used to
maintain head position.

For calibration purposes, white and dark reference frames were obtained in each
session. For each pixel, the counts in the measurement and reference frames were
converted into an equivalent percentage reflectance R and an estimate of the error
in reflectance. Prior to the calculation of reflectance, the images were binned and
interpolated to 5 nm spectral resolution and 0.1 mm spatial resolution. The array of
reflectance val ues can be looked upon as pupil profiles exhibiting cone photoreceptor
directionality versus wavelength.

All subjects (n = 21) were Caucasian, unfamiliar with any eye disease, and they
had no complaints on visua acuity. The majority (n= 15, 12 females) fell in the
age group of 18-27, mean 22. Six subjects (all male) were aged from 40 to 74.
The six older subjects can be considered experienced observers, whereas the younger
subjects were al naive subjects. Fourteen subjects had no refractive correction. For
the other cases, refraction was in the range from —1.5to —4 D, except for two ol der
subjects having —6 and —7 D. The research followed the tenets of the Declaration
of Helsinki and was approved by the local Medical Ethics Committee. The purpose
was explained at the beginning of the experiment, and written informed consent was
obtained.

The pupil of one eye was dilated with one or two drops of tropicamide 0.5%.
Subjects were instructed to fixate on a cross wire centered on the illuminated field at
al times. The entrance beam was focused in the pupil plane by moving the headrest
in the z direction. Fixation and front-lens focus were checked in the retinal image.
Thereafter the pupil location in which directional reflectance is maximal (e.g., the
maximum of the optical SCE) was searched for. The search typically took approxi-
mately 2 min. In this period, 97% of the visual pigments were bleached away.?> At
the optimal entrance position, five spectrawere obtained. Integration timewas 1.0 s.
The procedure described above, apart from dilatation and adjustment of retinal focus,
was repeated five times. Settings of the headrest were changed on purposein between
two runs to increase independence.

4.2.2 Analysisof Directionality ver sus Wavelength

For each 5 nm band in the range from 420 to 780 nm, a pupil profile was indepen-
dently fitted with

R(X) = B+ A 10 Px%)*, 4.2)
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where R is the percentage reflectance, x is the location in the pupil plane in mil-
limeters, B is the nondirectional background, A is the amplitude of the directional
reflectance, p is a measure for the directionality, and x. is the center position.8-20
Parameters B, A, p, and x. were fitted with aleast-squares method.®? Each data point
was assigned aweight 1 over its error squared. Data included in the fit met two con-
ditions. distance to either of the pupil edges of more than 1 mm and distance from
the entrance beam of less than 3 mm.

The subsequent steps of the analysis concentrated on directionality p versuswave-
length. The mean p of five measurements (within a series) was calculated, which
improved the signal-to-noise ratio. Rather than to sift out measurements with irregu-
larities at either extremity of the spectrum, we limited the wavel ength to 480720 nm.
The wavelength was further restricted by two criteria: the within-series standard de-
viation in p was less than 0.05 mm~2 and the inflexion points of the Gaussian were
within the fitted pupil range. The largest united wavelength range, with all data ful-
filling both criteria, was sel ected.

Starting from Ref. 30 in the paper by Marcos et al.,?? an equation for the scat-
tering directionality psat(A) is derived here. The diffused rough-surface scattering
distribution is given by exp{—[rT sin(6m)/Am]?}, where T is the correlation length
of the surface, 0y is the angle of scattering, and Ay is the wavelength. The sub-
script M stresses that these parameters are to be considered inside the eye, within
a medium with index of refraction n. The wavelength Ay = A/n, where A is the
wavelength in air. The factor n was neglected by Marcos et al.?? and Marcos and
Burns.? For small angles, sin(By) = (X — Xc)/deye, Where X is position in the pupil
plane, X is the center position, and deye is the axial length of the eye. Parameter
T is replaced with 0.4s, where s is the row-to-row cone spacing. In concordance
with earlier research on the sce, a power of 10 notation instead of an exponential
is used. Taking the above terms together, a comparison with EqQ. (4.2) reveals that
Pscat(A) = (Ns/kdeyeh)?, where k = [In(10)]%/2/(0.4r) = 1.20753, a congtant.”> As
afirst-order approach, we assumed pyg(A) to be independent of A. This assumption
will be justified in Section 4.4.

A least-sguares fit of the form

(L) = pug+ % (4.3)

was made to the data, with free parameters pyq and .52 Each value of p(L) was
assigned a weight 1 over the within-series standard deviation squared. Parameter
o was converted into cone spacing s with n = 1.336.%° The axia length deje Was
calculated from the front-lens focus setting (22.29 mm for an emmetropic eye).?
A fit was also made to mean p versus wavelength for all subjects. In that case the
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spectral range was 440-690 nm, and data were weighted with 1 over the between-
subjects standard deviation squared.

4.3 Resaults

Figure 4.1 presents the optica Stiles—Crawford effect directionality p versus wave-
length for all 21 subjects. Symbols represent the mean p of five measurements. Four
additional series of five measurements each are not shown. Error bars (not discernible
in some cases) indicate the standard deviation. The solid curves depict model fits of
Eqg. (4.3) to the data. Data of most subjects exhibit a decrease with wavelength, as
predicted by the scattering theory. In some subjects, e.g., 7 and 19, systematic de-
viations between the data and the fit are present, but the weighing of data according
to the standard deviation ensured a reduced influence of the outlying points on the
model fit. Although not all variation in the data is explained, the model fit is still
deemed acceptable. The wavelength range differs between subjects, owing to the
application of the two selection criteria described in Section 4.2.

In subjects 9 and 17, directionality does not vary with wavelength or increase
with increasing wavelength. In the latter case the parameter o is negative, which
impedes taking its square root and hampers the cal cul ation of cone spacing. Subject 9
had great difficulties with fixation on the crosshair, resulting in extreme differences
between measurements. Subject 17, aged 74, had a high density of the crystalline
lens. Signal-to-noise ratio was low at the shortest wavelengths and floaters were
present. Subject 21, aged 57, also suffered from floaters and had large variation
between series (data of the other series are not shown), and the selected wavelength
range was very small in some series. The data of these subjects were not used for
calculating the group mean directionality versus wavelength (Fig. 4.2). Whereas in
the analysis of individual series the lower limit was 480 nm, for the group mean
data it was possible to reduce the lower limit to 440 nm. Again, as was aready
seen for most subjectsindividually in Fig. 4.1, amarked decrease with wavelength as
predicted by scattering theory isreadily observed. The solid curve represents a model
fit of Eq. (4.3). Waveguide directionality pyg was 0.085 -+ 0.002 mm~2 (+ statistical
error). With the axia length of the eye set to the group mean, row-to-row cone
spacing s was 3.38 £ 0.57 um. It should be noted that both pyg and s represent a
spatial average over our 1.9 deg central foveal field.

The results for waveguide directionality pyg and row-to-row cone spacing s for
individua subjects are depicted in Figs. 4.3A and 4.3B. Squares represent the mean
of five series. Triangles are used in the case that one of the five series was dis-
carded. Crosses, e.g., as for subject 21, indicate all data was discarded. The error
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Figure4.1: Optical Stiles—Crawford effect directionality p versus wavelength for all 21 sub-
jects. Data shown are the mean of five measurements within a series. Error bars (not dis-
cernable in some cases) indicate the standard deviation. The solid curves represent model fits
to the data. Most subjects show the expected decrease with 1 over wavelength squared. The
wavel ength range varies between subjects owing to selection criteria defined in Section 4.2.
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Figure 4.2: Mean optical SCE directionality p versus wavelength for all subjects except 9,
17, and 21. The solid curve is amodel fit to the data. The decrease with 1 over wavelength
sguared as predicted by theory is clearly present. Error bars represent the between-subjects
standard error.

bars represent between-series standard deviation. The group mean waveguide di-
rectionality pwg was 0.077 mm~2, and the between-subjects standard deviation was
0.044 mm~2. The group mean row-to-row cone spacing s was 3.42 pm, and the
between-subjects standard deviation was 0.67 um. Again, it should be noted that
these data represent a spatial average over our 1.9 deg central fovea field. Each
mean value is depicted with solid horizontal lines in Figs. 4.3A and 4.3B. Subjects
with five or four valid series were weighted equally.

4.4 Discussion

The dependence of directionality p on wavelength, as predicted by the scattering the-
ory by Marcos et al.?? and Marcos and Burns,? is clearly present in our data. The
results demonstrate that p versus wavelength can be described by the sum of wave-
guide directionality pwg, independent of wavelength, and a contribution proportional
to 1 over wavelength squared, attributed to scattering. From the latter, row-to-row
cone spacing s was calculated. In the original papers by Marcos et al.?? and Marcos
and Burns,?3 the model was derived and tested for coherent, monochromatic light.



4.4. DISCUSSION 47

o2

Pwg (mm~2)

O.l—I
|

5[ ; ; ]
B
= a4l [] ]
: {H{E }!}}F e
£ 3 E i
: ot P
8 1 |
(O X X X
ZII.II Iél I Iéll I1I3I I I1I7I I I2I1

Subject

Figure 4.3: Mean waveguide directionaity pwg and row-to-row cone spacing s. Squares
depict the mean of five series; triangles, the mean of four series. Error barsrepresent between-
series standard deviation; solid horizontal lines show the group mean. Crosses indicate al
data was discarded.

In contrast, the present technique uses incoherent broadband light. The scattering
theory predicts that each cone will act as a secondary light source. Given the small
size of the cones, they act as coherent sources, independent of the coherency of the
illuminating light. In the theoretical calculations, simulated retinal patches with ho-
mogeneous cone density were used. The influence of rodswas not taken into account.
Cone density within our 1.9 deg sampled field is far from homogeneous.* Further-
more, the field is larger than the rod-free zone.3* Although the experimental circum-
stances are different from the theoretical assumptions, the concordance between the
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predicted behavior with wavelength and experimental resultsindicates the modd till
holds. Berendschot et al.% predicted a nearly constant value for p(A) with a model
by van de Kraats et al.> The van de Kraats model describes radiation transfer in the
eyewith alimited number of reflecting, absorbing, and scattering layers. Reflectance
from the photoreceptor layer is an essential ingredient, asin Marcos et al.’s model .22
Clearly, photoreceptor reflectance is presently incorrectly modeled. Modification of
the van de Kraats model will allow simultaneous description of spectral and direc-
tional properties of fundus reflectance.

In our analysis we made some simplifications. First, we neglected the differen-
tial absorption of central and marginal rays in the crystalline lens.”>"* The effect
is strongest at wavelengths below 450 nm, where absorption in the lens is high.”
Nearly al our datafor the present analysis are above this wavelength. Second, wave-
guide directionality pwg Was assumed to be independent of wavelength. Marcos and
Burns® measured pyg at 543 and 632 nm and found little variation. To our knowl-
edge, no other measurements exist. Berendschot et al. made a survey of SCE | direc-
tionality versus wavelength and provided a mean curve.6 It is expected from theory
that pwg is similar to SCE | directionality. SCE I directionality had a maximum of
0.066 mm~2 near 420 nm, dropped to 0.043 mm~2 near 550 nm, increased again to
0.054 mm~2 around 670 nm, and decreased slightly to 750 nm onward. The vari-
ations with wavelength with respect to the mean are in the order of 10-30%. This
probably represents an overestimate because the dip observed near 550 nm results
from self-screening by the visual pigments.”® In the present experiment the visual
pigments were nearly fully bleached. In view of the variation in the SCE | direction-
ality, the assumption of a constant p,g seems right for the present first-order analysis.

We found a group mean waveguide directionality pwg of 0.077 mm~2 for our
1.9 deg central fovea field. The between-subjects standard deviation was 0.044
mm~2. Analysisof the group mean p versuswavelength yielded 0.085 - 0.002 mm~—2
(+ statistical error). For three subjects, with 543 nm light, Marcos and Burns found
0.094 mm~2 at the fixation point and 0.100 mm~2 at 2 deg eccentricity.?> They
compared their values with the psychophysical p obtained in the same three subjects
and concluded pwg to be systematically higher. Applegate and Lakshminarayanan
produced a normative SCE | database.”® For mean directionality in the horizontal
direction, they give 0.047 + 0.013 mm~2. Although Pwg IS supposed to be more
closely linked to the psychophysical estimates of p than the total optical SCE p, there
is no direct quantitative agreement. He et al.?! and Marcos and Burns®® give an
overview of possible causes of disagreement.

We found a group mean row-to-row cone spacing of 3.42 um for our central
foveal field of 1.9 deg. The between-subjects standard deviation was 0.67 um. Analy-
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sisof the mean directionality for al except three subjects gave 3.384+0.57 um (+ sta-
tistical error). These values come close to most findingsin the literature. Anatomical
data obtained from excised retinal sections are provided by Curcio et al.3* Assuming
atriangular cone lattice, we converted their cone density D to cone spacing swith the
relation s= 31/4(2D) /2, For conversion of a measure on the retinain micrometers
into an anglein degrees, we used 1 deg = 291.2 pm.?> We further assumed axial sym-
metry, and data were averaged by area. The mean spacing within a 1.9 deg diameter
field was calculated to be 3.33 um. Individua data for seven eyes were processed
similarly. The between-subject standard deviation for a 1.9 deg field was 0.32 um,
thus lower than in our data. Perhaps variations in the axial length of the eye not yet
accounted for in our simplified model contribute to the variation in cone spacing.
In particular, in the emmetropic subjects, differencesin axial length were neglected.
With an indirect method similar to that applied in the present paper, Marcos and
Burns calculated cone spacing in three subjects.?®> They also found their results in
agreement with the anatomical data by Curcio et al.>* Williams assessed cone spac-
ing with a psychophysical method based on projecting interference fringes exceeding
the cone | attice resol ution, which produce visible moiré patterns.”” From his data we
calculated mean cone spacing within a 1.9 deg field as 3.75 um. Direct, physical in
vivo measurements of cone spacing are hampered by the poor optical quality of the
eye for large pupil sizes.”®8! To overcome this problem, Artal and Navarro applied
speckle interferometry.”® The speckle technique was refined by Marcos et al.”® On
the basis of their data, we arrived at s= 4.3 um, for a 1.9 deg field. Miller et al.
obtained conventional high-resolution images after best correction for defocus and
astigmatism® and obtained val ues for cone spacing in agreement with Curcio et al 3
and Williams.”” Liang et al. combined a Hartmann-Shack wave-front sensor and a
deformable mirror into an adaptive optics system.8! After correction of the eye’s op-
tical aberrations, direct imaging of the cone mosaic was possible. They found for two
subjects cone spacing to be 2.6 um at the foveal center and approximately 3.6 um at
1 deg eccentricity, again values in the same range as discussed in this paragraph.

45 Conclusion

The dependence on wavelength of optical sCE directionality as predicted by Marcos
et al.?? and Marcos and Burns®3 is clearly present in our data. Both individual aswell
as the group mean estimates for waveguide directionality pyg and row-to-row cone
spacing sare in agreement with the literature. The resultsallow astrong confirmation
of Marcos et al.’s theory.
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Chapter 5

Absorption of the Eye Lensand
Macular Pigment Derived from
the Reflectance of Cone
Photoreceptors

N.PA. Zagersand D. van Norren
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Abstract:

We measured the amplitude of the directional component of the bleached fundus re-
flectance, the so called optical Stiles-Crawford effect, as a function of wavelength.
The directional reflectance originates from within the outer segments of the photore-
ceptors. Thus, only two anterior absorbers are of importance: macular pigment and
the crystaline lens. Analysis of spectra obtained in pseudophakes established that
the cone photoreceptors act as spectrally neutral reflectors. The reflectance spectra,
expressed in density units, resembled the macular pigment density spectrum. Study-
ing age effects in the lens of normal subjects resulted in a description of the optical
density of the lens in terms of a “young” and an “aged” template. The young tem-
plate represents the pigment 3-HK G, which dominates the light absorption in young
eyes and decreases with age. The aged template represents the pigments accumu-
lating in the lens with age. The total optical density increased with age, but it was
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lower in the wavelength region 500-650 nm than was previously assumed on base
of psychophysical studies. Analysis of the spectra also provided precise individua
estimates of the optical density of macular pigment. Finally, we observed a decrease
of the photoreceptor reflectivity with age, possibly reflecting a degradation of the
photoreceptors.

5.1 Introduction

Light reflected from the fundus exhibits directional and spectral properties (Chap-
ters 3 and 4).17515-23.72.82 The directional property has become known as the optical
Stiles—Crawford effect. In atypical experiment dedicated to reveal this phenomenon,
a small spot centered at the fovea is illuminated through a small entrance pupil.
The distribution of the reflected light, as measured in the dilated pupil, shows a bell
shaped directional component superimposed on a flat background.!® The maximum
reflectanceis generally located dlightly nasal to the center of the pupil. Van de Kraats
et al. argued that the flat background represents diffusely reflected and backscattered
light.> This diffuse component originates from various layers in the fundus, with
amajor contribution from the choroid.® The directiona reflectance stems from the
highly organized outer segments of the photoreceptors, containing alarge number of
parallel membranes or disks.® Recently, we developed a new instrument based on an
imaging spectrograph, capable of measuring both the spectral and directional aspects
of fundus reflectance in the wavelength range 420-790 nm (Chapter 3).”? This en-
ables a separation of the spectrafor the diffuse and directional component of fundus
reflectance.

In the past decades, several models for the spectral reflectance of the fundus
have been published.1® The development of these models was recently reviewed
by Berendschot et al.*> One of the major challenges has been to provide a proper de-
scription of the diffusely scattered non-directional light. The directional reflectance
received much less attention, except in the earlier mentioned model by van de Kraats
et al.3 The present paper concentrates on the amplitude of the directional reflectance
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from the bleached fovea, as a function of wavelength. With regard to possible re-
flectors, we assume that the only source of reflectance resides in the outer segments
of the photoreceptors.® Thus, all the other reflecting layers, e.g., the inner limiting
membrane, the retinal pigment epithelium, the choroid, and the sclera, play no signif-
icant role. With regard to possible absorbers, in a condition with the photopigments
bleached, light is only absorbed in the eye media, mainly the crystalline lens, and
in the macular pigment, located predominantly along the axons of the nerve cellsin
front of the receptors.?%3°

To eliminate uncertainty about age effects in the spectral absorption of the crys-
talline lens, we first studied the spectral behavior of the directional component in
pseudophakic subjects. Their implant lenses required only a minor spectral correc-
tion. The optical density spectrum of the macular pigment is available from the lit-
erature and contains little uncertainty. The pseudophakes spectra corroborated an
assumption in the model of van de Kraats et al.,® viz that the reflection from the
photoreceptors is spectraly flat. With that answer available, we could achieve the
second aim of this study, viz. an analysis of age effects in the crystalline lens. For
that purpose we obtained data on agroup of healthy subjects, aged 18 to 64 years. In
addition, analysis of the directional reflectance yielded precise values for the macular
pigment density. Finally, we studied receptor reflection as afunction of age.

5.2 Methods

521 Instrument

The instrument has been described in detail elsewhere (Chapter 3).”2 A number of
essentials are summarized below. The key element of the instrument was an imaging
spectrograph with its entrance dlit conjugate to the pupil plane. Spectral range of
the spectrograph was 420—790 nm. The dlit of the spectrograph defined a horizontal
0.8 x 12 mm exit pupil, placed over the dilated pupil of the subject. The coil of a
30 W halogen lamp was relayed to the pupil plane of the eye, defining a0.8 x 1.2 mm
entrance pupil. This small entrance pupil was placed centered with, and below the
bar shaped exit pupil. Their separation was 0.7 mm. The intensity of the measuring
light entering the eye was 1.10 x 10° Troland. A 2.8 deg diameter spot centered at
the fovea was illuminated. Ametropia was corrected for with the front lens focus.
The subject fixated on a central cross hair. The central 1.9 deg of the illuminated
spot was sampled. A chin rest and temple pads connected to a headrest were used to
maintain head position. A video channel was available for observation of both retina
and pupil.
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With the imaging spectrograph, a spectral image of the bar shaped field in the
pupil plane was projected on the chip of a cooled ccb camera. For calibration
purposes, reference spectral images were obtained from a diffuse reflecting surface
painted with Eastman 6080 white paint and a dark black cloth in each session. For
each pixel of the ccp, the counts in the measurement and reference spectral images
were converted to an equivalent percentage reflectance R, and an estimate of the error
in reflectance. Prior to the calculation of reflectance, the images were binned and
interpolated to 5 nm spectral and 0.1 mm spatial resolution. The array of reflectance
values can be looked upon as the distribution of light within a narrow bar placed over
the pupil, versus wavelength.

5.2.2 Protocol

The research followed the tenets of the Declaration of Helsinki and was approved
by the local Medical Ethics Committee. The purpose was explained at the begin-
ning of the experiment, and written informed consent was obtained. The first part of
the study included five eyes of five subjects with an intra-ocular lens made of poly-
methylmethacrylate with bonded uv-absorbers. These pseudophakic subjects were
aged 39, 57, 58, 61, and 84 years. The second part of the study included 39 eyes
of 39 normal subjects aged 18-64 years; 23 of them were typically young adults,
in the age bracket 18-27 years, the other 16 were roughly evenly spread over the
32-64 years age bracket. The pupil of one eye was dilated with one or two drops
tropicamide 0.5%. Subjects were instructed to fixate a cross hair centered on the il-
luminated field at all times. The entrance beam was focused in the pupil plane by
moving the headrest back and forth. Fixation and front lens focus were checked in
the retinal image. We then searched for the maximum in the directional reflectance
(i.e., the maximum of the optical Stiles-Crawford effect) using the measuring field.
During the search, continuously directional profiles near 540 nm were read from the
ccD. At that wavelength the directionality showed up prominently. In the horizontal
direction in the pupil plane (along the spectrograph slit) the maximum position was
readily observed in aprofile plot on acomputer display. The maximum in the vertical
direction was found by manual search. While moving the headrest vertically, the ac-
tual profile was compared by eyeto the highest profiletill then. The search procedure
took approximately 2 minutes. In this period, visual pigments were bleached away
by the measuring light at approximately 97%.%° At the optimal entrance position
5 spectrawere obtained. In the pseudophakic subjects between 3 to 10 spectra were
obtained. Theintegration timewas set at 1.0 s.
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5.2.3 Separation of the Directional Reflectance

For each 5 nm band in the range 420-650 nm, the 5 measured profiles were indepen-
dently fitted with

R(X) = B+ Agiy 10 PO, (5.1)

with R the fractiona reflectance, x the location in the pupil plane in mm, B the non-
directional background, Agir the amplitude of the directional reflectance, p ameasure
for the directionality, and x. the center position.'®2° Parameters B, Aqir, p, and X
were fitted with a least-squares method.%? Each data point was assigned a weight 1
over its error squared. Dataincluded in the fit met two conditions: distance to either
of the pupil edges more than 1 mm, and distance from the entrance beam less than
3 mm. Because the background rose steeply above 600 nm, it became increasingly
difficult to achieve a reliable fit. For this reason, the wavelength range was limited
to 650 nm. The subsequent steps of the analysis concentrated on the amplitude Ag;
versus wavelength. This amplitude, given as a percentage reflectance, was converted
to optical density Dgir = —1°1ogAgir.

Two sources contributed to the error in Dg;;. Thefirst (oD) resulted from the error
in Agir, which was estimated in the fit with Eq. (5.1). The second (cE) was the exper-
imental variation between the five measurements within a series, which was estimated
from the standard deviation of Dg;j; at 540 nm. Thetota error 6p_tot = (csD2 + GEZ) 2.
Data points were rejected when the calculated amplitude was larger than 5% or
smaller than zero, or when the error 6D was larger than 0.5. These choices were
somewhat arbitrary, but guaranteed that a minority of cases, where the fit with Eqg.
(5.1) failed, was discarded in the next steps of the analysis. After application of these
criteria, the mean density within a series was calculated for each subject, which im-
proved the signal to noise ratio. We also produced mean density data representing
atypical young and typical aged eye. Among the youngest and oldest subjects, ten
subjects having the best signal to noiseratio at the shorter wavelengths were selected.
Five measurements were included for each subject. In the young and aged group the
mean ages were 20 and 56 years, the standard deviations were 1.3 and 5 years.

5.3 Experiment |. Pseudophakes

5.3.1 Mode for the Directional Reflectance

Following van de Kraats et al.,> we assumed that the directional reflectance origi-
nates from a location within the outer segments of the cone photoreceptors. Before
reaching the receptor layer, and after being reflected, light is absorbed in the macular
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pigment and the ocular media. These considerations led to amodel for the amplitude
of the directional component:

Adir(A) = Reecep(X) 10~ 2[PrmacCimec(2)+DmediaGimedia(A)] (5.2)

with Agir(A) the amplitude of the directional component versus the wavelength A in
nm, Rrecep(A) the reflectance of the photoreceptors, Dmac the optical density of mac-
ular pigment at 460 nm, oumac(A) the optical density spectrum of macular pigment
normalized to unity at 460 nm, Dpyegia the optical density of the eye mediaat 420 nm,
and oymedia(A) the optical density spectrum of the eye media normalized to unity at
420 nm. Since the retina was nearly fully bleached by the measuring light, absorp-
tion in the visual pigments could be neglected. The macular pigment optical density
spectrum has a maximum near 460 nm, so this wavelength was preferred for nor-
malization. The optical density spectrum of the media increases continuously with
decreasing wavel ength, the normalization wavelength is somewhat arbitrary here.

Invan deKraats et al.’s model, reflectance from the stack of disks was postulated
to be a spectrally neutral source of reflectance.® We based our model fit on this
assumption, that is, we too assumed Rrecep(1) independent of wavelength. The optical
density spectrum of macular pigment was obtained from the equation:

Otmac(A) = From ( 0.32exp[—0.0012(436 — 1)2] +

0.32exp[—0.0012(480 — A)?] —
0.123exp[—0.0012(458 — 1)?] +

0.12042exp[—0.006(457 — A)?] ) , (5.3)

with A the wavelength in nm.85 The above equation was derived by Walraven® to
represent the macular pigment data in the review by Vos.8 We incorporated the
scaar fhom, Set to 1/0.35, which normalized the eguation to unity at 460 nm. In
Fig. 5.1A, this macular pigment template is compared with several data sets taken
from the literature, al normalized to unit density at 460 nm,2>65.83,84

Absorption and scattering losses in the natural eye media, e.g., the cornea,8-8°
the lens capsule,®° the aqueous humor,?”-88 and the vitreous humor,8”-8 were consid-
ered negligible in the wavel ength region 420-650 nm. The media absorption termin
Eq. (5.2) was replaced by a minor correction for absorption in the intra ocular lens.
A typical optical density spectrum for an intra ocular lens was taken from an Alcon
product information booklet.28 A small neutral optical density was dropped; the op-
tical density at 650 nm was set to zero. Fig. 5.1B depicts discrete data points for the
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Figure 5.1: (A) Optical density spectra of macular pigment, taken from the literature and
normalized to unity at 460 nm. Solid triangles, literature review by Vos2® (1972); squares,
literature review by Wyszecki and Stiles?® (1982); open triangles, data by Stockman et al .84
(1999); circles, data by Brown, cited by Delori et al.5 (2001). The solid curve was calcu-
lated with the template Eq. (5.3) by Walraven.25 Note that the spectra are not independent,
the reviews by Vos and by Wyszecki and Stiles largely rely on the same data. (B) The op-
tical density spectrum of an intra ocular lens adapted from an Alcon product information
booklet.8¢ The solid curve produced with Eq. (5.4) closely follows the discrete data points.
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intra ocular lens density, which could be empirically described (solid curve) by:

A—420
36.6

- 380) 2} . (54

DioL oL () = 0.0838exp[— o

} 4 8.55exp [f (

After insertion of the intra ocular lens absorption term, and by taking minus the
logarithm to base 10 on the | eft and right side of Eq. (5.2), the model becomes alinear
combination of three terms:

Ddir(A) = Cr + 2DmacOmac(r) + 2DioLouor (), (5.5)

with Dg;r(A) the optical density equivalent of the amplitude Agir(A), C; a measure for
the spectrally neutral reflection of light by the photoreceptors, and Dimac, Otmac()),
and DjoLoyoL (A) as defined above. This model, with only two free parameters C,
and Dmac, Was fitted to the density data with a least-squares method.%? Each value
Dgir(A) was assigned aweight 1 over itstotal error.

5.3.2 Results

The upper part of the panels A-E in Fig. 5.2 depicts the amplitude of the directional
reflectance converted to a density, versus wavelength for the five pseudophakic sub-
jects. The solid curves depict model fits of Eq. (5.5) to the data. In the upper part
of Fig. 5.2F the mean of the five subjects’ datais given. The solid curve is a model
fit with Eqg. (5.5) to this mean data. All density spectra reflect the shape of the mac-
ular pigment density spectrum. Above 540 nm the data suggest no variation with
wavelength. The mean single pass optical density of the macular pigment was 0.52.
The spectrally neutral reflectance of the cone layer can be read from the average long
wavelength value 2.5, which converts to Rrecep = 1072, corresponding to 0.32%. At
the bottom of each panel in Fig. 5.2 the differences between the data and the model
fit are shown. In general, the model provides a good fit to the data and validates the
assumption that the reflectance of the receptorsis spectrally neutral.

54 Experiment I1: Normal Subjects

54.1 Model with Pokorny et al.’sLens Templates
Applied to Young and Aged Group

When making the transition from the pseudophakes model to a model for normal
eyes, absorption in the natura crystalline lens is introduced as a new element. We
adopted, in afirst try, Pokorny et al.’s model for the optical density of the lens as a
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Figure 5.2: (A-E) Top: The amplitude of the directional reflectance converted to a density
Dgir(A), for the pseudophakic subjects. The symbols represent the mean density. Error bars
indicate the total errorsin the mean. The subjects’ ages and the number of averaged spectra
are indicated. The solid curves depict model fits of Eq. (5.5) to the data. Bottom: The
differences with the fit at an enhanced scale. (F) The same results for the mean of the five
subjects’ data. All the six spectra reflect the optical density spectrum of macular pigment,

cf, Fig. 5.1A.
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function of age.%* This model describes lens absorption in terms of atemplate with a
fixed density of 0.30 at 420 nm (oyens—na), @nd atemplate with a density affected by
aging (oyens—a). The model becomes alinear combination of four terms:

Dair(A) = C; + 2DmacOmac() + 2Djens—aOtiens—a(A) +2 0.30 tljens—na(A),  (5.6)

with Dgir(A), Cr, Dmac, and aimac(A) as defined above, Djens—a and 0.30 the optical
densities of the two lens components at 420 nm, and Ofens_a aNd Olens_na the lens
optical density spectra normalized to unity at 420 nm. The optical density spectra
OUens—a aNd QYens—na Were derived from the templates T, (A) and T, (L) as given in
Pokorny et al.’s Table |, page 1439.%* In the mode! fit implementation, Djens_a Was
rewritten as 10%ns-a, which ensured that Djens_a remained positive. We applied the
model on the mean datafor the young and aged eyes (c.f., Methods). These mean data
sets had a high signal to noise ratio, which facilitated a thorough test of the model.

5.4.2 Comparison of the Model with the Young and Aged Group Data

Figure 5.3A shows the mean density Dy, versus wavelength for the young (bottom
spectrum, mean age 20 years) and aged group (top spectrum, mean age 56 years).
The symbols represent the mean of in total 50 measurements, 5 for each of the 10
subjects in both groups. The data were not shifted vertically; the optical density in
aged eyesis larger at longer wavelengths as well. In contrast to the pseudophakes
spectrain Fig. 5.2, the normal subjects’ spectrain Fig. 5.3 steeply rise below 450 nm.
The imprint of macular pigment absorption on the density spectrais apparent: both

Table 5.1: Moddl fit parameters and their statistical errors estimated from the fit.

Pokorny et al.’s model New templates

Mean, young Dy 0.443+0.015 Dpac 0.465+0.004
Rrecep (%) 1.04+0.02 Rrecep (%)  0.970+0.005
Diens—na 0.30 (fixed) Dyoung 0.31+0.02
Diens_a 0.11+0.02 Daged 0.11+0.02

Mean, aged  Dmgc 0.544+0.03 Dmac 0.560+ 0.009
Rrecep (%)  0.58+0.02 Rrecep (%) 0.485+0.003
Diens_na 0.30 (fixed) Dyoung negligible
Diens—a 0.24+0.04 Daged 0.501+0.011




54. EXPERIMENT II: NORMAL SUBJECTS 61

35T

25T

N

Optical Density Dg;r

©
[E=

0.1

01

0.1

400 450 500 550 600 650
Wavelength (nm)

Figure 5.3: (A) The mean optical density Dg;(A) for 10 young and 10 aged subjects. The
error bars, not discernable in most cases, indicate the total errorsin the mean. The datawere
not shifted vertically; the optical density in aged eyesislarger at longer wavelengths as well.
The rise in optical density from 450 to 420 nm is due to absorption in the crystalline lens.
The dashed curves depict the best fit with the Pokorny et al.%* lens aging model. The solid
curves represent the simultaneous fit of Eq. (5.8) to both data setsin order to derive two new
templates for the absorption in the lens. (B, C) The differences between the mean aged and
young data and the model fit based on the Pokorny et al.%* lens aging model (triangles) and
the model based on Eq. (5.8) (squares). The new templates improved the fit to the data.
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spectra show the absorption edge below 520 nm and a slight local maximum near
460 nm.

The dashed curvesin Fig. 5.3A represent the best fits with the model Eq. (5.6).
Table 5.1 gives values for the model parameters. The dashed model curve shown in
comparison with the top data set in Fig. 5.3A clearly has a slope in the wavelength
region 540-650 nm, while the data suggests no variation with wavelength within this
range. Thetrianglesin Figs. 5.3B and C illustrate the differences between the mean
aged and mean young data and the model fits. Small, but systematic differences
between the data and the model based on Pokorny et al.’s lens templates are present,
in particular for the mean aged data. The discrepancies warranted a search for an
improvement of the model.

5.4.3 Derivation of New Templates

The age-related increase in light absorption by the eye lens has been extensively
discussed in the literature.5*%697 The biochemical processes causing this change
are probably complex. However, two main physiologica aspects have been iden-
tified. In young lenses, absorption is dominated by the pigment O-B-glucoside of
3-hydroxykynurenine, or 3-HKG (some authors use 3-0HKG).*%92%-101 The gpti-
cal density spectrum of 3-HKG presents an absorption band near 365 nm, with a tail
up to 450 nm.*%:°1-93 \Wjith age, the amount of 3-HKG in the lens decreases.%% 99101
Nevertheless, thereis anet increase in lens absorption, because other light absorbing
pigments accumulate in the lens.*%:92192 These pigments, probably proteins, have a
maximum absorption at 320 nm and show a shallow tail extending considerably fur-
ther in the visible wavelength range than 3-Hk G.%% 92 As aresult of the concomitant
decrease in 3-HK G and the accumul ation of the other pigments, the absorption maxi-
mum shifts from 365 to 320 nm, and a shallow tail shows up in the visible wavelength
region.*

In view of the physiological considerations described above, and in line with
Pokorny et al.’s model,% we aimed at optimizing the shape of two spectral tem-
plates. The contribution of both templates was allowed to vary with age. For the first
template we propose to use the optical density spectrum of 3-HKG. We coin this the
“young” template. Figure 5.4A depicts several spectrataken from the literature, nor-
malized to unity at 370 nm.*%°% The solid curve in Fig. 5.4A represents a model
fit with a single Gaussian in the wavelength range 350-450 nm to the recent 3-HKG
spectrum by Heckathorn et al.% The model fit represents their data well, but also
comes close to Pokorny et al.’s choice for the non-aging component.®* The latter
was multiplied by ascalar to fit the 3-HK G data at 400 nm. The Gaussian curve, after
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Figure5.4: (A) Theoptical density of 3-HKG, hormalized to unity at 370 nm; crosses, Dillon
et al.9 (1984); squares, Dillon et al.%2 (1990); circles, Heckathorn et al.%% (2001). The dia-
monds represent the spectrum of 3-hydroxy-kynurenine (3-Hk) by Stutchbury et al.% (1993),
which is similar to the 3-HKG spectra. Dillon et al.’s (1990) spectrum®? was first reported
representing 3-HK, but in 1991 Dillon presented the same data as a 3-HK G spectrum.® The
spectrum of the eye of a young monkey (triangles) by Gaillard et al.*0 (2000) is similar to
the 3-HK and 3-HK G spectra. The solid curve depicts a single Gaussian fitted to Heckathorn
et al.’s 3-HK G data®® The solid triangles represent Pokorny et al.’s non aging template.%* It
has the same shape as the 3-HK G spectra. (B) Various suggested optical density spectra for
the pigments accumulating with age, normalized to unity at 420 nm; squares, Dillon et al.%?
(1990); crosses, Dillon et al.° (1999), triangles, Gaillard et al.*° (2000). The circles depict
the Pokorny et al.%* template affected by aging. The curves drawn through the above data
sets represent afit with the tail of asingle, or the sum of two Gaussians centered at 320 nm.
The thick solid curve depicts the newly proposed aged template Eg. (5.9).
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normalization to unity at 420 nm, was taken as the young template:

A 370)2] . (5.7)

Olyoung(A) = 6.09exp[—< 372

As to the second lens absorption template the literature is divided. Three spectra
of the pigments accumulating with age, as well as Pokorny et al.’s template for the
component affected by aging are depicted in Fig. 5.4B.3%:40.6492 Making a choice
for a particular curve was difficult. First, there were large differences between the
three sources. Second, all three were obtained from excised material. Third, the
spectra were obtained with alight source containing uv and blue light, but were not
corrected for fluorescencein thelens. Finaly, the spectrawere corrected for scattered
light by fitting the data in the wavelength range 600700 nm with a power law. This
correction was then extrapolated to shorter wavelengths and subtracted from the data.
An error in this correction is expected when it is extrapolated down to 400 nm.

Because a spectrum for the pigments accumul ating with age was not readily avail-
able, we derived anew template, which we will refer to asthe “aged” template. First,
we sought a mathematical function suitable for representation of the aged template
in the model fit. There is consensus in the literature that the lens spectrum gradu-
ally rises with decreasing wavelength, asymptotically approaches a constant value at
longer wavel engths, and has little or no fine structure. A priori, thetail of a Gaussian
seemed appropriate for describing the lens spectra. To assure that this choice does
not pose too large a limitation on the outcome of the aged template, we first tested
our assumptions on the literature data in Fig. 5.4B. It proved possible to fit the three
spectraaswell as Pokorny et al.’s template for the component affected by aging with
asingle, or with the sum of two Gaussians. The resulting model curves are drawn
through the datain Fig. 5.4B. Since the pigments accumulating with age have an ab-
sorption maximum at 320 nm (not shown here), we fixed the center position of the
Gaussians to this value.*° Dillon et al.’s data® (1990) do not show the tail at longer
wavelengths; they could be fitted well with asingle Gaussian.

In the second step, we used the same mathematical model to derive the aged
template from the mean aged and young group data. With the young template known,
and with asingle Gaussian at 320 nm, Eq. (5.6) transforms to:

Dair(A) = G+ 2DmacOimac(M) + 2DyoungOLyoungO\') +

e (22 e (22,

density of the young and aged component at 420 nm, ooung(A) the young template

(5.8)
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given by Eq. (5.7), and the expression following Dageq a single Gaussian with a free
width A, representing the aged template. The first exponential serves to normalize
the aged template to unity at 420 nm. In the mode! fit implementation, Dyoung and
Daged Were rewritten as 10%ens and 10%e, which ensured that Dyoyng and Dageq re-
mained positive. The model, with free parameters C;, Dmac, Syoung, Oaged, ad A was
simultaneously fitted to the mean young and aged data with aleast-squares method.®?
Parameters C;, Dmac, Syoung, @d daged Were optimized for each group separately. The
width of the aged template A was optimized as well, but kept equal for the young and
aged group.

The solid curvesin Fig. 5.3A represent the model fit with Eq. (5.8). The model fit
parameters are given in Table 5.1. We also evaluated a modd fit with the sum of two
Gaussians at 320 nm, but found no improvement. The aged template is characterized
by the parameter A, which was 76.04+ 2.4 nm. Normalized to unity at 420 nm, it is
given by:

A 320)2] . (5.9)

76.0
It is shown in Fig. 5.4B as a thick solid curve. It runs an even steeper course than
Dillon et al.’s (1990) data.®? The differences between the mean Dg;r()) data and the
model, plotted as squares in Figs. 5.3B and C, have diminished to the order of 0.02
density unitsin aimost the full wavelength range.

Olaged (N) = 5.65exp[—(

54.4 Mode with New Templates Applied to Individual Data

Thefinal model is arrived at after insertion of the two new templatesin Eq. (5.6):
Duir(A) = Cr + 2DmacOmac(A) + 2DyoungO"youngO\') + 2Dagedocaged(7\')a (5.10)

with Dgir(A), Cr, Dmac, and omac(A) as defined before, the templates owoung(A) and
Olaged(A) given by Egs. (5.7) and (5.9), and Dyoung and Dageq the optical densities of
the two lens components at 420 nm. The model Eq. (5.10) was fitted to the data for
individuals with aleast-squares method.®? The lens densities Dyoung and Dageq Were
rewritten as 10%ens and 10%s, Free parameters were Cr, Dmac, Syoung, @d Saged-
The upper parts of the panelsin Fig. 5.5 depict the amplitude of the directional
reflectance, converted to a density, versus wavelength for a sample of six normal
subjects spanning the full age range. The solid curves depict model fits of Eg. (5.10)
to the data. At the bottom of each panel in Fig. 5.5 the differences between the data
and the model fit are shown at an enhanced scale. Generally a good fit of the model
to the data was obtained. Figure 5.6 shows the density of the young component, the
aged component, and the total lens density versus age at 420 nm. The solid curves
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Figure 5.5: (A-F) Top: The amplitude of the directional fundus reflectance, converted to a
density, versus wavelength for a sample of six normal subjects spanning the full age range.
The symbols represent the mean density within a series of five measurements. Error bars
indicate the total errors in the mean. Ages are indicated above each spectrum. The solid
curves depict model fits of Eq. (5.10) to the data. Compared with Fig. 5.2, the spectra steeply

rise below 450 nm. The additional optical density is caused by absorption in the crystalline
lens. Bottom: The differences between the data and the model fit.
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Figure 5.6: (A) The density of the young and (B) the aged components, and (C) the total
lens density versus age at 420 nm. The error bars indicate the statistical error estimated in
the model fits. The solid curves depict linear regression lines, their parameters are given
in Table 5.2. The density of the young component decreased with age. The density of the

aged component strongly increased with age. The total optical density of the lens dlightly
increased with age.
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Figure5.7: (A) Macular pigment density and (B) the reflectivity of the receptors versus age.
The circles represent individual estimates for the 39 normal subjects; the crosses depict data
obtained in the pseudophakes. The error bars are smaller than the symbolsin most cases. The
solid curves depicts a linear regression to the normal subjects’ data, parameters are given in
Table 5.2. The receptor reflectance strongly decreased with age.

represent linear regression lines. Parameters for the regression analysis are given in
Table 5.2.

The density of the young component Dyoung (Fig. 5.6A), representing 3-HKG,
decreased with age. In some of the ol dest subjects Dyqung reached zero. Thedensity of
the aged component Dogeq (Fig. 5.6B), representing the pigments accumulating with
age, strongly increased with age. In some of the young subjects, it was absent. As
aresult of the two concomitant changes, the total lens density at 420 nm (Fig. 5.6C)
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Table5.2: Parameters derived from linear regression with age.

Intercept Slope (10 °year™!) R P
Dyoung 042£004 —64+12 —0.66 < 0.001
Daged —0.084+0.04 94+11 0.81 < 0.001
Dyoung + Dages  0.34+0.03  3.0£0.8 053  <0.001
Dmac 0.44+£0.05 2.3+13 0.28 0.09
Rrecep (%0) 1.12+0.07 —11+2 —0.70 < 0.001

slightly increased with age. Thetotal optical density of the eye media as afunction of
age can be described with a combination of the regression models givenin Table 5.2,
and the two known templ ates:

Drmedia(A, A) = (0.42 — 0.0064 A)atyoung(A) + (—0.08+0.0094 A)taged(X), (5.11)

with Dmegia(A, A) the total optical density, A the age in years, and oyoung(A) and
Olaged(A) given by Egs. (5.7) and (5.9).

The mode fit also provided individual estimates of the optical density of the
macular pigment and the reflectivity of the photoreceptors. Figures5.7A and B depict
both parameters versus age. The circles represent the data for the thirty-nine normal
subjects. The crosses represent the data obtained in the five pseudophakic subjectsin
Section 5.3. The solid curvesrepresent linear regressionsto the normal subjects’ data.
Parameters for the regression analysis are also given in Table 5.2. Macular pigment
(Fig. 5.7A) showed no significant change with age (P = 0.09). The mean macular
pigment optical density was 0.51. The between subjects standard deviation was 0.13.
In the normal subjects, the reflectance of the photoreceptors (Fig. 5.7B) strongly
decreased with age. The reflectance ranged from 1.19% to 0.38%. The reflectance
of the photoreceptors in the pseudophakes did not show any sign to deviate from the
downward trend.

5.5 Discussion

We measured spectra for the amplitude of the directional component of fundus re-
flectance. This type of spectral reflection could be described with a simple model.
The single reflecting layer resides in the outer segments of the photoreceptors, and
light is only absorbed in the crystalline lens and in the macular pigment. Model ana-
lysis of the pseudophakes spectra validated the assumption that the source of direc-
tional reflectance is spectrally neutral. The second part of the study concentrated on
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the age changes in the absorption of the lens. We first tested Pokorny et al.’s model
for absorption in the crystalline lens.®* We found small but significant differences
between their model and our mean data for young and aged observers. Therefore,
we derived a new lens aging model. Similar to Pokorny et al.’s model,®* it com-
prises a combination of two templates: a“young” template representing 3-HK G, and
an “aged” template representing the pigments accumulating in the lens with age. A
new element is that the young component decreased with age; the old component in-
creased with age. Both changes are reported in the literature.%: 9293101 |y gddition,
we observed a hitherto unreported decrease of the photoreceptor reflectivity with age.

5.5.1 Directional Reflection From the Layer of Cone Photoreceptors

An important assumption throughout this paper was that the source of the directional
reflectance resides in or near the photoreceptor layer, as was proposed before by van
de Kraats et al.3 Gorrand and Delori suggested that the retinal pigment epithelium
also plays arole.”t The tips of the outer segments of the photoreceptors are inter-
twined with the microvilli of the retinal pigment epithelium cells. This alternative
assumption would lead to practically the same model for the directiona reflectance.
Burns et al. measured the distribution of the fluorescence in lipofuscin in the pupil
plane and found no directionality. This indicates that recapture of light from behind
the receptors does not play a major role.!®® The pseudophakes spectra (Fig. 5.2)
closely resembled the shape of the macular pigment optical density spectrum. This
indicates that the source of directional reflectance lies behind the nerve fiber layer.
Because no other retinal absorbers, e.g., no melanin or blood, wererequired to explain
the data, reflectance from the choroid can be excluded. This pinpoints the source of
directional reflectance to the anterior layers of the retinal pigment epithelium, the
receptor layer, or a combination of both.

None of the spectra (Figs. 5.2, 5.3, and 5.5) varied strongly with wavelength
above 540 nm. There are no pigments in front of the receptors absorbing in this
wavelength range. Below 540 nm absorption by the macular pigment and the eye
media come into play. But, because the model satisfactorily described the data, the
assumption that the directional reflectance is spectrally neutral below 540 nm as well
seems tenable. Thisisin line with a model calculation of the electrodynamics of a
receptor cell by Piket-May et al.1%* They demonstrated that the waveguide properties
of the bleached photoreceptors are independent of wavelength. Experimentally this
is corroborated by the fact that the spectral sensitivity of the photoreceptors does not
deviate from the spectral absorption of their visual pigments.?® In a previous paper
we analyzed the directionality, a measure for the peakedness of the distribution in the
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pupil plane, versus wavelength (Chapter 4).82 It was found that the waveguide direc-
tionality of the cone photoreceptors, to first order, is independent of wavelength, in
linewith Piket-May et al.’sresults.’®* Recently, assessment of the waveguide proper-
ties of single photoreceptor cells became possible in vivo.1% It would be worthwhile
to examine the amplitude of the reflectance and its directionality of individual cells
as afunction of wavelength.

55.2 LensAging, Objective, in vivo

Objective, in vivo assessment of light absorption in the lens requires a source of re-
flectance in the eye with known properties. Johnson et al.1% and Savage et al., 1%’
following a method originally devised by Said and Weale,'® measured the amount
of light reflected at the back of the lens (the fourth Purkinje image). Van Norren and
Tiemeijer,! Delori and Burns,'® van de Kraats et al.,* and Zagers et al.”> (Chap-
ter 3) relied on amodel analysis of light reflected from the retina. Xu et al. followed
a similar approach using the spectral reflectance of the optic disk.!® Thus far the
spectral reflectance models could only be made more or less compatible with experi-
mental data by assuming, without really understanding, diffusely scattered light. Our
analysis, with its split up in a directional and non-directional component, removes
this difficulty. Assessment of the directional component as a function of wavelength
provides a unique method for studying light absorption in the living eye lens. Un-
fortunately, the lens is an inhomogeneous structure and the central and marginal path
lengths are different.*> In the present experiments the entrance beam was confined
to a small region near the center of the pupil, but the exit beam typically spanned
5-6 mm of the pupil. Asaresult, the lens optical density represents an average over
the pupil with most weight placed on the region centered with the maximum of the
optical Stiles—Crawford effect. Several authors have proposed corrections for the dif-
ferencesin path length of central and marginal rays.*% 73111 |t is not straightforward
to implement these corrections, because the maximum of the optical Stiles—Crawford
effect and the center of the lensin general do not coincide. The former has a unique
location in different individuals. Furthermore, the shape of the lensis not uniquely
determined and a purely geometrical correction would not do justice to the inho-
mogeneous distribution of the absorbing pigments in the lens. Therefore, we have
neglected this second order correction.

Analysis of the spectra of the normal subjects provided individual estimates for
the optical density of the pigment 3-HKG and the pigments accumulating with age.
Many authors have suggested that these or two similar components are the main fac-
tors determining lens absorption, 0649296, 112-114 yet 5 quantitative analysis with use
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Figure 5.8: Comparison of lens optical density spectrafor (A) observers aged approximately
20 years and (B) observers aged approximately 50 years. The solid curves represent the
present model calculated with Eq. (5.11). Data obtained with the Purkinje image method:
open triangles, Johnson et al.1% (1993), age groups 21-30 and 41-50 years; solid triangles,
Savage et al.1%7 (2001), for observers with an average age of 24 and 50 years. Psychophysical
data: circles, Pokorny® et al.’s (1987) model; dashed curves, Savage® et al.’s (1993) model;
solid squares, Savage et al.1%” (2001), in the same observers with an average age of 24 and
50 years that provided the objective data represented by the solid triangles.

of the known 3-HKG absorption spectrum was, to our knowledge, never published.
The decrease of the young component (Fig. 5.6A), the aged component (Fig. 5.6B),
and the increase of the total lens density at 420 nm with age (Fig. 5.6C) have been re-
ported.40.64,92,96,97,93-101 The ahsence of 3-HK G in some of the oldest lensesis also
in agreement with earlier findings.1®* The aged component also reached zero, but not
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surprisingly only in some of the youngest subjects. In a previously published study
on the spectral reflectance of the fovea (Chapter 3),”? we applied Porkorny et al.’s
model® for assessment of lens density, and found zero density for the component
affected by aging in some of the youngest subjects. In addition, van den Berg and
Felius fitted the optical density of excised lenses with the Porkorny et al. model®*
and found zero density for the component affected by aging in some of the youngest
specimens.** In contrast, the Porkorny et al. model®* predicts a considerable contri-
bution of the component affected by aging, even in the age range 2030 years.

Thetotal lensdensity at 420 nm (Fig. 5.6C) only slightly increased with age. The
two underlying processes compete and the increase of the aged component just over-
compensates the decrease of the young component. The increase of the total optical
density at 420 nm with age was obscured by the large variation between subjects of
comparable age. This large spread within age groups was encountered in previous
studies on large groups of subjects as well.”>97:107.109,115,116 Agin our data, it was
regularly observed that the highest densities at age 20 are as high as the lowest at
age 60.97:107.115116  Ggjllard et al. suggested that the spectral changes in the lens
are the result of chemical or photochemical modifications, not biological aging.*°
The environment, in particular the light history, poses different levels of chemical or
photochemical stressto an individual. Thus, age might be a poor determinant for the
changesin the lens.

In Figs. 5.8A and B the solid curves, predicted with Eq. (5.11) for subjects
aged 20 and 50 years, are compared with datafrom theliterature. Johnson et al.’sdata
is depicted by the open triangles.t® They represent the mean optical density in the
age groups 21-30 and 41-50 years. Savage et al. (2001) provided data for a group of
subjects with mean age 24 and 50 years (solid triangles).1%” We conclude that thereis
good agreement between our data and the results derived with the objective Purkinje
image method. Both data sets show no changes with age above 540 nm.

5.5.3 LensAging, Psychophysics

The curves in Fig. 5.8 for the total lens density can also be compared with psy-
chophysical data. The circles in Figs. 5.8A and B were calculated with Pokorny
et al.’s lens aging model for a 20 and 50 year old observer.%* The data were shifted
vertically to normalize the optical density to zero at 550 nm. The dashed curves were
calculated with Savage et al.’s (1993) psychophysical model for observers aged 20
and 50 years.%” The solid squares represent psychophysical data obtained by Savage
et al. (2001) in the same observers of average age 24 and 50 years that provided the
objective data (solid triangles).'%” The psychophysical data exhibit systematically
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higher optical densities for wavelengths below 550 nm than the objective data. Sav-
age et al. (2001) discussed this difference and suggested that an additional absorbing
pigment is located in front of the peripheral receptors.’%” More extensive research
with both types of measurement in the same set of subjects would be helpful to clar-
ify this interesting phenomenon.

Pokorny et al.’s model predicts age-related changes at wavelengths as high as
640 nm.%* As stated before, our data suggests no variation with age above 540 nm.
For the discussion of the differences between the present results and the Pokorny et al.
model, it is of interest to review the fundaments of the latter.54 One of the starting
points was the compromise curve in the first edition of the book “Color Science” by
Wyszecki and Stiles (1967).117 For wavel engths above 420 nm, this curve was mainly
based on donor eyes obtained by Ludvigh and McCarthy® (n = 4) and Weale''®
(n= 2; ages 48 and 53 years). Ludvigh and McCarthy measured four complete eyes
with an average age of 62 years.'® They also measured the lenses of these eyes
separately, aswell as 5 lenses with an average age of 21.5 years. From this data, they
calculated the transmission of awhole eye, asif it had contained a young lens. One
of the lenses used by Weale had been invaded by a melanoma, and in both lenses a
control experiment clearly demonstrated postmortem effects.’® Two decades |ater,
van Norren and Vos reviewed the literature available at that time and compared it
with the Wyszecki and Stiles compromise curve.” They concluded that this curve
was adequate for the visual region, but too low for the ultraviolet. Also, they derived a
new ocular density curve from the CIE scotopic sensitivity function and the absorption
curve of human rhodopsin. Below 430 nm, the new curve followed the literature
data more closely. Above 430 nm, the Wyszecki and Stiles compromise curve was
maintained. On their turn, in the second edition of “Color Science”, Wyszecki and
Stiles (1982) referred to van Norren and Vos and concluded that an update of the
compromise curve from the first edition was not required.?® Pokorny et al. took
Wyszecki and Stiles' (1982) curve as the starting point for their lens aging model .64
Analysis of the color matching data for subjects aged 16-55 years published by Stiles
and Burch!® yielded the spectral shape of the partition of lens optical density affected
by aging L1 and afixed residual component L,.%* The fixed component reached zero
at 460 nm. From our analysis of the cited literature sources, it can be concluded that
Pokorny et al.’stotal optical density T, in the visible wavelength range relatesto only
six donor eyes. As a consequence, for wavelengths above 460 nm, the shape of the
aging component also relates to the same six donor eyes. In our view, this provides
a rather weak experimental basis for the model in the visible wavelength region in
particular at the longest wavelengths. This might at least partly explain why we have
found a considerably higher transmission in the wavelength region 500-650 nm.
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5.5.4 Macular Pigment

The model analysis of the normal subjects spectra also yielded values for the opti-
cal density of the macular pigment. The mean macular pigment optical density in
the normal subjects was 0.51, well within the range of values reported in earlier stu-
dies (Chapter 3).2372 Previously, macular pigment was found to be constant with
age, 1?1124 or to show aminor decline with age.'?>126 In agreement with these find-
ings, no significant trend with age was found. It must be noted that the macular
pigment optical densities represented an average by area over the sampled field, in
our case 1.9 deg. The macular pigment distribution is highly concentrated toward the
center of the fovea. This is a complicating factor when comparing different meth-
ods for assessment of macular pigment. Delori et al. discussed other difficulties
involved when comparing different techniques.%® As was stated before, isolation of
the directional component removed many of the difficulties normally encountered in
assessment of macular pigment by means of fundus reflectometry.

5.5.5 Réeflectance of the Photoreceptors

The reflectivity of the receptors (Fig. 5.7B) strongly decreased with age. From the
model Eq. (5.2) it can be inferred that this cannot be distinguished from an increase
in spectrally neutral light losses in the eye media. The observed loss in reflectivity
between age 20 and 60 years corresponds to the accumulation of asingle path optical
density of 0.14 density units. Psychophysical studies found forward-scattered light
to be independent from wavelength.12”-128 \When scattered outside the measurement
field this scattered light is lost for detection. However, for our 1.9 deg field, the
scatter losses seem too small to explain the entire neutral component. Van den Berg
and |Jspeert measured on average only 0.09 density units absorption at 700 nm in
donor lenses, with the major part of them having cataract.’®® In a similar study on
normal lenses aged 59 + 20 years, van den Berg and Feliusfound 0.04 4 0.04 density
units at 700 nm.** In view of this low value, an increase of a spectrally neutral
absorbing pigment is considered an unlikely explanation of the density increase.

The number of cones in the foveaiis stable with age, ' but the disks in the outer
segments undergo a gradual but major disruption.’31 This phenomenon is the most
probable cause of the loss of reflectivity with age. To our knowledge, the present data
represent the first observation of thiskind in vivo.
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Spectral and Directional
Reflectance of the Fovea in
Diabetes M ellitus
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Abstract:

Aim: To assess the integrity of the photoreceptors in the fovea, and to measure the
optical density of the macular pigment and the eye lens in patients with diabetes mel-
litus, and to compare the results with those of a group of healthy subjects. M ethods:
The directional and spectral properties of the light reflected from a 1.9 deg field cen-
tered on the fovea were measured simultaneously, in a single one second flash, with
the Foveal Reflection Analyzer. Thedirectional characteristics, i.e., the optical Stiles-
Crawford effect, provided information on the integrity of the foveal photoreceptors.
Model analysis of the spectral reflectance yielded optical densities of the macular pig-
ment and the lens. Results. The amplitude of the directional reflectance in diabetic
eyes was significantly lower compared to controls (P < 0.001). Surprisingly, the
directionality (a measure for the peakedness) was similar in diabetics and controls
(P=0.3). The density of macular pigment was not different from that in controls

7
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(P=0.3). The optical density of the lens increased with age in both groups, but the
rate of increase was larger in the diabetics. (P < 0.05). Conclusion: The integrity
of the photoreceptors in the fovea was altered in diabetics. Possibly, the lens opti-
cal density increasing at a higher rate with age reflects changes preceding cataract
formation.

6.1 Introduction

Diabetes mellitus is one of the largest threats to health in the western world,*3? and
itsincidence is expected to rise.13%132 The main characteristic of the diseaseisan el-
evated blood glucose level .13+ 135 Many if not all patients develop visual complaints.
Major complications are the development of diabetic retinopathy and cataract.*3 Di-
abetes causes vascular changesin the retina. These changes play an important rolein
the devel opment of the retinopathy, and can be divided in two opposing effects. Cap-
illary dilatation, which causes edema, and capillary occlusion, leading to ischemia.'’
The amount of retinal edemaisto be monitored closely after first detection. Common
methods for assessment of retinal edema are fluorescein angiography, stereo fundus
photography, and optical coherence tomography.'37:138 These methods are suitable
for mapping the posterior pole and they facilitate general diagnoses.

Detecting retinal edema specifically in the macula, where it is most threatening
to visual acuity, asks for dedicated techniques. Additional tests on the structural in-
tegrity of the foveal region could be useful for diagnosis and prognosis. DeL.int et al.
compared results on visua pigment density and the optical Stiles—Crawford effect
and concluded that both provide information on the integrity of the cone photorecep-
tors in the fovea® Lardenoye et al. observed reduced visual pigment density and a
decrease in the directionality of the optical Stiles—-Crawford effect in eyes with mac-
ular edema.” 1t must be noted that the etiology of the edemawas not always diabetes,
but also uveitis. Furthermore, the authors compared patient eyes with and without
edema. Direct comparison of the optical Stiles—Crawford effect in diabetic versus
healthy eyesis still lacking.

Retinopathy and the associated occurrence of retinal edema as discussed above
are well known phenomena. Davies and Morland recently reported a hitherto un-
known retinal abnormality in diabetes, viz. reduced levels of macular pigment.t3°
The pigment is a collection of the carotenoids lutein and zeaxanthin,® and absorbs
blue light with a peak absorption at 460 nm.?> It is located along the axons in the
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center of the fovea, in front of the receptors, and as such acts as a preretinal filter for
blue light.?30 Several authors have suggested that macular pigment reduces the risk
for age-related macular degeneration.®*! For the macular pigment being reduced in
diabetes, Davies and Moreland discussed three possible causes.® First, the differ-
ence could result from a genetic influence, but this was considered unlikely. Second,
diabetics might have a lower dietary intake of lutein and zeaxanthin, or a lower ab-
sorption in the gut. And third, as preferred by the authors, the reduction could point
to a change in either the rate of deposition or removal of lutein and zeaxanthin in
or from the retina. In that case, understanding of the deficit might be valuable in a
broader context, i.e., in relation to age-related macular degeneration.

Diabetes al so affects the anterior segment of the eye; itisawell known risk factor
for cataract.’*® During the phase preceding the appearance of cataract, which may
take years, diabetic lenses are already abnormal in various aspects.!*! One property,
the transmission of light, can be inferred from the ratio of the autofluorescence in
the posterior and anterior part of the lens.!*-1%° Zeimer et al. and Mosier et al.
found no significant difference between diabetic eyes and healthy controls.14% 14 van
Best et al. observed a strong decrease in lens transmission of healthy subjects above
the age of about 50 years.’*® In a second paper, for a subgroup with duration of
diabetics longer than 10 years, the steep decrease in transmission occurred about
15 years earlier.'* While two of the three of the autofluorescence studies did not
report significant differences, two psychophysical studies have demonstrated alower
transmission at 420 nm in diabetes compared with age matched subjects.13%146 The
autofluorescence method yields a transmission at approximately 500 nm. Possibly
the transmission changes are limited to lower wavel engths and were not noticed.

In the present paper we tested three hypotheses in a group of diabetic patients:
first, that photoreceptor integrity is affected, second, that macular pigment is reduced,
and third, that the optical density of the lensisincreased compared with age matched
subjects. The patients were of both type | and I1, diabetes duration was on average
19 years, and ailmost all patients showed signs of retinal pathology. In most studies,
the retina and anterior segment are studied separately. Our study of such differing
hypotheses was facilitated by arecently developed instrument: the Foveal Reflection
Analyzer (Chapter 3).”> This apparatus is capable of simultaneous assessment of the
spectral and directional properties of the light reflected from the retina. Model ana-
lysisof spectral reflectance provides optical densities of photo stable ocular absorbers
such as the lens and macular pigment (Chapter 3).22 72 The directional characteris-
tics exhibit the optical Stiles—Crawford effect (Chapter 3),26-20.72 which contains in-
formation on the integrity of foveal cones.®” The investigated properties of diabetic
eyes were obtained in single snap shot measurements.
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Table 6.1: Clinical data for the 14 diabetic eyes. *Age, gender, type of diabetes, duration
of the disease and visual acuity were obtained from the medical record. TThe presence of
edema, small hard exudates, and ischemia in the measurement region (— absent, + present)
was assessed from a fluorescein angiography and red-free and color photographs, obtained
immediately after our investigations. *Availability or absence of the early phase (EP) record-
ing (+/—). Without an early phase recording, the state of ischemia is uncertain. Three
patients’ profiles and spectra are depicted with triangles®, squares, and crosses” in Figs. 6.1
and 6.2.

Age®  Gender* Type* Duration* Acuity* Edema’ Exudates’ Ischemia EP

(years) (years)
23 M [ 19 1.0 — — — —
31 F | 25 1.0 — — — —
34 F | 23 1.0 + — - -
428 M | 21 1.0 + — — +
42 M | 13 1.0 — — — +
43 F N6 1.0 — — - +
447 M n 21 0.63 + — + +
52 M ? 2 0.32 + — + -
53 M n 2 0.6 + - - +
53 M 14 0.63 + - — —
55 M | 20 0.5 + + — +
56 M 15 0.8 + - - -
58# F | 27 0.4 - — - +
61 M | 28 0.8 + — — —

6.2 Methods

6.2.1 Subjects

The research followed the tenets of the Declaration of Helsinki and was approved
by the local Medical Ethics Committee. Before testing, all subjects gave written
informed consent after the nature and possible consequences of the study were ex-
plained. Diabetic patients were recruited randomly from all the patients who had an
appointment for a fluorescein angiography consult in our clinic. Exclusion criteria
based on the medical record were age above 65 years, correction outside the range
—5Dto +3.5D, cataract, visual acuity less than 0.2, large hard exudates within the
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fovea, intraocular lensimplant, having other ocular or systemic diseases, or ahistory
of alergic reactions on fluorescein. In total 14 eyes of 14 subjects were included; an
overview of the clinical datais given in Table 6.1. In general, the right eye was se-
lected. In asingle case the | eft eye was measured. The patients' ages, rounded to the
nearest integer, ranged from 23 to 61 years, mean 46 years, with a standard deviation
of 11 years. Bothtypel and 11 diabeticswereincluded. Duration of the disease ranged
from 6 to 28 years, mean 19 years, with a standard deviation of 6 years. Visual acuity
as obtained with aletter projection system was taken from the medical record and can
only serve asarough indication. The presence of edema, hard exudates and ischemia
in the measurement region was assessed by an ophthalmologist of our clinic from
fluorescein angiography recordings, and red-free and color photographs. Table 6.1
also indicates whether an early phase (EP) recording was obtained for the included
eye. The assessment of ischemiais hampered without an early phase recording. The
control group consisted of 14 eyes of 14 age matched healthy subjects, without a
history of eye disease and no complaints on visual acuity. They were aged 23 to
60 years, mean 47 years, with a standard deviation of 11 years.

6.2.2 Instrument

The instrument has been described in detail elsewhere (Chapter 3).72 A number of
essentials are summarized below. The key element of the instrument was an imaging
spectrograph with its entrance dlit conjugate to the pupil plane. Spectra range of
the spectrograph was 420-790 nm. The dlit of the spectrograph defined a horizontal
0.8 x 12 mm exit pupil, placed over the dilated pupil of the subject. The coil of a
30 W halogen lamp was relayed to the pupil plane of the eye, defininga0.8 x 1.2 mm
entrance pupil. This small entrance pupil was placed centered with, and below the
horizontal bar shaped exit pupil. Their separation was 0.7 mm. The intensity of the
measuring light entering the eye was 1.10 x 106 Troland. A 2.8 deg diameter spot
centered on the fovea was illuminated. Ametropia was corrected for with the front
lens focus. The subject fixated on a central cross hair. The central 1.9 deg of the
illuminated spot was sampled. A chin rest and temple pads connected to a headrest
were used to maintain head position. A video channel was available for observation
of both retina and pupil.

With the imaging spectrograph, a spectral image of the bar shaped field in the
pupil plane was projected on the chip of a cooled ccD camera. For calibration
purposes, reference spectral images were obtained from a diffuse reflecting surface
painted with Eastman 6080 white paint and a dark black cloth in each session. For
each pixel of the ccp, the counts in the measurement and reference spectral images
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were converted to an equivalent percentage reflectance R, and an estimate of the error
in reflectance. Prior to the calculation of reflectance, the images were binned and
interpolated to 5 nm spectral and 0.1 mm spatial resolution. The array of reflectance
values can be looked upon as the distribution of light within a narrow bar placed over
the pupil, versus wavelength.

6.2.3 Protocol

The pupil of one eye in the controls was dilated with one or two drops tropicamide
0.5%. In the patients, for the purpose of the fluorescein angiography assessment
following immediately after our investigations, the pupils of both eyes were dilated
with tropicamide 0.5% and phenylephrine 5%. Both drops were administered a sec-
ond time after ten minutes. Subjects were aligned with the instrument and instructed
to fixate the crosswire at all times. The entrance beam was focused in the pupil plane
by moving the headrest back and forth. Fixation and front lens focus were checked
in theretinal image. We then searched for the maximum in the directional reflectance
(i.e., the maximum of the Stiles—Crawford effect) using the measuring field. During
the search, continuoudly directional profiles near 540 nm were read from the ccp. At
that wavel ength the directionality showed up prominently. In the horizontal direction
in the pupil plane (along the spectrograph dlit) the maximum position was readily
observed in a profile plot on a computer display. The maximum in the vertical direc-
tion was found by manual search. While moving the headrest vertically, the actual
profile was compared by eye to the highest profile till then. The search procedure
took approximately 2 minutes. In this period, visual pigments were bleached away
by the measuring light at approximately 97%.%° At the optimal entrance position
5 gpectra were obtained. In some of the patients it was impossible to observe a di-
rectional component in the reflectance. In that case, the measurements were obtained
near the center of the pupil. Integration timewas set at 1.0 s. All patients underwent
fluorescein angiography as part of their regular treatment immediately after our mea-
surements. Before injection of the fluorescein, red-free and color photographs were
obtained.

6.2.4 DataAnalysis

The array of reflectance values obtained from the spectrograph can be looked upon
as pupil profiles exhibiting the directional reflectance (i.e., the optical Stiles-
Crawford effect) versus wavelength (Chapter 3).”> Only the profile at 540 nm was
used. Thearray can also beinterpreted as spectraversuslocation along the bar shaped
exit pupil. We selected a single spectrum, at the location where the 540 nm profile
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had a maximum. In cases where no such maximum was present, the spectrum was
obtained at the center of the pupil.

The spectra were fitted with the van de Kraats et al. fundus reflectance model
using a least-squares method.®%2 Each data point was assigned a weight 1 over its
error squared. Spectral data at wavelengths above 750 nm was discarded because the
signal to noise ratio in this region was too low (Chapter 3).”? The fundus refl ectance
model describes radiation transfer in the eye with a limited number of reflecting,
absorbing, and scattering layers. Spectral properties of the absorbers are taken from
the literature. Eight parameters were optimized: reflectance from disks in the outer
segments of the photoreceptors, at the inner limiting membrane, and at the cornea,
the optical densities of melanin, macular pigment, and the aging component of the
lens, the thickness of the blood layer, and a parameter accounting for scattering in
the choroid. The parameter accounting for reflectance of the cornea was added to
the model. Visua pigment density was assumed zero, Stiles-Crawford parameter
SC was set at unity. The non-aging component of the optical density of the lens at
420 nmwasfixed at 0.31. Valuesfor other fixed parameters and adetailed description
of the model are given in the original paper.3 The optical density of the lensis given
at 420 nm and the optical density of macular pigment at 460 nm.3

In healthy subjects, the reflectance versus location in the pupil plane can be de-
scribed as a bell-shaped peak on top of a constant background (Chapter 3).2 Usually,
two sharp drops at about 4 mm nasal and temporal are present, corresponding to the
edge of the dilated iris. With pathology, the bell-shaped peak may disappear, leaving
ablock shaped profile. For both patients and controls, the distribution of reflectance
versus location in the pupil plane was fitted with:

R(X) = B(exp[— expl—r1(x— X )] + exp[— explra(x —xq)]] ) + AL0 P, (6.1)

where R is the percentage reflectance, x is the location in the pupil plane in mm, B
is the non-directional background reflectance, A is the amplitude of the directional
reflectance, p isameasure for the peakedness, X is the center position, X, and xg are
the location of the left and right edge, and r1 and r, are a measure for the steepness
of the drop at the edges of the profile. The fitted data included a few points at level
zero left and right to the pupil edges. As can be inferred from the equation, the left
and right edge are modeled in terms of a growth curve from zero to B/2. All profiles
were fitted with Eq. (6.1) using a least-squares method, with all data points assigned
equa weights.5?

The observed amplitudes A and B are reduced due to absorption in the lens. The
non-aging component of lens absorption is zero at 540 nm, and can be neglected.5*
The same s true for macular pigment.?> A correction for light losses due to the aging
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Figure 6.1: Percentage reflectance at 540 nm versus location in the pupil plane for three
diabetic patients (triangles, sguares, and crosses) and one healthy subject (circles). Nasal
(N) and temporal (T) side are indicated. The solid lines represent model fits to the data with
Eq. (6.1). The drop in amplitude of the directional reflectance in two of the patients (squares
and crosses) indicates that the integrity of the photoreceptors was altered.

component of the lens absorption was obtained from amode! fit to the accompanying
spectra. The corrected amplitudeis given by:

A = A10Prens-a (6.2)

where A is the amplitude of the directional reflectance as found in the original fit,
Diens—a IS the aging component of the lens density, and f = 0.247, the ratio of lens
aging density at 540 nm to 420 nm.®* The samerelation holdsfor B’ and B. Direction-
ality and the maximum position are far less altered by absorption in the ocular media,
although in theory the shape of the profile might be altered, even at 540 nm.*% 73 We
neglected these minor differences.

6.3 Resaults

Four examples of apupil profile exhibiting the directional reflectance from the fovea,
i.e, the optical Stiles-Crawford effect, are shown in Fig. 6.1. The symbols depict
the amount of reflected light versus location along a horizontal bar in the pupil. The
edges of the dilated pupil can be recognized as the sharp drops at about 4 mm nasal
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Figure 6.2: Spectral reflectance for the same subjects as in Fig. 6.1, three diabetic patients
(triangles, squares, and crosses) and one healthy subject (circles). The solid curves are fits
to the data with van de Kraats et al.’s model.2 Vertical lines (not discernable in most cases)
indicate measurement errors. A low reflectance at the shortest wavelengths is indicative of
a high optical density of the lens. For two patients (squares and crosses) reflectance was
reduced between 540 and 580 nm, in accordance with their lowered directional reflectance
at 540 nm (c.f., Fig. 6.1). The absorption edge of macular pigment near 520 nm was clearly
present in all the spectra.

and temporal. The solid curves are model fits with Eq. (6.1). The circles represent
data obtained from a healthy male control, aged 42 years. Reflectance showed a
prominent maximum 1.4 mm nasal of the pupil center. Thetriangles represent amale
type | diabetic subject, aged 42 years. Duration of his diabetic condition was 21 years
and visual acuity was 1.0. Fluorescein angiography and fundus photography reveaed
macular edema, no ischemiain the fovea, and no hard exudates in or near the fovea
The pupil profile had a normal shape. The squares represent a male type |1 diabetic
subject, aged 44 years. Duration of his diabetic condition was 21 years, visual acuity
was 0.63. He had macular edema and ischemia in the fovea, but no hard exudates.
The directional component of the reflectance was clearly reduced in amplitude. A
female type | diabetic subject aged 58 presents a more extreme example (Crosses).
Duration of her diabetic condition was 27 years and visual acuity was 0.4. No edema
or exudates were present in or near the fovea, there was no ischemiain the fovea.
Four reflectance spectra, for the same subjectsasin Fig. 6.1, areshowninFig. 6.2.
Reflectance at the lowest wavelengths was substantially lower for two diabetic sub-
jects (squares and crosses), indicative of absorption in the lens being higher.3 Note
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Figure 6.3: (A) The amplitudes of the directional component A’ and (B) the diffuse back-
ground B’ corrected for absorption in the lens versus age in normal subjects (circles) and pa-
tients (squares). Symbols depict the mean of five measurements. Error bars indicate the stan-
dard deviation within a series of five measurements. The directional component decreased
with age and was reduced in the diabetics group. The diffuse component increased with age
and was higher in the diabetics group.

that the first diabetic subject (sguares) and the control subject (circles) were of sim-
ilar age. Absorption by the macular pigment caused a decline from 520 nm towards
lower wavelengths.® The absorption edge was clearly present in all four subjects.
Between 540 and 580 nm a plateau was present. Thelevel of reflectancein thiswave-
length region is a measure for reflectance of the photoreceptors.® As expected, the
plateau was reduced for the subjects with a decreased directional reflectance (squares
and Crosses).

Phaotoreceptor integrity was assessed from the profiles as were shown in Fig. 6.1.
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The corrected amplitudes A’ and B’ for the directional reflectance and the non-direc-
tional background reflectance are plotted versus age in Figs. 6.3A and B for the dia-
betics (squares) and controls (circles). Differences between the two groups were
assessed with univariate analysis of variance with age as a covariate. The directional
reflectance A’ (Fig. 6.3A), adjusted for absorption in thelenswith Eq. (6.2), decreased
with (9.4+3.4) x 102 percentage reflection year—! (P = 0.01, regression parame-
ters are presented as mean + standard error). There was no significant differencein
the slope for diabetics and controls (P = 0.1). The directional reflectance was low-
ered by 0.36 percentage reflection in the diabetics (P < 0.001). The non-directional
background reflectance B’ (Fig. 6.3B), also adjusted for absorption in the lens, in-
creased with (114 4) x 10~3 percentage reflection year— (P < 0.05). There was no
significant difference in the slope for diabetics and controls (P = 0.3). The back-
ground reflectance was 0.23 percentage reflection higher in the diabetics (P < 0.05).

Figures 6.4A and B depict the directionality p and the position of the maximum
of the directional reflectance x; versus age for the diabetics (squares) and controls
(circles). The results of two diabetic eyes for p were discarded, because they had
virtually no directional component and p could not be assessed with reasonable ac-
curacy. Again, univariate analysis of variance with age was applied. Directional-
ity (Fig. 6.4A) did not change with age (P = 0.4). For the diabetics mean p was
0.15-+0.07 mm~2, in the controls it was 0.17 + 0.04 mm~2, which was not signifi-
cantly different (P = 0.3, population means are given =+ the standard deviation). The
position of the maximum (Fig. 6.4B) did not change with age (P = 0.6). The mean
position was 0.56 4+ 0.89 mm nasal in the diabetics and 0.95+ 0.56 mm nasdl in the
controls. The mean position of the maximum and its standard deviation were not
significantly different in the two groups (P = 0.2, Levine's test for equality of vari-
ances. P =0.2).

Analysisof the spectraasin Fig. 6.2 with van de Kraats et al.’s fundus reflectance
model2 provided, among other parameters, the optical density of the macular pigment
at 460 nm and the aging component of the optical density of the lensat 420 nm. Both
parameters are plotted versus age in Figs. 6.5A and B for the diabetics (squares)
and controls (circles). Again, univariate analysis of variance with age was applied.
Macular pigment (Fig. 6.5A) did not change with age (P = 0.6). For the diabetics
mean macular pigment was 0.38+ 0.17, in the controlsit was 0.44 4 0.14. This 14%
reduction was not significantly different (P = 0.3). The optical density of the lens
(Fig. 6.5B) in the controls increased with (7.5+2.5) x10~3 year ! (P < 0.01). In
the diabeticstherewas an additional increase of (7.8+3.5) x 103 year—* (P < 0.05).
When corrected for age, the lens density in both groups was not significantly different
(P=0.5).
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Figure 6.4: (A) Thedirectionality of the directional component p and (B) the position of the
maximum reflectance x. for normal subjects (circles) and patients (squares). Nasal (N) and
temporal (T) side are indicated. Symbols depict the mean of five measurements. Error bars
indicate the standard deviation within a series of five measurements. Both the directionality
and the maximum position were similar in normal and diabetic eyes.

6.4 Discussion

The strong reduction of the amplitude of the directional reflection in the diabetics
group indicates changes in the integrity of the foveal cone-photoreceptors. Surpris-
ingly, the directionality of the cones was not reduced. Macular pigment was not
significantly lower in diabetics. Lens density increased at a substantially higher rate
in diabetics, compared with the normal age-related increase in the controls.

The amplitude of the directional component A’ in the controls decreased with
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Figure6.5: (A) Macular pigment density (at 460 nm) and (B) the aging component of thelens
density (at 420 nm) versus age in normal subjects (circles) and patients (squares). Symbols
depict the mean of five measurements. Error bars indicate the standard deviation within a
series of five measurements. Macular pigment density in the diabetic and normal eyes was
not significantly different. The optical density of the lens in the controls increased with age
in both groups, in the diabetics this effect was stronger.

age, even after correction for absorption losses in the lens. This indicates that the
degradation of the receptors is a normal age-related phenomenon. The anatomical
aterations in the cone outer segments in normal aged retinas reported by Marshall
support this finding.13! The non-directional background B’ slightly increased with
age. Possibly, we have applied an over-correction for absorption in the eye lens.
In that case, the actual decrease of the directional component with age might be
stronger than our present estimate. After correction for age, the amplitude A’ was
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lower in diabetes. For asfar asthisreduction is of concern, we agree with Lardenoye
et al.” that theintegrity of the cone-photoreceptorsisaltered in diabetes. Thisfinding
is also in agreement with Elsner et al.,**” who found cone photopigment bleaching
abnormalitiesin diabetes, and with Weiner et al.,’*® who observed changesin foveal
cone el ectroretinography. In contrast to Lardenoye et al.” we did not find a decrease
in the directionality.

How can the alteration of the optical Stiles-Crawford effect in diabetes be un-
derstood? The first requisite for a normal directional reflectance is a precise align-
ment of the individual receptor cells toward a common location near the center of
the pupil.2* Second, it requires a sharply peaked back reflectance from each single
receptor. Whether considered a sign of the antenna or waveguide properties of the
receptor cells,®"° or adirectional reflectance from the stack of the disks in the outer
segments of the photoreceptors,® this demands healthy photoreceptors. Because only
the amplitude dropped, and because there were no major changes in the maximum
position, a common tilt or random disruption of the orientation of all the receptors
can be excluded. At least part of the receptor population was still commonly aligned
near the center of the pupil. Because the cells are closely packed, it seemsimpossible
that the cells till aligned, and those deviating, are mixed. Asafirst possible explana-
tion for the reduced amplitude, we propose that groups of cells are deviating, while
other groups remain aligned. Alternatively, the amplitude might also drop when a
fraction of the cells no longer acts as adirectional reflector, whatever the cause. Pos-
sibly, the age-related alterations in the outer segments as e.g. reported by Marshall,
occur at an earlier age in the diabetics.'3' However, the difference in age between
the two linear regression lines was 38 years, arather large value. 1t seemslikely that
diabetic retinopathy inflicts additional damage to the photoreceptors. Again, we can
conclude on the basis of the high directionality that the cells are probably not mas-
sively affected. Recently, Roorda and Williams demonstrated in vivo assessment of
the waveguide properties of single photoreceptors.1® It would be worthwhile to ex-
amine the affection of the photoreceptor reflectance in diabetes with this technique,
to narrow down the possible causes of the abnormalities.

Although our results corroborate the findings of Lardenoye et al.,” acritical note
can be made on their analysis of the directional reflectance, which also concerns the
work of DeLint et al. They both applied a fit with a simpler version of Eq. (6.1),
with asingle parameter B accounting for the diffuse background component (see also
Gorrand and Delori,'® and Burns et al.1®) A fit with such an equation works well in
healthy subjects, but becomes unstable when the directional part of the reflectance
decreases. When this occurs, the amplitude of the directional component A increases
and fits the entire signal in the pupil center, while the diffuse background parameter
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B decreases or may even be negative. The directionality becomes very low. DeLint
et al. made a comment on this, but continued using the spuriously low directionality
values.® Lardenoye et al.” quoted values for the directiondlity as low as 0.01 mm~2,
indicative of an unstable fit. Analysis of our profiles with the more elaborated model
asgiven by Eqg. (6.1) was stablein all cases; thisimprovesinterpretation of the pupil
profiles. We note that the apparatus used in the aforementioned studies was also
built in our laboratory. The new instrument applied in the present study offers a
number of benefits. Instead of the formerly used bitebar, a simple chinrest suffices.
Previously, a series of images were required, which makes the technique vulnerable
to errorsin fixation or slight head movements during the series. The new technique
merely requires capturing a single reflection image, obtained in a second. Our results
illustrate the potential of the new instrument as a fast test on photoreceptor integrity
inaclinical setting.

The reduction of macular pigment was approximately 14%. This difference is
small compared to the natural variation in macular pigment, and was not significant.
Davies and Morland found a mean reduction of 59% in a population of 34 diabet-
ics.23% Our much smaller reduction is probably not related to alack of diabetic retinal
complicationsin our population. The clinical datain Table 6.1 provide evidence that
many patients suffered from retinopathy in the foveal region. Duration of diabetes
ranged from 6 to 28 years, mean 19 years, with a standard deviation of 6 years; in
Davies and Morland's patients duration ranged from 2 to 38 years, mean 13.8 years,
standard deviation 10.3 years.’®® Searching for other sources of the discrepancy,
we wonder whether their subjects were capable of performing a complicated psy-
chophysical test. The experimental errors were large; for half of their diabetics the
confidence interval included zero, and 8 patients and 4 controls were not included in
the macular pigment test for reasons unknown. We conclude that if a reduction in
macular pigment in diabetics exists, it is probably small.

The density of the lens in healthy subjects strongly correlated with age. In the
normal controls, the increase in lens density was (7.5+ 2.5) x 103 year—1, whichis
of the same order as the increase of 8.66 x 102 year~! for subjects aged less than
60 years in Pokorny et al.’s aging model.%* In the diabetics, the increase in lens
density was (15+4) x 10~3 year—1, afactor of two higher. Lutze and Bresnick also
found a faster increase in lens density in diabetics compared to normals.}*® Thein-
crease in lens density in young diabetics was similar to that of their controls above
age 60 years. They concluded that the aging mechanism in diabetics and elderly must
be similar. We do not agree with this conclusion. In Pokorny et al.’s aging model 54
subjects over age 60 have an increase in lens density of 28.9 x 103 year—1, almost
twice the rate we found in our diabetics. Possibly, other factors besides an accelera-
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tion of the normal aging process exist. Pigments with other spectral signatures might
accumulate in the diabetic lens, or scattering of light might increase. In conclusion,
the increased optical density of the lens reflects early changes in the diabetic lens.
Possibly, these early changes are predictive for cataract formation. They could serve
to monitor the affection of the lens by the disease or as amarker in clinical studies.



Chapter 7

General Discussion

Thefirst aim of this thesis was the devel opment of a new instrument for simultane-
ous measurement of the spectral and the directional reflectance of the living human
eye. The anadysis of existing instruments in Chapter 2 demonstrates that this was
hitherto not achieved. In Chapter 3, the new instrument is described in detail, and
its functionality is demonstrated on a group of healthy subjects. In Section 7.1 of
this General Discussion, we will compare the new instrument with the previous de-
signs that are reviewed in Chapter 2. Whereas Chapter 3 focusus on experimental
results, this discussion will deal with the technical aspects of the design. The second
aim of thisinvestigation was to derive amodel for analysis of the reflectance images
produced by the apparatus. The results of Chapters 4 and 5 provide important in-
termediate steps towards a model capable of fitting the entire two-dimensional data
sets simultaneously. The development of such a fundus reflectance model will be ad-
dressed in Section 7.2. In thefinal part of thisthesis (Chapter 6), the first application
of the new instrument in a clinical setting is presented. In general, the results offer
good prospects for further clinical studies. The possible future applications of the
instrument will be discussed in Section 7.3.

7.1 Development of the Instrument

In Chapter 2, we review existing instruments for fundus reflectometry. Table 2.1 on
page 16 gives aqualitative overview of the characteristics of the previous and new de-
signs. The new instrument is described in detail in Chapter 3. In this Section, we will
compare the design of the new and previously existing instruments. Many elements
of the new instrument were derived from the earlier designs. Imaging spectroscopy
on the living human eye was demonstrated before by Hammer et al.>® In their in-

93
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strument, the entrance dlit of the spectrograph was conjugate to the retinal plane. In
contrast, we have placed the entrance dlit of an imaging spectrograph conjugate to
the pupil plane. Thisfeature is unique to the new instrument.

For all the single spot instruments, the size of the illuminated and sampled region
was in the range 1-5 deg. In order to decrease the influence of imperfect imaging,
theilluminated fieldswerein general slightly larger. The diameters of theilluminated
and sampled fields of the new instrument were 2.8 deg and 1.9 deg. Thisis of the
same order as in the other single spot instruments, and it is about the size of the
foveal region. A decrease of the field sizes would result in less light available for
analysis, and possibly the signal to noise ratio would become too low. A larger field
size would make the instrument less sensitive to changes in the cone photoreceptors
in the center of the fovea. Furthermore, the average macular pigment optical density
would be reduced, and the differences between individuas would be more difficult
to detect. In view of these considerations, the present field sizes seem a reasonable
compromise.

The two photoreceptor alignment reflectometers described in the literature had
the highest resolution in the pupil plane.’®1°® Moreover, they sampled the pupil plane
intwo dimensions. Invan Norren and van de Kraats' densitometer and scanning laser
ophthalmoscope, the configuration of the pupil planewas small and could be scanned
through the subject’s pupil plane.®2° The other instruments were not capable of sam-
pling the pupil plane. In the new instrument, the entrance pupil was formed by the
image of the filament of its halogen lamp light source, and measured 0.8 x 1.2 mm.
This principle was taken over from van Norren and van de Kraats' densitometer.*’
The bar shaped exit pupil comprises a series of 0.14 x 0.8 mm exit pupils. The first
measure of 0.14 mm was set by the pixel size of the ccD camerain the spectrograph.
The second measure was set by the width of the dlit of the spectrograph. A fairly large
width was required to capture enough light. The separation of the entrance pupil and
bar shaped exit pupil was 0.7 mm. This was the closest separation that could be
achieved with the presently used ophthalmic mirror. A decrease in this separation
would lead to reflections and stray light at the edges of the hole in the mirror. For
optimal assessment of the directional reflectance, it isimportant that the entrance and
exit pupil configuration is not too large. Otherwise, the directional component would
decrease too much relative to the diffuse background component. For the present
dimensions of the pupil configuration, it can be estimated that the measured ampli-
tude of the directional reflectance is approximately 75% of what could be achieved
maximally. Thus, the present size of the pupil configuration seems sufficiently small.
The half width at half maximum of the distribution of the directional reflectanceisin
the order of afew millimeters. The spatial resolution along the bar shaped exit pupil
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was more than adequate to sample this distribution.

Delori’s spectrophotometer®® 42 and Hammer et al.’simaging spectrograph® pro-
duced continuous spectra. In van Norren and van de Kraats' densitometer, the spectra
were limited to discrete points in wavelength, set by the transmission window of the
interference filters.*” Delori and Pflibsen used only 19 wavelengths in their analysis,
while their apparatus was capable of returning a larger number.? The scanning laser
ophthal moscopes and the photoreceptor alignment reflectometers operated at one, or
asmall number of particular laser wavelengths. The new instrument produced con-
tinuous spectrain the wavel ength range 420-790 nm. This was the maximal possible
range given the dispersion of the prism and the size of the ccp chip. Unfortunately,
the spectral filters blocked too much light above 750 nm, giving a poor signal to
noise ratio above this wavel ength. While devel oping the instrument as an experimen-
tal setup, we opted for a practical solution, and experimented with spectral filtersthat
were available in our laboratory at that time, to find a reasonable combination. The
present filtersworked well in the wavel ength range 420—750 nm, which was sufficient
for our purpose.

Some of the instruments were optimized to operate at light levels low enough
to keep the visual pigments unbleached. In other cases, it was possible to align the
dark-adapted subject to the apparatus using near infrared wavelengths where visual
pigments do not absorb, and measure the dark-adapted reflectance in asingle, or few
flashes. DelLint et al. used a scanning laser ophthalmoscope with a fast shutter syn-
chronized to the scanning electronics, enabling the capture of single frames.?® With
a sufficiently low frame rate, dark-adapted measurements over longer periods were
possible. In the new instrument, the high spectral and spatial resolution demanded a
high illuminance of the measuring light to maintain a sufficient signal to noise ratio.
Consequently, al the measurements were performed in bleached conditions.

The number of photons available for detection in each pixel of the ccb camera
is related to the factors discussed above, eg., the size of the illuminated and the
sampled field, the size of the entrance pupil, the width of the spectrograph’s dlit, the
spectral resolution, the spatial resolution in the pupil plane, the illuminance of the
measuring light, the choice for the spectral filters, the spectral sensitivity of the ccp,
and the integration time. It requires a delicate trade-off to reach sufficient signal, in
particular at wavel engths below 450 nm, because the retinal reflectance, output of the
light source, and quantum efficiency of the ccp arelowest in thisregion. The sizes of
the entrance pupil and the retinal fields were chosen to be similar to the values used
in earlier experiments. The integration time and the spectral filters were optimized,
in order to achieve the highest possible signal in the blue, while preventing the signal
at longer wavelengths from saturating the ccp. It can be concluded that we have
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adopted a reasonable choice for the combination of the parameters.

Recently, the optics of theinstrument were completely redesigned, which resulted
in atabletop version. In the design and construction, several improvements have been
made. Firgt, thetabletop version hasaccb camerawith lessdark current and readout
noise, and alarger chip. Second, the choice of spectral filters has been optimized for
the new ccb. The new combination of filters and the larger chip facilitated extending
the spectral range to 400-950 nm.

Both the experimental setup and the new tabletop version of the instrument rely
on a continuous light source with a high illuminance. Thiswill inevitably bleach the
visual pigments to atransparent state. To measure the reflectance with the visua pig-
ments present (dark-adapted) as well, the illuminance of the measuring beam should
be reduced with a neutral density filter. This could be compensated with an increase
in integration time, larger retinal field sizes, and a decrease in spectral resolution
and spatia resolution in the pupil plane. Another possible solution would require
flash light illumination and a fast, synchronized shutter for the camera. Possibly,
thiswould allow capturing a single recording before the measuring light bleaches the
visua pigment.

7.2 Fundus Reflectance M odel

721 ThePresent Modd

At present, we rely on van de Kraats et al.’s reflectance model for analysis of foveal
reflectance spectra® In this thesis, the first purpose was to analyze the results ob-
tained with the new instrument, in order to compare them with those reported in the
literature (Chapter 3). The second purpose was to compare the optical density of the
lens and the macular pigment in diabetic eyes with that in normal eyes (Chapter 6).
In Chapters 4 and 5, we have presented new aspects that are not accounted for in the
present model. In addition, as will be discussed below, the description of light orig-
inating from the choroid could be improved. Although the present model describes
the data satisfactorily, possibly the fitted parameters contain systematic errors. How
sensitive are our conclusions to these errors? Reconsideration of the work presented
in Chapters 3 and 6 seems appropriate.

Regarding Chapter 3, the correctness of the model is of less concern. We com-
pared our spectral model parameters mainly with the parameters obtained by Delori
and Pflibsen? with a comparable model, and those obtained by van de Kraats et al.2
with exactly the same model. In Chapter 6, we have applied the model for analysis of
the normal and diabetic subjects spectra. Of main interest were the differences be-
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tween the two groups. If the model would produce systematic errorsin one or more of
its parameters, these would to first order affect the outcome in both groups similarly.
Thus, for the comparison between groups, certain uncertainties in the correctness of
the model are acceptable. Regarding in vivo methods, there is no gold standard for
measurement of the optical density of the lens or macular pigment. Notwithstanding
that, it would be highly interesting to compare our technique with different indepen-
dent methods in the same group of subjects. An example of such a study, on three
methods for assessment of macular pigment optical density, was published by Delori
et al.% In conclusion, application of van de Kraats et al.’s model® for analysis of
single spectra can be justified. However, as will be discussed below, an update of the
model seems necessary.

7.2.2 TowardsaModd for Spectral and Directional Reflectance

The new instrument produces images of the spectral and directional reflectance
R(x,A), with x the location in the pupil in millimeters and A the wavelength in nm
(c.f., Fig 3.2, page 26). Van de Kraats et al.’s reflectance model® cannot be applied
to the two-dimensional R(x,A) data. We set out to expand the model, with the aim
to fit the entire two-dimensional data set simultaneously. In Chapters 4 and 5, we
have analyzed the two-dimensional R(x,A) spectra by fitting a Gaussian to individual
profiles at each wavelength (c.f., Eq. (4.2), page 42; Eq. (5.1), page 55):

R(X,A) = B(A) + A(A)10 PR (xx)* (7.1)
with B(A) the non-directional background, A(A) the amplitude of the directional re-
flectance, p(A) a measure for the directionality, and x the center position. Here, we
have explicitly denoted the dependence of B, A, and p on wavelength A. The param-
eter X is expected to be independent from A. The spectrafor p and A were presented
in Chapters 4 and 5. We successfully derived a new model for both spectra. These
models are important steps towards improvement of van de Kraats et al.’s model .2
Unfortunately, an analysis of the spectra for the non-directional component B(A) is
lacking.

Below, we will briefly discuss van de Kraats et al.’s model.3 They divided the
different layers in the eye into three groups: First, the pre-receptor layers, e.g., the
eye media, the inner limiting membrane, and the layer of nerve fibers containing the
macular pigment, second, the receptor layer, and third, the post-receptor or “deeper”
layers.3 We will follow the same division. Starting at the level of the cornea, aray of
light encountering the successive layers in the eye will be traced. Of interest are the
processes that contribute to the measured reflectance, such as reflectance or backscat-
ter of the light, and in the mechanisms attenuating the light. An important notion is
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that the ray of light passes the layers twice, first on the entrance path and second on
the way back to the pupil. Thisis accounted for by multiplying the optical densities
of the layers by afactor of two. Because the reflectivity of the layersis small, sec-
ondary reflections are generally neglected. It is assumed that the interference of light
between different layers plays no significant role: Light reflected at different levels
in the retinais ssmply added.

7.2.3 Pre-Receptor Layers
Reflection

The reflections at the surfaces of the cornea and the lens, referred to as the Purkinje
images, are considered artefacts when measuring the reflectance of the fundus. The
more the paths of the entrance and exit beam are kept separated till they intersect
the back surface of the lens, the weaker the contribution of these reflections. In
the arrangement we have applied to separate the reflected light from the entrance
beam, the specular reflection of the cornea largely disappears in the central hole of
the ophthalmic mirror. To correct for a small remnant reflection, and possibly light
back-scattered in the lens as well, we have added the parameter Ryornea to the model
(Chapters 3 and 6). It was assumed to be independent from wavelength.

Another source of reflectance is the boundary between the vitreous body and
the retina, the inner limiting membrane (1ILm). On fundus images, the specular re-
flectance of this layer is clearly visible as a ring-shaped reflex surrounding the mac-
ula, on top of and along the larger blood vessels, and sometimes as a tiny speck in
the center of the fovea.'*® In van de Kraats et al.’s model, the ILM is assumed to be a
source of diffusereflectance aswell.3 Asthe authors noted, it cannot be disti nguished
from minor backscatter in the vitreous.® We found the ILM reflectance Rijy, small and
problematic to fit; in many cases it reached zero (Chapter 3). Although diffuse, van
de Kraats et al. assumed the I1LM reflectance to be due to a transition in refractive
index, viz. Fresnd reflectance, and to be spectrally neutral 3 To our knowl edge, there
is no experimental evidence for this assumption. A second reflecting layer in the su-
perficial retinais the nerve fiber layer.'® The reflectance of thislayer is proportional
to its thickness and is strongly dependent on wavelength.1>° Because the nerve fibers
are nearly absent in the fovea, reflectance from this layer is neglected.

Attenuation

At least three mechanisms play arole in the attenuation of light in the pre-receptor
layers. Reflections at the cornea and the inner limiting membrane present small light
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losses. The second source of attenuation is scattering in the media, e.g., the cornea,
the lens, and the vitreous. Apart from losses due to back scattering, light scattered
forward outside the detection field is lost as well. Finaly, light is absorbed in the
media, mainly the lens, and in the macular pigment. Part of thislight is converted to
heat, another part may appear at longer wavelengths as fluorescent light.

We will first discussthe spectrally neutral light lossesin the media. Van de Kraats
et al."smodel parameter (Dmedscat) @ccounting for these losses was estimated at 0.15
for a single pass.3 Earlier, Delori and Pflibsen® proposed a density of 0.10. The
value of 0.15 might be too high: With a correction this large, the reflectivity of all
the retinal reflecting layers is multiplied by a factor of two. How much do the three
mechanisms for attenuation add to the spectrally neutral density? First, the outermost
layer of the cornea (the tear film) has a refractive index of 1.336 with respect to
air.?>27 With the Fresnel equations,?’ the reflection at the front surface of the cornea
can be estimated at 2%. This corresponds to a minute optical density of 0.009. The
other reflection losses, e.q., at the back of the lens or theinner limiting membrane, are
even smaller. Second, psychophysical studies'?”-128 found forward-scattered light to
be independent from wavelength; in that case a spectrally neutral correction would
be appropriate. Because most of the light is scattered within a narrow solid angle, the
light lossis expected to be small for our 1.9 deg field. Forward scattering in the cornea
was reported to depend on wavelength,® but it is also negligible for our 1.9 deg field.
Third, the spectrally neutral absorption lossesin thelensare also small: Van den Berg
and Felius reported amean optical density of 0.04 £ 0.04 density unitsat 700 nm for
donor lenses aged 59 4 20 years.*'* Thisvalueincluded losses due to back scattering
aswell. In view of thislow value, Dmedscat iS estimated at approximately 0.05, much
smaller than the present value of 0.15. It should be noted that this parameter, because
it is spectrally neutral, does not improve the goodness of fit of the model.

Spectrally selective attenuation in the pre-retinal layersis mainly due to absorp-
tion. The spectral absorption of the pre-retinal layers was studied in detail in Chap-
ter 5. The main absorbers are the pigments in the eye lens and the macular pigment.
At wavelengths above 700 nm, absorption in water comes into play. The other com-
ponents of the ocular media have a negligible absorption in the visible wavelength
range. With regard to the first source of absorption, the eye lens, van de Kraats
et al.’smodel could remain largely the same. We suggest to replace the templates that
are referred to as “non-aging” and “aging” with the “young” and “aged” templates,
representing the pigment O-B-glucoside of 3-hydroxykynurenine (3-HKG) and the
pigments accumul ating with age. The non-aging template had a fixed optical density
of 0.31. In contrast, the density of both the new templates varies with age. For the
second source of pre-retinal absorption, the macular pigment, the template proposed
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by Walraven® (Eq. (5.3), page 56) seems a reasonable description (c.f., Fig. 5.1A,
page 57). It has the advantage that it is available as an equation. Finally, the ab-
sorption in water enters the model for wavelengths above 700 nm. Van de Kraats
et al.® refered to the data by Smith and Baker?>! and fixed the path length to 24 mm.
Recently, van de Berg and Spekreijse analyzed the contribution of water to the spec-
tral absorption of the eye media in the infrared. They tabulated Smith and Baker's
data'®! below 800 nm, and provided additional data above this wavelength.152 They
proposed a path length of 22 mm.1%?

7.2.4 Receptor Layer

Light reaching the receptor layer has four possible fates.® First, it can be absorbed in
the visual pigments. Second, it can be reflected at the stack of disksin the outer seg-
ments of the photoreceptors. This produces the directional component of reflectance
from the retina.  Third, it can traverse the entire outer segment without being re-
flected. And fourth, it can leak out of the outer segment. Van de Kraats et al.’s model
elaborates on the absorption in the visual pigments and the three pathways in terms
of geometrical optics.2 An example of amodel calculation of light interaction with a
photoreceptor in terms of Maxwell’s equations, was given by Piket-May et al.1%* Un-
fortunately, such complicated models require too much time to evaluate for on-line
analysis of spectral measurements. It is desirable to have a simple model that can be
readily evaluated analytically. Van de Kraats et al.’s model® probably till holds as a
reasonable approximation.

In Chapters 4 and 5, the directional reflectance from the disks was studied exten-
sively. At each wavelength, the directiona reflectance could be fitted with a Gaus-
sian. The scattering theory by Marcos et al.?? and Marcos and Burns® predicts this
Gaussian shape, and states that its directionality p is the sum of two components.
Thefirst is pwg, Which results from the waveguide properties of the photoreceptors.
In our analysis in Chapter 4 this component was assumed to be independent from
wavelength, which was a reasonable first order approximation. The second compo-
nent pscat(A) accounts for the scattering of light from the photoreceptor mosaic. It is
proportional to one over wavelength squared, and is related to the row-to-row cone
spacing. In Chapter 5 it was shown that reflectance from the photoreceptors is spec-
trally neutral. This property was aready contained in van de Kraats et al.’s model .

Currently, with the visual pigments bleached, the directional properties of van
de Kraats et al.’'s model® are governed by the spectrally neutral parameter SC. The
model does not specify how this parameter SC depends on pupil position x quantita-
tively, and it does not incorporate Marcos et al.’s scattering theory.?>23 We suggest
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to incorporate our new findings in the model. The modified model should explicitly
produce a Gaussian shaped distribution in the pupil plane. At thelevel of the photore-
ceptors, the amplitude of this Gaussian should be spectrally neutral. Marcos et al.’s
scattering theory?>23 enters the new model via the directionality p of the Gaussian
distribution.

An unsolved problem is that van de Kraats et al.’s model assumes that the en-
trance and exit pupil move in tandem.? In the new instrument the entrance pupil is
aligned with the maximum of the directional reflectance, and spectra are obtained for
arange of exit pupils. A test can be placed on this aspect of the model by scanning the
pupil plane with the configuration of the entrance pupil and the bar shaped exit pupil.
Marcos and Burns performed this type of experiments to study the waveguide direc-
tionality of the photoreceptors, but their analysis was limited to two wavelengths.?
With the new instrument, the experiment could be repeated for a continuous range
of wavelengths. Finally, as was suggested in the previous Section, it could be at-
tempted to obtain measurements with dark-adapted visual pigments. This would put
an additional test on the description of the interaction of light with the photoreceptor

layer.

7.25 Post-Receptor (Deeper) Layers

In Chapter 5, we assumed that the only source of directional reflectance residesin the
outer segments of the photoreceptors. This greatly simplified the model analysis of
parameter A versus wavelength. The non-directional or diffuse background B origi-
nates from a large number of reflecting layers. In Section 7.2.3 on the pre-receptor
layers, we aready introduced the reflectance of light from the cornea, the surfaces of
the lens, the inner limiting membrane, and the nerve fiber layer, and the back scatter
of light from the cornea, the lens, and the vitreous humor. The receptor layer, in
addition to acting as a directional reflector, cannot be excluded as a source of diffuse
reflectance as well. However, the main source of the diffuse reflectance is believed to
residein layers behind the receptor layer, also referred to as the deeper layers.® Here,
light isreflected or scattered from the retinal pigment epithelium, Bruch’s membrane,
the choroid, and the sclera. Invan de Kraats et al.’s reflectance model® the reflectance
of the deeper layersis described by:

Rdeep(m = Rdlera(\) 10~ 2[Dmea(A)+Dbiood () +Dscat] (7.2)

with Ryeep(A) the reflectance from the deeper layers, Reera(A) the reflectance of
the sclera given by 0.5exp[—0.00261(A — 675)],%3 Dmea()) the optical density of
melanin, Dpiood(A) the optical density of alayer of blood with thickness Thyjeed, and
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Figure 7.1: The single dot at 540 nm represents the typical value of 0.52% for the diffuse
non-directional background at thiswavelength. The dashed curve depictsthe reflectance from
the deeper layers Ryeep Calculated with Eq. (7.2). Typical values for Dmga, Thhiood, and Dcat
were used. The predicted reflectance below 600 nm clearly is too low. The required level
of non-directiona reflectance can be produced by placing an additional reflector in front of
the blood rich layers. As an example, the solid curve depicts a model produced by adding a
spectrally neutral reflectance of 0.5%.

Dga @ parameter accounting for spectrally neutral losses, for instance due to light
scattering laterally in the choroid, outside the measurement field.

We have reasons to believe that the model Eq. (7.2) is incorrect. The physical
assumption in Eq. (7.2) isthat light reflects at the scleraand passes the choroid twice.
This may hold at wavelengths above 600 nm, where blood is transparent. In this
wavelength region, Eq. (7.2) probably holds as a reasonable approximation. How-
ever, at shorter wavelengths, the total optical density strongly increases. The choroid
is virtualy opaque and light never reaches the sclera. The dashed model curve in
Fig. 7.1, calculated according to Eq. (7.2), illustrates this problem. Typical values
for Dimga(A), Thhood(A), and Dy Were taken from Table 3.2 on page 30. Below
600 nm, Eq. (7.2) predicts the reflectance to drop below 0.1%. For the profiles de-
picted in Fig. 3.5, page 32, the non-directional background is clearly higher than
0.1%. In Fig. 7.1, the typical value for the non-directional background (0.52%, also
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Figure 7.2: Van de Kraats et al.'s model parameter® Rgisc versus the amplitude of the di-
rectiona reflectance A for 39 healthy eyes (circles) and 14 diabetic eyes (squares). The
solid curve depicts a linear regression line. The intercept was (2.3 + 0.13)%. The correla
tion between Ry and A was 0.5. Apparently, sources other than the directional reflectance
contribute to Ryj.

taken from Table 3.2) isindicated with asingle dot at 540 nm. Apparently, Eq. (7.2)
predicts too low values for the diffuse component.

The solid curve in Fig. 7.1 illustrates how the model “solves’ the problem of
Rdeep Producing a too low non-directional component. It was already noted in the
Discussion in Chapter 3 that the receptor disk reflectance cannot be discerned from
a reflecting layer at the level of the retinal pigment ephithelium (page 34). That
is, Rgis hot only contains the reflectance of the receptor layer, but is contaminated
with a source of diffuse reflectance from deeper layers. Because this light originates
from behind the macular pigment, the parameters Rm and Reomea @€ not capable
of accounting for the additional diffuse reflectance. The solid curvein Fig. 7.1 was
calculated with Eq. (7.2) with the same parameters as were used to calculate the
dashed curve, but an anterior reflector of 0.5% was added to the model. This brought
the resulting curve in agreement with the expected level of diffuse reflectance.

As it seems, the model counteracts the problem of Rgeep(A) being too low by
increasing the parameter Rgs«. We can put another test on this assumption. The
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parameter Ryg Stands for reflectance from the disks in the outer segments of the
cones, in other words, the directional reflectance. It should be closely related to
the amplitude of the directional reflectance A. We tested this hypothesis on data
obtained from the 39 eyes that were included in the study presented in Chapter 5,
and data obtained from the 14 diabetic eyes that were presented in Chapter 6. The
parameter Ryig« Was assessed from single spectra at the location where the directional
reflectance had a maximum with van de Kraats et al.’s fundus reflectance model (c.f.,
Section 3.4.2, page 27; Section 6.2.4, page 82).° The amplitude of the directional
reflectance A was assessed from profiles at 540 nm with Eqg. (6.1), with the method
that was described in Section 6.2.4 on page 82 ff. The relationship between Ry«
and A can be inferred from the scatter plot depicted in Fig. 7.2. While A approached
zero in some of the diabetics, Ry remained at a level of 2.3%. Furthermore, the
correlation between Ry and A had the modest value of 0.5. It is concluded that Rgjig«
partly represents another source of reflectance, presumably light reflected from the
photoreceptor layer itself, the retinal pigment epithelium, or the superficial layers of
the choroid. Because the correlation with A islow, it cannot serve as a predictor of
photoreceptor integrity.

Our conclusion that the model for Ryeep(A) isincorrect iscorroborated by aMonte
Carlo simulation for light scattering in the choroid by Preece and Claridge, which
showed no difference between a spectrum with or without the sclera backing the
choroid.®> They concluded that most of the light originating from the choroid repre-
sents light backscattered from within the fundus. Because scattering is involved, a
physically correct model capable of replacing Eq. (7.2) is probably complicated.!>3
Aswas aready stated above, it isdesirable to have asimple model that can be readily
evaluated analytically. As afirst order approximation, a spectraly neutral reflector
could be placed at the level of the photoreceptors. As such, it is located behind the
macular pigment, but in front of the blood rich layers. This neutral reflector would
take over the role that is presently fulfilled by Rg«. To distinguish this diffuse re-
flectance from the directional Ry, originating from the same level, it is crucial to
have a two-dimensional model for fitting the spectral and the directional reflectance
simultaneously. Possibly, thiswould also solve the problem mentioned in Section 6.4,
page 88 ff., namely the instability of Gaussian fits to profiles without a directional
component.
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7.3 Prospects

7.3.1 Ocular Pigments

One of the main applications of the new instrument is assessment of the optical den-
sity of ocular pigments. The discussion below will focus on the optical density of the
macular pigment and the eye lens. A discussion of other ocular pigments, e.g., the
visua pigments and melanin, is outside the scope of the present thesis, for a review
see Liem et al.%® and Berendschot et al.*

Optical Density of the Macular Pigment

Macular pigment was first suggested to improve visua performance by suppressing
chromatic aberration in the blue part of the visual spectrum,*>* but recent calcula-
tions no longer support this idea.’>> Macular pigment possibly protects the retina
as afilter for blue light, or as an antioxidant quenching free radicals. Aswas stated
severa times in this thesis, it has been suggested to reduce the risk for age-related
macular degeneration (AMD).>*1 Macular pigment cannot be synthesized de novo,
it has to be derived from the diet.1%6:15” The macular pigment optical density has
been demonstrated to increase after dietary supplementation of lutein,*>12 and with
consumption of foods rich in lutein such as spinach or corn.** This suggests that
individuals with low levels of macular pigment could benefit from dietary supple-
mentation. The “protection” and “intervention” hypotheses have been the incentive
for alarge number of recent publications on macular pigment, including the present
thesis. However, demonstration of the efficacy of macular pigment awaits further
supplementation studies, more extensive epidemiological research, and randomized
intervention studies.

Regarding the increase of the optical density of macular pigment with supple-
mentation of lutein and zeaxanthin, at least three studies have been published. Lan-
drum et al. supplemented lutein to two male subjects and observed a considerable
increase in both subjects.’?> Hammond et al. added spinach and corn to the diet of
eleven subjects (Four male, nine female).'* Eight of these subjects had an increase
of at least 13% in macular pigment density. Finally, Berendschot et al. supplemented
lutein to eight male subjects and observed an increasein all subjects.!3 Although the
conclusion can be drawn that intervention is possible, a number of questions remain
unanswered. It is unclear whether supplementation is effectivein all individuals. All
three studies involved small populations, lacked a control group, and in two cases
included only men. It seems necessary to conduct a larger study on both males and
females. It should be arandomized double blind study, with the control group receiv-
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ing a placebo. Assuming for the moment that dietary supplementation will increase
the optical density of macular pigment, will it prevent or reduce the risk for the de-
velopment of AMD? In alarge cross-sectional study, Berendschot et al.'®® divided
subjects in two groups according to their level of age-related maculopathy®® (ARM),
indicative for the risk to develop AMD. The macular pigment optical density (MPOD)
was similar in eyes without any sign of ARM (n =289, mPoD = 0.33 + 0.15) and
in eyes at any stage of ARM (n =146, MmPOD = 0.33 + 0.16) These results seem to
disprove arelation between MPoD and ARM. Direct proof of the protection and in-
tervention hypotheses requires an intervention study in a population of elderly with
repeated follow up studies.

On the premise that the protection hypothesis holds, a screening tool of the gen-
eral population might become useful. Such an instrument should be cheap and easy
to operate. Preferably, it should rely on a method that does not involve dilation of
the pupil with mydriatics. The precision of the outcome is of lesser concern; it suf-
fices to have an indication of the macular pigment level. The new instrument seems
too costly, too complicated, and requires dilation of the pupil. On the other hand,
fundamental research should rely on objective and precise methods. For this type of
research, the new instrument would be an excellent choice.

In the past years, alarge number of techniques for measurement of macular pig-
ment has been devel oped.%3:13.31.65,160-167 A complete review of currently existing
techniques is outside the scope of the present discussion. Good starting points for an
overview of techniques arethe paper by Delori et al.,%° and the review by Berendschot
et al.*> All methods have their pros and cons, and all methods have potential pitfalls.
In order to keep track of the results obtained with the different methods, the relation
between the different techniques has to be established in the immediate future; A
start in this direction has been made.'3 65167 |n Chapter 5, we have demonstrated the
capability of the new instrument to precisely reproduce the optical density spectrum
of macular pigment invivo (c.f., Fig. 5.2, page 59). More extensive research with this
new method and with other existing techniques in pseudophakic subjects could lead
to an improvement of our understanding of the various techniques for measuring the
optical density of macular pigment.

Optical Density of the Eye Lens

Absorption of light in the eye lens has been studied extensively before; reviews were
given by Weale,1%® and by Pierscionek and Weale.*%° The absorption has a profound
influence on the spectra sensitivity of the photoreceptors in the blue wavelength re-
gion. Separation of changes in the contribution of pre-receptor absorption and re-
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ceptor sensitivity is of interest for fundamental and clinical studies.1%”:170-172° An
example of the latter is the study of color discrimination in diabetic patients.1’%:172
For this type of study, “lens-matched” controls are desired. Moreland*’* and Hardy
et al.1"? proposed a model to calculate the age of control subjects given the age of
the diabetic subjects and the duration of their diabetic condition. Unfortunately, this
model cannot account for the large variation between individuals, does not account
for individual variations in macular pigment density, and probably leads to a poor
match. Direct measurement of the absorption in the lens and the macular pigment
could improve this situation.

Possibly, the optical density of the lens provides an indication for the risk of de-
velopment of cataract in certain patient groups. In Chapter 6, we found an increased
optical density in diabetic patients, who are known to have a higher risk to develop
cataract. A follow up study designis required to test this hypothesis. It would also be
of interest to separate the influence of age, and of the duration of the disease on the
lens optical density. Because in our study the sample size was too small, this relation
could not be quantified.

7.3.2 Photoreceptor Integrity

Diagnostic tests on the structural integrity of the cone photoreceptors in the fovea
are sparse. In our clinic, the method of choice has been the measurement of the vi-
sual pigment density, called densitometry. The assets of clinical densitometry have
been reviewed by Liem et al.>® The method relies on measuring the difference in
reflectance between afully dark adapted and a completely bleached retina. The main
drawback is that full dark adaptation takes considerable time. An aternative test is
the psychophysical assessment of the directional sensitivity of the receptors,’® i.e,
the psychophysical Stiles-Crawford effect.3® As an historical sidemark, an earlier
Utrecht University thesis was published on the clinical importance of the Stiles-
Crawford effect by Dunnewold in 1964.173 Potentialy, it is a useful clinical test
of foveal integrity.”® In practice, the procedure is also too time consuming, and too
demanding for the subject. Assessment of the directional reflectance, c.f., the opti-
cal Stiles-Crawford effect, provides comparable information but can be performed in
much less time than the other two tests. With the use of a chin-rest the discomfort for
the patient is minimal. The only task is central fixation; usually thisis possible even
with reduced visual acuity. In generd, it can be concluded that the new instrument
meets the criteriafor aclinical test on photoreceptor integrity.’®

In Chapter 3, it was suggested that the new instrument could provide differential
diagnosis of patients with visual acuity loss of unknown origin. The hypothesisis
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that in a small subgroup of these undiagnosed cases the reduced visual acuity could
be due to an dteration of the photoreceptors, while the media are clear and the fovea
appears otherwise normal with an opthalmoscope or on a fundus photograph.56174
We have measured 18 patients with undiagnosed loss of visual acuity. In one case,
with reduced visua acuity in one eye and normal acuity in the other, the directional
reflectance was absent in the former eye and normal in the latter. Both eyes had
an intra ocular lens. The media were clear and the retina was judged normal by
an ophthalmologist of our department. We have repeated the measurements twice,
after 181 and 293 days, and found consistent results. Apart from this single case,
evidence for the hypothesis could not be produced. Further research is required to
demonstrate the usefulness of the new instrument for this particular application.

The new instrument opens the road to future clinical studies on common reti-
nal diseases. First, research on patients with diabetes mellitus (Chapter 6) could be
continued. It would be of interest to relate the photoreceptor integrity to clinical pa-
rameters such as visual acuity, grade of edema, or duration of the disease. Again,
because our sample size was too small, this relation could not be addressed in the
present thesis. Second, it is hypothesized that the instrument is capable of detect-
ing changes in the photoreceptor integrity in the early phase of age-related macular
degeneration. Third, a study by Nork et al. on retinal sections suggested that glau-
coma induces swelling of the photoreceptors.t”® Possibly, this swelling also occurs
in the fovea. In that case, it could be expected to induce changes in the directional
reflectance.

A number of less common retinal diseases are known to involve a pathological
condition of the photoreceptors. The first example, macula pucker, is characterized
by “wrinkling” of the retinal”® The condition is treated with surgical removal of
the vitreous. In most, but not al patients, there is a gradual improvement of visual
acuity. It would be worthwhile to have a predictor for the outcome of the visual
acuity after the surgery. Possibly, the photoreceptor integrity could fulfill this role.
In addition, it is of interest to monitor the integrity after the surgery, and to relate it
to the improvement in visua acuity. A second example is a macular hole.!’® This
condition is also treated with surgical removal of the vitreous. Again, it is of interest
to relate the photoreceptor integrity to the improvement in visual acuity after the
surgery. A third example is central serous retinopathy.1’® This idiopathic disease
involvesthe accumulation of subretinal fluid. The fluid resolves spontaneously within
1-6 months in 80% of the patients, in 20% it resolves within 6-12 months. The
visua acuity returns to normal or near normal. We expect to be able to demonstrate
an improvement of the photoreceptor integrity aswell.
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Summary and Conclusion

The main achievement of this investigation was the development of a new instru-
ment for measurement of light reflected from the retina in a living human eye. The
instrument measures both the spectral and the directional properties of the reflected
light. Model analysis of the spectral reflection yields the optical densities of ocu-
lar absorbers, e.g., the eye lens, melanin, and the macular pigment. The directional
properties of the retinal reflectance provide information on the integrity of the foveal
cone photoreceptors. The applications of the instrument concentrate on the fovea: the
region of the retina specialized for acute vision. Therefore, the apparatus was coined
the “Foveal Reflection Analyzer”.

The first part of this thesis is on the development of the new instrument. The
key element is an imaging spectrograph, with its dit placed conjugate to the pupil of
the eye. The analysis of existing instruments in Chapter 2 demonstrates the novelty
of this concept. The instrument was realized as an experimental setup on an optical
bench. In Chapter 3, the optics of the instrument are described in detail. The spec-
trograph’s spectral range is 420—790 nm. It samples a 1.9 deg spot on the retina in
one second, and measures the spectral reflectance along a horizontal bar across the
dilated pupil. Video observation of the retina and the pupil facilitates proper align-
ment. The first results obtained on a group of healthy subjects were in agreement
with the literature.

Unfortunately, the model® available for analysis of the spectral and directional
reflectance developed a few years earlier in our group could not be applied to entire
spectrograph images. Therefore, the second aim of thisthesis was to improve our un-
derstanding of this type of spectral reflectance data, which should eventually lead to
an improved spectral reflectance model capable of fitting the entire two-dimensional
data set ssimultaneously. This problem was split in several parts. At each wavelength,
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single profiles exhibiting the directional reflectance could be described with a Gaus-
sian on top of a background. This way, spectra for the directionality, the amplitude
and the background of the Gaussian were produced. Analysis of these spectra al-
lowed us to demonstrate several new aspects of the retinal reflectance.

Thisisfirst shown in Chapter 4, where we elaborate on spectra for the direction-
ality described with parameter p; a measure for the peakedness of the distribution in
the pupil plane. The scattering theory by Marcos et al.?? and Marcos and Burns®
predicts that p versus wavelength can be described by the sum of the waveguide di-
rectionality pwg, independent from wavelength, and a contribution proportional to
one over wavelength squared, attributed to scattering. The contribution of the latter
component gives a measure for the row-to-row cone spacing. Our data for p as a
function of wavelength corroborated the scattering theory. The estimations for cone
spacing and the waveguide directionality were in agreement with the literature.

In Chapter 5, we elaborate on the amplitude of the directional reflectance as a
function of the wavelength, the second new type of spectrawe have introduced. This
type of spectra could be described with a simple model. The directional reflectance
was supposed to originate from the outer segments of the photoreceptors. This was
the single layer contributing to the reflectance. Only two absorbers were considered
of significance: the crystalline lens and the macular pigment. In the first part of
Chapter 5, model analysis of spectra obtained from five pseudophakic eyes demon-
strates that the source of directional reflectanceis spectrally neutral. The second part
of Chapter 5 includes data obtained on 39 normal eyes aged 18-64 years. This data
allowed us to study the absorption in the natural crystalline lens as function of age.
Hitherto, the generally accepted description for these changes was Pokorny et al.’s
model® for the optical density of the lens as a function of age. In afirst attempt to
describe our datawith amodel incorporating Pokorny et al.’s theory, we found small
but systematic differences between the model and our data. These discrepancies war-
ranted a search for an improvement of the model for the age-related changes in the
spectral absorption of the eye lens. Our newly proposed model comprises a combi-
nation of two templates: a“young” template representing the pigment O-f3-glucoside
of 3-hydroxykynurenine (3-HK G), and an “aged” template representing the pigments
accumulating in the lens with age. The fina model for the amplitude of the direc-
tional reflectance comprises four factors: The optical density of the young and aged
template, the optical density of the macular pigment, and the reflectivity of the pho-
toreceptor layer. This model was applied to spectra obtained from individual eyes.
As expected, the density of the young template decreased with age. Concomitantly,
the density of the aged template increased with age. The total optical density of
the eye at 420 nm dlightly increased with age. Precise individual estimates for the
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macular pigment density were obtained. In comparison with models aso including
diffuse reflectance from the deeper layers, the model analysis of the isolated direc-
tional component was simpler and contained fewer assumptions. This improved the
interpretation of the estimates of the optical density of the lens and the macular pig-
ment. Finaly, we observed a decrease of the photoreceptor reflectivity with age,
possibly reflecting a degradation of the photoreceptors.

In the final part of this thesis, the first application of the new instrument in a
clinical setting is presented. This study included a group of patients with diabetes
mellitus. The aim was to assess the integrity of the photoreceptors in the fovea, and
to measure the optical density of the macular pigment and the eye lens. The results
were compared with those of a group of healthy subjects. We found a strong re-
duction of the amplitude of the directional reflection in the diabetics group. This
indicates changes in the integrity of the foveal cone-photoreceptors. The direction-
ality of the cones was not reduced. Macular pigment was not significantly different
in diabetics. Lens density increased at a substantially higher rate in diabetics, com-
pared with the normal age-related increase in the controls. The instrument proved
to be afast and practical test on photoreceptor integrity. Macular pigment could be
assessed efficiently and accurately in patients, their reduced visual acuity presented
no problem for the method.

In conclusion, we have devised a novel type of instrument. The measured spec-
tra and pupil profiles exhibiting the directional reflectance were in accordance with
separate measurements of these aspects with earlier instruments. This validated the
functionality of the new instrument. Simultaneous measurement of both aspects al-
lowed us to study several new phenomena. First, we have corroborated the scattering
theory of Marcos et al. Second, it was demonstrated that the cone photoreceptors act
as spectrally neutra reflectors. Third, we have proposed a new model for the optical
density spectrum of the lens as a function of age. Although significant progress has
been made, a major task remains to be done: A satisfactory model for the diffuse
non-directional background is lacking. The first pilot study on a group of diabetic
subjects warrants the initiation of further clinical studies on a larger scale. For this
purpose, our group has recently developed atable-top version of the instrument.
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Samenvatting

Dit proefschrift beschrijft de ontwikkeling van een nieuw optisch instrument voor on-
derzoek van het levende menselijk 0oog. Het instrument projecteert een lichtbundel in
het oog. Een klein gedeelte van het licht reflecteert terug uit het oog. Met het nieuwe
instrument kunnen voor het eerst gelijktijdig de spectrale en de richtingsafhankelijke
eigenschappen van de oogreflectie gemeten worden. Het instrument heeft twee be-
langrijke toepassingen. De eerste toepassing is het bepalen van de hoeveelheid van
een aantal pigmenten in de lens en in het netvlies. Voorbeelden van pigmenten in
het netvlies zijn de visuele pigmenten, die licht opvangen in de kegeltjes, en verder
het macula pigment, melanine, en het hemoglobine in bloed. De hoeveelheid van
de pigmenten volgt uit een analyse van de spectrale reflectie met een fysisch model.
De tweede toepassing is het bepalen van de integriteit van de kegeltjes. Gezonde
kegeltjes produceren een bepaal de karakteristieke richtingsafhankelijke reflectie. Af-
wijkingen in deze eigenschap geven een indicatie dat de kegeltjes aangedaan zijn. De
twee toepassingen van het instrument hebben beiden betrekking op de fovea, het deel
van het netvlies dat is gespecialiseerd voor scherp zien.

Het door ons gebruikte fysisch model voor de spectrale reflectie is gebaseerd op
de aanname dat licht enerzijds wordt gereflecteerd door een beperkt aantal lagen in
het 0og, en anderzijds wordt geabsorbeerd in een beperkt aantal pigmenten. De ver-
schillende pigmenten in het oog hebben elk een uniek absorptiespectrum. Hoe hoger
de hoeveelheid van een bepaald pigment, hoe hoger de absorptie bij de voor het pig-
ment karakteristieke golflengten, en hoe lager de gemeten reflectie. De mate van
absorptie wordt uitgedrukt al's een optische dichtheid (optical density, OD). Daoor in
het model de optische dichtheid van de verschillende pigmenten en de reflectie van
de reflecterende lagen te variéren, wordt gezocht naar die combinatie van parameters
welke de spectrale reflectie het beste beschrijft. De op deze manier verkregen opti-
sche dichtheden geven de gewenste maat voor de hoeveelheid van de verschillende
pigmenten in het oog.
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Met name het gele macula pigment heeft de afgelopen jaren veel belangstelling
gekregen. Dit pigment bevindt zich voornamelijk in de fovea, die daarom ook wel
de gele viek wordt genoemd. Het macula pigment is een samenstelling van de ca-
rotenoiden luteine en zeaxanthine. Sommige onderzoekers verwachten dat macula
pigment het risico verlaagt voor het krijgen van een belangrijke ouderdomsziekte van
het netvlies: leeftijd gebonden macula degeneratie. Het is aangetoond dat de optische
dichtheid van macula pigment kan worden verhoogd door het toevoegen van luteine
aan het dieet, of door het eten van voeding die rijk is aan luteine, zoals spinazie of
mai's. De suggestie dat macula pigment beschermend werkt, en de bevinding dat ver-
hogen van de optische dichtheid ervan mogelijk lijkt, hebben de laatste jaren geleid
tot veel onderzoek op dit gebied. Een aantal vragen zijn nog onvoldoende beant-
woord. Ten eersteis verder onderzoek nodig aan het effect van toevoegen van luteine
en zeaxanthine aan het dieet, en tevensis verder epidemiol ogisch onderzoek gewenst.
Voor het direct aantonen van de werkzaamheid van luteine is een gerandomiseerde
interventie studie nodig. Uiteindelijk, op voorwaarde dat de beschermende werking
van macula pigment kan worden aangetoond, kan het wenselijk zijn een groot bevol-
kingsonderzoek te doen. Het nieuwe instrument kan in alle genoemde voorbeelden
van onderzoek aan macula pigment een rol spelen.

Het tweede aspect van de reflectie, de richtingsafhankelijkheid, wordt bestudeerd
door de verdeling van het gereflecteerde licht te meten in de pupil van het oog. Voor
dit doel wordt de pupil met oogdruppels verwijd tot ongeveer 8 mm. De druppels
verlammen de spier in de iris, zodat deze niet meer samenknijpt wanneer de felle
meetbundel in het oog schijnt. In de meeste gezonde ogen is de reflectie het sterkst
nabij het centrum van de pupil, en zwakker aan de rand. Dit verschijnsel wordt het
optisch Stiles—Crawford effect genoemd. De richtingsafhankelijke reflectie heeft zijn
oorsprong in de kegeltjes. De kegeltjes hebben een langwerpige cilindrische vorm. In
een gezond oog zijn alle kegeltjes nauwkeurig gericht naar een gemeenschappelijke
locatie in de pupil. Wanneer een smalle lichtbundel op deze plaats van de pupil
in het oog geschenen wordt, werken de kegeltjes als een “zaklamp” in omgekeerde
richting: zereflecteren voornamelijk in de richting van gemeenschappelijke uitlijning
in de pupil. Als gevolg hiervan treedt een duidelijk maximum op in de reflectiein de
pupil. Zowel de amplitude van de richtingsafhankelijke reflectie, a's de breedte van
de verdeling in de pupil verschaffen informatie over de gezondheid van de kegeltjes.
Objectieveinformatie over de integriteit van de kegeltjesin de foveaisvrijwel niet te
verkrijgen met bestaande klinische tests.

Het eerste deel van dit proefschrift gaat over de ontwikkeling van het nieuwe in-
strument. Het belangrijkste onderdeel is een afbeeldende spectrograaf. De pupil van
het gemeten oog wordt door het instrument afgebeeld op een horizontale spleet in de
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spectrograaf. Omgekeerd, de horizontal e spleet kan men zien al's een horizontale balk
in de pupil van het gemeten oog. Alleen het licht afkomstig uit deze balk passeert de
spleet, en wordt gemeten door de spectrograaf. Voor een groot aantal punten binnen
de horizontale balk wordt een afzonderlijk spectrum opgenomen. Het overzicht van
de bestaande apparaten in hoofdstuk 2 toont aan dat dit principe nog niet eerder werd
toegepast.

Hoofdstuk 3 beschrijft de optiek van het instrument in detail. Het nieuwe instru-
ment werd opgebouwd op een optische tafel. Figuur 1.6 op pagina 9 toont een foto
van de opstelling. De lichtbundel van het instrument wordt geproduceerd door een
halogeen lamp. Deze bundel verlicht een enkele viek op het netvlies, ongeveer ter
grootte van de fovea. De spectrale reflectie wordt gemeten in het golflengtegebied
van 420 nm (blauw licht) tot 790 nm (rood licht). De afmetingen van de horizontale
balk in de pupil van het oog zijn 0.8 x 12 mm. De verdeling binnen deze balk geeft
de richtingsafhankelijkheid van de reflectie. De meettijd is slechts 1 seconde. Voor
het uitlijnen en scherpstellen van het instrument kan met een video camera zowel de
pupil as het netvlies bekeken worden. Hoofdstuk 3 beschrijft tevens de eerste metin-
gen met het nieuwe instrument, die werden verkregen van 21 gezonde proefpersonen.
Zowel de spectrale, als de richtingsafhankelijke eigenschappen van de refl ectie waren
in overeenstemming met eerdere resultaten uit de literatuur.

Het model dat beschikbaar was voor de analyse van de spectrale reflectie werd
enkele jaren geleden in onze groep ontwikkeld. [Van de Kraats et al., Vision Res. 36
22292247 (1996)] Helaas kan dit model niet worden toegepast op ale spectra die
het nieuwe instrument in &n enkele meting oplevert. De analyse in Hoofdstuk 3 was
om die reden beperkt tot één enkel spectrum, verkregen op de locatie in het pupil-
vlak waar de richtingsafhankelijke reflectie maximaal was. Om deze reden werd als
tweede doel in dit proefschrift nagestreefd om onsinzicht in de samenhang tussen de
spectrale en de richtingsafhankelijke reflectie te verbeteren. Het uiteindelijke dodl is
een model dat beide aspecten gelijktijdig kan beschrijven. Dit probleem werd opge-
splitst in meerdere delen. Voor elke golflengte kan de reflectie worden beschreven
met hetzelfde wiskundig model: een klokvormige Gauss-functie op een vlakke ach-
tergrond. Een dergelijke Gauss-functie wordt beschreven door vier parameters. de
positie van het maximum in de reflectie, de amplitude van de richtingsafhankelijke
component A, de achtergrond B, en een maat voor de gerichtheid van de reflectie p.
Deze laatste parameter is omgekeerd evenredig met het kwadraat van de breedte op
halve hoogte van de Gauss-functie.

Hoofdstuk 4 beschrijft een analyse van de mate van gerichtheid van de reflectie
p asfunctie van de golflengte. Het voornaamste doel was de metingen te vergelijken
met de theorie van Marcos et al. [ J. Opt. Soc. Am. A 15 2012-2022 (1998)] en
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Marcos en Burns. [ J. Opt. Soc. Am. A 16 995-1004 (1999)] Deze theorie voorspelt
dat p als functie van de golflengte kan worden beschreven met de som van twee
componenten. De eerste wordt bepaald door de golfgel eider-ei genschappen en wordt
aangegeven met pyg (van: waveguide directionality). Deze component is in eerste
orde onafhankelijk van de golflengte. De tweede component is gerelateerd aan de
verstrooiing van licht aan de mozaiek van kegeltjes en geeft een maat voor de afstand
van de ene rij kegeltjes tot de andere rij. Deze component is omgekeerd evenredig
met de golflengte in het kwadraat. Onze gegevens voor de gerichtheid als functie van
de golflengte bevestigden de theorie van Marcos et al. De schatting voor de afstand
tussen de kegeltjes was in overeenstemming met de anatomische literatuur.

Hoofdstuk 5 beschrijft een analyse van de amplitude van de richtingsafhankelij-
ke reflectie als functie van de golflengte. Dit is het tweede aspect dat kon worden
bestudeerd door analyse van de reflectie bij verschillende golflengten met een Gauss-
functie. Dit type spectrale reflectiemetingen kon worden beschreven met een simpel
model. De richtingsafhankelijke reflectie werd verondersteld afkomstig te zijn uit de
achtersegmenten van de kegeltjes. De kegeltjes vormden de enige reflecterende laag.
Slechts twee absorberende pigmenten werden belangrijk verondersteld: de ooglens
en het macula pigment. In het eerste deel van hoofdstuk 5 worden metingen van
vijf ogen met een plastic kunstlens uitgewerkt. De absorptie in een dergelijke plastic
lens kan vrijwel verwaarloosd worden, alleen voor golflengten korter dan ongeveer
450 nm werd een kleine correctie toegepast. In deze ogen speelt alleen absorptie
in macula pigment een rol. De absorptie-eigenschappen van macula pigment zijn
bekend. Als enige onbekende factor in de analyse rest dan nog de reflectie van de
kegeltjes als functie van de golflengte. Het bleek dat de reflectie van de kegeltjes
even sterk is voor iedere golflengte tussen 420 en 650 nm.

Het tweede deel van hoofdstuk 5 beschrijft de metingen aan 39 normale ogen
met een leeftijd van 18 tot 64 jaar. Aan de hand van deze gegevens werd de absorptie
in de ooglens als functie van de leeftijd bestudeerd. Tot dusver werd voor een be-
schrijving hiervan gebruik gemaakt van de theorie van Pokorny et al. [ Appl. Opt. 26
1437-1440 (1987)] In een eerste poging om onze metingen te beschrijven met een
model gebaseerd op deze theorie vonden wij kleine, maar systematische verschillen
tussen het model en onze gegevens. Deze onvolkomenheden van het model waren de
aanleiding voor het zoeken naar een verbeterde theorie voor de beschrijving van de
absorptie van licht in de ooglens, en de veranderingen hierin met de leeftijd. De voor-
gestel de nieuwe theorie bevat twee componenten. De eerste component staat voor een
“jong” pigment, het pigment O-B-glucoside van 3-hydroxykynurenine (3-HKG). Dit
pigment domineert de absorptie in jonge lenzen, en verdwijnt op oudere leeftijd. De
tweede component staat voor &én of een groep “oude’ pigmenten, die zich langzaam
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in de lens verzamelen. De absorptie in de oude pigmenten neemt het geleidelijk over
van de absorptie in de jonge pigmenten.

Het uiteindelijke model voor de amplitude van de richtingsafhankelijke reflectie
bevat vier factoren: de optische dichtheid van het jonge pigment, de oude pigmenten,
het macula pigment en de reflectie van de kegeltjes. Dit model werd toegepast op
individuele metingen. Zoals verwacht, nam de hoeveelheid jong pigment af met de
leeftijd. Gelijktijdig namen wij een sterke toename van de oude pigmenten waar.
De totale optische dichtheid in de lens, de som van de optische dichtheid van de
twee componenten, nam licht toe met de leeftijd. Met het model werden precieze
individuele metingen van de optische dichtheid van het macula pigment verkregen.
Het voordeel van de analyse van aleen de richtingsafhankelijke reflectie, in plaats
van de totale reflectie, is dat het model aanmerkelijk eenvoudiger kan zijn dan de
modellen die gebruikt worden voor analyse van de total e reflectie. De reden hiervoor
is dat de totale reflectie ook een component bevat die is gereflecteerd in de dieper
gelegen lagen van het netvlies. Hier speelt de verstrooiing van licht een hoofdrol,
en het is moeilijk om dit proces met een model te beschrijven. Het hier gebruikte
model voor de analyse van de richtingsafhankelijke component levert metingen van
het macula pigment op die beter te interpreteren zijn dan waarden die volgen uit een
analyse van de totale reflectie. Tot slot namen wij een afname van de reflectie van
de kegeltjes met de leeftijd waar. Waarschijnlijk wijst dit op een aftakeling van de
kegeltjes.

In het laatste deel van dit proefschrift, hoofdstuk 6, laten wij een toepassing zien
van het apparaat in de kliniek. Dit hoofdstuk beschrijft het onderzoek aan een groep
patiénten met diabetes mellitus. Het doel was het bepalen van de gezondheid van de
kegeltjesin de fovea, en het meten van de optische dichtheid van het macula pigment
en de ooglens. Ter vergelijking werd een groep gezonde proefpersonen gemeten.
Wij vonden een sterk verminderde amplitude van de richtingsafhankelijke reflectie
in de diabetes groep. Dit wijst op een verandering in de kegeltjes. De mate van
gerichtheid was niet verminderd. Macula pigment was niet significant verschillend
tussen de normal e proef personen en de diabetes patiénten. De optische dichtheid van
de lens nam sneller toe met de leeftijd vergeleken met de normale lesftijdsgebonden
toename in de gezonde ogen. De ervaringen opgedaan met dit onderzoek geven aan
dat het instrument een snelle en praktische test isvoor de gezondheid van de kegeltjes.
Ook in de groep patiénten kon het macula pigment efficient en nauwkeurig gemeten
worden. De verminderde gezichtsscherpte in een aantal van de patiénten vormde
geen probleem voor de methode.
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Samengevat: wij hebben een nieuw type instrument ontwikkeld. De metingen
van de spectrale en richtingsafhankelijke reflectie zijn vergelijkbaar met eerdere me-
tingen van deze twee aspecten afzonderlijk. Het nieuwe element van het instrument
is dat beide aspecten gelijktijdig gemeten kunnen worden. Dit nieuw type metingen
gaf aanleiding tot een aantal nieuwe inzichten. Ten eerste hebben wij krachtig bewijs
verzameld voor de theorie van Marcos et al. over de verstrooiing van licht aan het
mozaiek van kegeltjes. Ten tweede hebben wij laten zien dat de kegeltjes licht van
iedere golflengte even sterk reflecteren. Ten derde, met dit gegeven bekend, werd een
nieuw model voor de absorptie van licht in de ooglens en de veranderingen met de
leeftijd afgeleid. Het belangrijkste dat nog moet gebeuren is het ontwikkelen van een
model voor de niet richtingsafhankelijke reflectie. Zoals a eerder werd aangeven,
bestaat deze component van de reflectie uit licht dat is verstrooid in het netvlies, en
is het opstellen van een model hiervoor lastig. Parallel aan het fundamentele werk
is een start gemaakt met onderzoek in de kliniek. De resultaten van het onderzoek
aan patienten met diabetes mellitus rechtvaardigen het opstarten van verder onder-
zoek in de kliniek. Voor dit doel werd recent een handzame versie van het apparaat
ontwikkeld.
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