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In vivo resonant Raman measurement
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We have used resonant Raman scattering spectroscopy as a novel, noninvasive, in vivo optical technique to
measure the concentration of the macular carotenoid pigments lutein and zeaxanthin in the living human
retina of young and elderly adults. Using a backscattering geometry and resonant molecular excitation in the
visible wavelength range, we measure the Raman signals originating from the single- and double-bond stretch
vibrations of the 7-conjugated molecule’s carbon backbone. The Raman signals scale linearly with carotenoid
content, and the required laser excitation is well below safety limits for macular exposure. Furthermore, the
signals decline significantly with increasing age in normal eyes. The Raman technique is objective and quan-
titative and may lead to a new method for rapid screening of carotenoid pigment levels in large populations at
risk for vision loss from age-related macular degeneration, the leading cause of blindness in the elderly in the
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1. INTRODUCTION

It has been hypothesized that the macular carotenoid pig-
ments lutein and zeaxanthin'? might play a role in the
treatment and prevention of age-related macular degen-
eration (AMD), the leading cause of blindness in the eld-
erly in the United States.>* Supportive epidemiological
studies have shown that there is an inverse correlation
between high dietary intakes and blood levels of lutein
and zeaxanthin and risk of advanced AMD.?>® It has also
been demonstrated that macular pigment levels can be al-
tered through dietary manipulation”® and that caro-
tenoid pigment levels are lower in autopsy eyes from pa-
tients with AMD.%!® Recently the Age-Related Eye
Disease Study demonstrated that high-dose supplementa-
tion with antioxidant vitamins and minerals (vitamin C,
vitamin E, beta-carotene, and zinc) can lower the rate of
progression to advanced AMD in high-risk patients.!
Comparable randomized, placebo-controlled prospective
clinical study data to support the lutein and zeaxanthin
hypothesis are not yet available, however.

The spatial distribution of lutein and zeaxanthin in the
human and monkey retina has been studied extensively.
Spectroscopic studies of tissue sections of primate macu-
lae (the central 5—6 mm of the retina) indicate that there
are very high concentrations of carotenoid pigments in
the Henle fiber layer of the fovea and smaller amounts in
the inner plexiform layer.!? Biochemical studies have
demonstrated that in the foveal area zeaxanthin predomi-
nates over lutein by a 2:1 ratio, whereas in the peripheral
retina the concentration of lutein and zeaxanthin drops
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as much as 100-fold relative to the center of the fovea, and
the zeaxanthin:lutein ratio reverses to 1:2.'3!*% Tt is
thought that the majority of the carotenoids in the foveal
region are associated either with cones'® or with Miller
cells'® and that the carotenoids of the peripheral retina
are present in the rod outer segments.'”!® High-spatial-
resolution psychophysical studies appear to correlate well
with these findings, showing basically a symmetric distri-
bution of macular pigment density that peaks at the cen-
ter of the fovea and decreases exponentially outward,
with an average width of 1.03 deg at half-maximum in
normal subjects.!®

The mechanisms by which these two macular pig-
ments, derived exclusively from dietary sources such as
green leafy vegetables and orange and yellow fruits and
vegetables, might protect against AMD is still unclear.
These pigments are known to be excellent free-radical-
scavenging antioxidants in a tissue at high risk of oxida-
tive damage owing to the high levels of light exposure and
to abundant highly unsaturated lipids.®>*2%21 In addi-
tion, since these molecules absorb in the blue—green spec-
tral range, they act as filters that may attenuate photo-
chemical damage and/or image degradation caused by
short-wavelength visible light reaching the retina.??

There is considerable interest in the measurement of
macular carotenoid levels noninvasively in the elderly
population to determine whether low levels of macular
pigment are associated with increased risk of AMD.?3
Currently the most commonly used noninvasive method
for measuring human macular pigment levels is a subjec-
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tive psychophysical heterochromatic flicker photometry
test involving color intensity matching of one light beam
aimed at the fovea and another aimed at the perifoveal
area.!? This method is time intensive and requires an
alert, cooperative subject with good visual acuity, and it
may exhibit high intrasubject variability when macular
pigment densities are low or if significant macular pathol-
ogy is present.?* Thus the usefulness of this method for
assessing macular pigment levels in the elderly popula-
tion most at risk for AMD is severely limited. Neverthe-
less, researchers have used flicker photometry to investi-
gate important questions such as variation of macular
pigment density with age and diet. In a recent flicker
photometry study, for example, the pigment density was
found to increase slightly with age,?® but two other stud-
ies found the opposite trend.?%2

A number of objective techniques for the measurement
of macular pigment in the human retina have been ex-
plored recently as alternatives to the subjective psycho-
physical tests. The underlying optics principles of these
techniques are based on either fundus-reflection or
fundus-fluorescence (autofluorescence) spectroscopy. In
traditional fundus reflectometry, which uses a light
source with a broad spectral continuum, reflectance spec-
tra of the bleached retina are measured separately for
fovea and perifovea. The double-path absorption of
macular pigment is extracted from the ratio of the two
spectra by reproducing its spectral shape in a multipa-
rameter fitting procedure that uses appropriate absorp-
tion and scattering profiles of the various fundus tissue
layers traversed by the source light.2’3° One of the im-
aging variants of fundus reflectometry uses a TV-based
imaging fundus reflectometer with sequential, narrow-
bandwidth light excitation over the visible wavelength
range and digitized fundus images.?! Another powerful
variant uses a scanning laser ophthalmoscope,??32 (SLO),
employing raster scanning of the fundus with discrete
laser-excitation wavelengths to produce highly detailed
information about the spatial distribution of macular pig-
ments (and photopigments).>*8 In autofluorescence
spectroscopy, lipofuscin in the retinal pigment epithelium
is excited by light within and outside the wavelength
range of macular pigment absorption. By measuring the
lipofuscin fluorescence levels for fovea and perifovea, one
can obtain an estimate of the single-pass absorption of
macular pigment.3%4

Autofluorescence measurements of macular pigments
were recently carried out in a group of 159 subjects (ages
15-80, normal retinal status) and compared with reflec-
tometry measurements. Also, in a small subgroup, the
autofluorescence measurements were compared with het-
erochromatic flicker photometry measurements.*’ Aver-
age macular pigment optical densities for the whole age
group were 0.48 = 0.16 for autofluorescence (2-deg test
field), 0.23 *= 0.07 for reflectometry (2-deg test field), and
0.37 = 0.26 for the psychophysical measurement (0.8-deg
test field). Furthermore, autofluorescence was found to
measure densities reproducibly to within 9% of the mean
density, which is superior to the reproducibility obtained
by reflectometry (22%) and flicker photometry (15-35%
depending on age, training, and experience of subjects).
In another recent study that compared reflectometry,
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SLO, and flicker photometry in the measurement of
macular lutein uptake, SLO was found to be superior to
spectral fundus reflectance, whereas psychophysical mea-
surements yielded widely varying results.3%4!

We investigated Raman scattering as a new
approach*>#? for the measurement of macular pigment
levels in human subjects.*»*® The technique described in
this paper is objective as well as noninvasive and appears
to be fast and quantitative; its exquisite specificity means
that it could be used for patients with a variety of ocular
pathologies. Thus this technique holds potential for a
major advance in the study and possible prevention of
macular degenerative diseases. Moreover, the noninva-
sive measurement of carotenoids by resonance Raman
spectroscopy has even wider uses as a potential early di-
agnostic test of disorders in other human tissues such as
the skin and the oral cavity.*47

2. OPTICAL PROPERTIES AND RAMAN
SCATTERING OF CAROTENOIDS IN
SOLUTIONS

Carotenoids are m-electron conjugated carbon-chain mol-
ecules (C4Hjsg) and are similar to polyenes regarding
their structure and optical properties. Figure 1 shows
the molecular structures for the three carotenoid pigment
species pB-carotene, zeaxanthin, and lutein. All three
molecules contain nine alternating conjugated carbon
double and single bonds that constitute a polyene back-
bone, with additional conjugation into one or two double
bonds provided by ionone rings that terminate the carbon
backbone on each end. Four methyl groups (CHjy) are at-
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Fig. 1. Molecular structures of the carotenoid pigment species
B-carotene, lutein, and zeaxanthin. All molecules feature a lin-
ear, chainlike conjugated-carbon backbone consisting of nine al-
ternating carbon single (C—C) and double bonds (C=C) and
four methyl groups attached as side groups. Structural differ-
ences between the molecules originate from the end groups at-
tached to the carbon backbone. These end groups, termed ion-
one rings, contain an attached OH molecule in lutein and
zeaxanthin, and they also differ in the location of an additional
C=C bond in each ring. In lutein this leads to an effective con-
jugation length of 10 C=C bonds and in zeaxanthin to 11 C=C
bonds.
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Fig. 2. Absorption (upper part) and luminescence spectra (lower
part) of lutein and zeaxanthin solutions in THF. Solutions were
optically thin (O.D. =~ 0.3). Luminescence spectra were mea-
sured under 488-nm excitation.

tached to the backbone as side groups. Compared with
B-carotene, lutein and zeaxanthin have an additional hy-
droxyl group (OH) attached to the 3 and 3’ positions of
the ionone rings and therefore belong to the xanthophyll
subfamily of carotenoids. Note that zeaxanthin differs
from lutein in the location of one of the ionone ring double
bonds, effectively providing a total of 11 conjugated
double bonds compared with 10 for lutein.

The main optical properties of lutein and zeaxanthin,
i.e., absorption and luminescence, are summarized in Fig.
2. Measuring solutions of the respective molecules dis-
solved in tetrahydrofuran (THF), we obtain in both cases
strong electronic absorptions that occur in a broad band
(~80-nm width) centered at ~450 nm. The bands show
clearly resolved vibronic substructure with a spacing of
~1400 cm™! in both cases. Laser excitation of these
carotenoids in the long-wavelength shoulder of their ab-
sorption bands leads in each case to a weak and spectrally
broad luminescence with a small Stokes shift (~70 nm)
between absorption- and emission-band peaks. Also, for
lutein a vibronic substructure is again clearly visible in
the luminescence, whereas for zeaxanthin the lumines-
cence is structureless, thus indicating a stronger vibronic
coupling. The most striking feature of the optical prop-
erties of these carotenoids is the fact that the lumines-
cence signals are extremely weak, requiring a sensitive
photomultiplier in combination with a photon counter for
their detection. Comparing the signal strengths of the
luminescence to organic dyes in the same experimental
setup, we estimate the quantum efficiencies 7 of the caro-
tenoids to be of the order of 7 ~ 1075,

The observed optical properties of the carotenoids can
be qualitatively understood within the concept of a con-
figuration coordinate diagram, which is illustrated in Fig.
3. Shown here are the energies of the carotenoid mol-
ecule’s three lowest electronic states as a function of a
configuration coordinate. The configuration coordinate
represents the displacement of a normal coordinate of the
molecule’s constituent atoms from its equilibrium posi-
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tion. In this picture, optical excitation of the molecule’s
conjugated 7 electron leads in a fully allowed electric-
dipole vibronic transition from the 1 1Ag singlet ground
state to the 1 'B,, singlet excited state. Following excita-
tion of the 1 !B, state, the molecule relaxes very rapidly
(within ~200-250 fs in B-carotene*®) via nonradiative
transitions to the bottom of the 1 'B, state. By analogy
to the well-studied B-carotene molecule, two competing
deactivation channels for the excited molecule can be as-
sumed to occur from here: (a) radiative transition back
to the 1 1Ag ground state and (b) nonradiative relaxation
to another excited singlet state, 2 lAg, which is known to
lie below the 1 1B, state in polyenes. Obviously, the non-
radiative deactivation channel (b) is very effective in the
optical pumping cycle of the carotenoids, thus yielding
only a very low luminescence quantum efficiency for
channel (a). Furthermore, once in level 2 lAg, the elec-
tronic emission to the ground state is parity forbidden.
The low 1'B, — 1 'A, luminescence efficiency (1075 to
10™* in B-carotene®®) and the absence of 2 1A, — 1 1A,
fluorescence result in extremely low luminescence signals
for carotenoid molecules. This fact allows us to explore
the resonant Raman scattering response of the molecular
vibrations, which is usually orders of magnitude weaker
than a fully electric dipole allowed and therefore poten-
tially masks luminescence transition (see Fig. 2). Reso-
nant Raman excitation is expected to excite the molecule
from the lowest vibrational substate of the electronic
ground state into higher vibrational substates of the 1 !B,
excited state. This is followed by rapid Stokes scattering
transitions at fixed nuclear coordinates, i.e., downward in
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Fig. 3. Configuration-coordinate diagram for lowest energy lev-
els of carotenoid molecules, with indicated optical excitation,
nonradiative relaxation, luminescence, and Raman transition
channels. Note that an even-parity excited state exists in these
molecules (2 1Ag), which lies below the excited state reached af-
ter optical excitation (1 'B,). Once an excited molecule has re-
laxed into this even-parity state after excitation, a luminescence
transition to the even-parity ground state is parity forbidden.
This feature allows one to observe resonant Raman transitions
without spectrally overlapping luminescence.
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Fig. 4. Resonant Raman spectrum of a 7-uM solution of lutein
in THF, showing three major Raman peaks at 1008, 1159, and
1525 cm™!. The peaks correspond, respectively, to the rocking
motions of the methyl components (C—CHj) and the stretch vi-
brations of the carbon—carbon single bonds (C—C) and double
bonds (C=C). The side peak at 1030 cm™! is an artifact and
corresponds to THF. Laser excitation was at 488 nm.

the configuration coordinate diagram, into higher vibra-
tional sublevels of the electronic ground state (see Fig. 3).

Indeed, we observe strong and clearly resolved Raman
signals superimposed on a weak fluorescence background
under resonant laser excitation, as shown in Fig. 4 for a
7-pumol solution of lutein in THF. For this measurement
we placed the solution in a glass cuvette, excited it from
the bottom with an argon laser, imaged the light excita-
tion channel onto the entrance slit of a research-grade Ra-
man spectrometer (Spex Triplemate), and measured the
Raman spectrum unpolarized under standard 90-deg
scattering geometry. The Raman response is character-
ized by two prominent Stokes lines at 1159 and 1525 cm ™!
(corresponding to wavelength shifts of 29.2 nm and 39.3
nm, respectively, for 488-nm excitation), with the
1525-cm ™! line being the stronger one. These lines origi-
nate, respectively, from carbon—carbon single-bond
(C—C) and double-bond (C=C) stretch vibrations of the
conjugated backbone.*? In addition, several weaker but
clearly distinguishable Stokes signals appear at 1008,
1195, 1220, and 1450 cm ™. The 1008-cm ! line is attrib-
uted to rocking motions of the molecule’s methyl
components.*? We found that other carotenoids such as
zeaxanthin, canthaxanthin, and astaxanthin had similar
resonance Raman spectra in terms of Raman shifts and
relative signal strengths.*® An inspection of the scatter-
ing response over a larger spectral range revealed that
the Raman signals were superimposed on a very weak
fluorescence background originating from intrinsic caro-
tenoid fluorescence that varied slightly in spectral shape
and strength depending on the type of carotenoid mol-
ecule. In all cases the intensity ratio between Raman
signal and background fluorescence was approximately
1:2 at the spectral position of the C=C vibration.

The Raman scattering intensity I, obtained for a mo-
lecular ensemble scales with the population density
N(E;) of the molecules according to

I, = N(E)og(i — ),

where the molecules are excited from level (i) to level (f);
i.e., at fixed N(E,) it scales with laser intensity I; , or at
fixed laser intensity I; it scales linearly with N(E;).
Here oy is the Raman scattering cross section, given
by?051
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where («;;) is the expectation value of the component «;;
of the polarizability tensor; 1;, lg are the polarization
unit vectors of incident and scattered light, respectively;
and I'; is the homogeneous width of molecular level ;.

For any chosen excitation and collection geometry, the
scattering cross section is a fixed value. In optically thin
samples, the population density N(E;) is proportional to
the ground-state concentration of the molecules, and in
this case the Raman scattering intensity scales linearly
with concentration of the molecules.

3. RAMAN MEASUREMENTS OF EXCISED
RETINAL TISSUE

To apply Raman spectroscopy to the measurement of
macular pigments in the human eye, we investigated first
a 180-deg backscattering geometry. Furthermore, we es-
tablished whether carotenoid Raman signals with suffi-
cient signal-to-noise ratios can be obtained from thin,
film-like retinal tissue and whether the Raman spectra
are free of any potentially interfering background signals.
The latter may originate from other ocular tissues in the
path of the Raman excitation beam or from molecules
such as rhodopsin or retinoids, which are present in the
retina in high concentrations.

To investigate the Raman excitation wavelengths that
are useful for excitation of retinal tissue, we show in Fig.
5 the absorption spectrum of a typical excised flat-
mounted human retina. For this we removed the retinal
pigment epithelium from a 5-mm-diameter macular tis-
sue punch, mounted the sample between two glass cover
slips, and measured the absorption with a conventional
absorption spectrometer which employs a measuring
beam of ~2-mm diameter. The macular pigments are
clearly visible because of their characteristic absorption
band in the 450-nm range, and they also display the vi-
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Fig. 5. Absorption spectrum of an excised, flat-mounted human
retina in the near-UV-visible wavelength region, revealing typi-
cal absorption characteristics of carotenoid pigments near 450
nm (the retinal pigment epithelium of the retina was removed for
this measurement). Note the remarkable similarity of the ab-
sorption of the biological tissue to the absorption of the caro-
tenoid solution in Fig. 2. Dashed curve, Rayleigh scattering
background; the arrows, wavelength positions of the 488- and
514.5-nm argon laser lines that are useful for resonant Raman
excitation.
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Fig. 6. Resonance Raman spectra of a flat-mounted human
retina. Spectra were observed under excitation with 488-nm
argon laser light in the center (trace a), 0.5 mm away from the
center (trace b), and at the periphery (trace ¢) of the macula.
The intensity scale of trace c is expanded by a factor of 10 for
clarity. Illumination conditions: 488-nm, 40-mW, 300-um spot
size, 9 s collection time. Spectra were recorded in backscatter-
ing geometry.

bronic substructure characteristic for lutein and zeaxan-
thin. The absolute optical density in the peak of the ab-
sorption band is ~0.3 for this particular retina, taking
into account (i.e., subtracting) the smoothly varying Ray-
leigh scattering component under the curve. It is evident
from this absorption behavior that efficient resonant Ra-
man excitation is achievable with the 488-nm argon laser
line that overlaps the absorption band in the spectral
range of the 0 — 1 vibronic transition of the carotenoid
molecules. In comparison, the absorption measurements
show that excitation with the 514.5-nm argon laser line
would excite the carotenoids in the long-wavelength
shoulder at ~20% band peak height.

On the basis of these measurements, we tested as exci-
tation sources the vertically polarized 488- and 514.5-nm
lines of an argon laser, and we tested the Raman response
from flat-mounted retinas and from human eyecups in a
180-deg backscattering geometry. For this, we reduced
the laser power to several milliwatts with a neutral den-
sity filter and eliminated the laser plasma lines with a
spectral filter consisting of a combination of a 600-
lines/mm grating and a slit. The laser was directed
through a beam splitter and weakly focused onto a
sample with a 10-cm focal length lens. The backscat-
tered light was imaged onto the entrance slit of a Raman
spectrometer with the beam splitter and an additional
lens. The Raman spectrometer employed two stray-light
rejection gratings with 300 lines/mm, a dispersion grating
with 1200 lines/mm, and a liquid-nitrogen-cooled silicon
CCD detector array with 25-um pixel width.

The Raman spectra obtained with this spectrometer for
an excised flat-mounted human retina are shown in Fig.
6. Raman carotenoid peaks at ~1159 and 1525 cm ™! are
obtained with good signal-to-noise ratio when the laser
excitation beam is aimed at the foveal and parafoveal ar-
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eas (traces a and b), and they decrease by at least a factor
of 30 as the beam is moved toward the peripheral retina
(trace ¢). This behavior correlates well with the known
distribution of carotenoids in the human retina as deter-
mined by high-performance liquid chromatography
(HPLC) or psychophysically.>!?

Note that the Raman spectra are obtained with excel-
lent signal-to-noise ratio and that they are free of any in-
terfering background fluorescence or Raman signals from
other molecules besides carotenoids. Subsequent experi-
ments on eyecup preparations with intact vitreous and
retinal pigment epithelium confirmed that other ocular
tissues also have insignificant fluorescence and resonant
Raman signals in the spectral region of interest.

4. RAMAN INSTRUMENT FOR CLINICAL
APPLICATIONS

In our initial measurements we used a research-grade,
complex and bulky Raman instrument (Spex Industries).
This instrument is designed for high-wavelength flexibil-
ity and high spectral resolution but not for high light
throughput. As a consequence it requires excessively
high laser power levels for the collection of Raman spectra
having acceptable signal-to-noise ratios. It is therefore
not useful for our goal of ultimately detecting carotenoid
pigments in the retina of living humans. Instead, this
application requires that the ocular light exposure® dur-
ing a measurement be limited to prevent both photo-
chemically and thermally induced retinal injury, as speci-
fied by American National Standards Institute (ANSI)
safety regulations (see below). Furthermore, for an in-
strument to be useful in a clinical setting, it needs to be
compact and portable. To meet all these requirements
we constructed a compact, portable, fiber-based, and
computer-interfaced Raman instrument. The layout is
shown schematically in Fig. 7. The instrument sacrifices
unneeded spectral resolution for the benefit of increased
light throughput. Also, it can be interfaced to a fundus
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Fig. 7. Schematics of the fiber-based, portable Raman instru-
ment for clinical applications. The instrument consists of an ar-
gon laser (lower right) for excitation, a light-delivery and collec-
tion module, a spectrograph (upper right) and electronics. The
subject looks into the light module through an eyepiece and
aligns his/her head position before a measurement. See text.
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camera to help monitor the delivery of the excitation laser
beam to the foveal area of the retina in living eyes.

An important component of our device is the beam de-
livery and collection optics module shown in the lower-left
part of Fig. 7. The excitation laser beam originates from
a small air-cooled argon laser operating on the 488-nm
line. It is routed via optical fiber into the module, colli-
mated by lens Ly, transmitted through filter F, and re-
flected by mirror M; it then passes through dichroic beam
splitter BS, and is finally imaged onto the macula by a
combination of an auxiliary lens, Ls, and an eyepiece.
The laser-excitation fiber is a multimode fiber with a core
diameter of 500 um and a numerical aperture N.A.
= 0.22. The dielectric bandpass filter, F, which is placed
in the excitation path, blocks any spectral components
outside a narrow 3-nm bandwidth centered around the
488-nm excitation wavelength. This blocking effectively
suppresses fiber fluorescence and laser plasma lines in
the Raman-scattering spectral range of interest. The
Raman-scattered, wavelength-shifted light is collected in
180-deg Dbackscattering geometry with the same
eyepiece—lens combination used to deliver the excitation
beam and is reflected by the dichroic beam splitter, BS,
into a separate light-collection path. A holographic rejec-
tion notch filter, NF, which effectively blocks the
Rayleigh-light components of the scattered light occur-
ring at the excitation wavelength, is placed in this path
before coupling of the Raman-scattered light into a collec-
tion fiber with lens L,. The holographic rejection notch
filter NF suppresses the excitation light by six orders of
magnitude while transmitting the Raman-shifted light
components with 80% efficiency. The light-collection fi-
ber is a fiber bundle consisting of 96 individual multimode
fibers, each with 70-um core diameter, and higher than
55% overall transmission owing to a high fiber filling fac-
tor. The input cross section of the fiber bundle is circular
(1-mm diameter), and the output cross section is rectan-
gular (100 um X 8.6 mm), to match the rectangular in-
put slit geometry of a home-made spectrograph designed
for high light throughput.

This spectrograph employs two achromatic lenses for
light collimation and a volume holographic transmission
grating (VHTG) glued onto the surface of a 45-deg prism.
The prism (not shown in Fig. 7) is used to compensate for
aberrations introduced by the collimating-lens—VHTG
combination. The line density of the VHTG is 1200
mm ™}, and the diffraction efficiency is ~80% for nonpo-
larized light. The f~number of the spectrograph is 2 and
thus is ideally matched to the f-number of the individual
multimode fibers comprising the fiber bundle.

The dispersed spectrum is imaged onto the 8.63-mm
X 6.53-mm silicon chip (Texas Instruments, model TC-
241) of a CCD camera (Santa Barbara, Inc., model ST6v).
The CCD chip consists of an array of 750 by 121 pixels
each having an area 11.5 um X 27 um. It has a rela-
tively low detector noise with a combined dark and read-
out noise smaller than ~8 counts. The quantum effi-
ciency of this chip in the blue—green spectral range of
interest is ~55%. We chose to vertically bin pixels ori-
ented perpendicular to the dispersion plane of the spec-
trograph into “super pixels” and thus achieved simulta-
neously a low read-out noise (24 counts per super pixel)
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and a high read-out speed (~0.5 s). The resolution limit
of the instrument is 20 cm ™.

Our instrument features several provisions to aid opti-
cal alignment of the instrument to the human eye. An
optical shutter is designed such that even in the closed
state it transmits a very small portion of the blue argon
laser light used for Raman excitation. This way, a sub-
ject looking into the instrument sees a blue spot originat-
ing from the end face of the excitation-light delivery fiber.
Using a proper choice of focal lengths for lenses Lo, Ls,
and the eyepiece, we realized a 1:2 magnification, effec-
tively imaging the excitation fiber end face into a 1-mm-
diameter spot on the retina. Furthermore, using a low-
power light-emitting diode, LED, we generated an
additional red polka-dot pattern, originating from the fac-
ets of the light-collection fiber bundle as an alignment aid
for the subject. With the focal length of lens L, chosen to
be twice that of lens Ly, the 1-mm circular face of the red-
illuminated fiber bundle is imaged at the patient’s retina
as a 1-mm spot and thus has the same diameter as the
blue-illuminated retinal excitation spot. Before a mea-
surement, a subject overlaps the blue disk and the red
polka-dot pattern to ensure proper alignment of his or her
eye with respect to the instrument. The subject achieves
this alignment simply by appropriate positioning of the
head. An adjustable focus allows the subject to correct
for refractive error if needed. Alternatively, the subject
can simply wear his or her usual glasses or contact lenses.
After the subject has signaled alignment, the instrument
operator pushes a trigger button, TB. The synchronized
electronics momentarily turns off the red LED aiming
beam (to avoid exposure of the CCD detector), opens the
shutter to allow laser-light projection onto the retina, and
triggers the data acquisition. After a preset measure-
ment time period of 0.5 s, the instrument closes the laser
shutter, digitizes the backscattered light, downloads data
into computer memory, and initiates software processing
for spectral display, as described in more detail below.
The instrument is interfaced to a small personal com-
puter with home-developed Windows-based software for
data acquisition and processing. All postexposure pro-
cessing takes only ~0.5 s, and thus the instrument real-
izes near-real-time display of the final Raman spectrum
and other operating parameters on the computer monitor
after each measurement. Using the Windows-based com-
puter interface, the software facilitates a number of other
functions: It permits the operator to properly initiate the
hardware, and it checks all necessary communications be-
tween the computer and the CCD camera. It automati-
cally measures the dark spectrum and subtracts it when-
ever a measurement is made, processes the spectra, saves
the data as text ASCII files, and, finally, helps the opera-
tor to properly shut down the instrument.

To comply with ANSI safety regulations, the ocular ex-
posure levels used in our Raman instrument have to stay
below certain specified threshold levels. According to the
latest issue, ANSI Z136.1-2000,% ocular exposure levels
have to be limited to protect the eye both from photo-
chemically and thermally induced retinal injury under
our measurement conditions (visible light near 0.5 um,
immobilized eyes, exposure time of 0.5 s). The photo-
chemical limit for retinal injury (Sec. 8.3.1 of the ANSI
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guidelines) is listed as 2.7 C J/cm?, where Cjp is a wave-
length correction factor, and results in 15.5 J/cm? with
Cp = 5.75 for 488 nm. The thermal limit for retinal in-
jury (Sec. 8.3.2), valid for an exposure time 0.07 < ¢
< 0.7 s, has to be calculated from the laser spot present
at the cornea and is listed as 1.8(a/1.5)t%" md/cm?.
Here «a is the angle of the laser source at the laser source
at the location of the viewer, measured in milliradians.
Usingt = 0.007s and « = 58.8 X 102 rad, we obtain an
energy density of 9.6 md/cm? at the cornea for the
thermal-exposure limit of the retina.

In a typical single-exposure measurement with our in-
strument (0.5-s ocular exposure with 0.5-mW light at 488
nm), a total laser energy of 0.25 md is projected onto an
8-mm-diameter spot at the cornea and a 1-mm-diameter
spot on the retina. This corresponds to a retinal expo-
sure level of 32 mdJ/cm?, which is ~480 times lower than
the 15.5-J/cm? photochemical limit. For the ocular expo-
sure used, we calculate a level of 0.5 mdJ/cm? considering
that the light energy of 0.25 mJ is distributed over a spot-
size diameter of 8 mm at the cornea; therefore this expo-
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sure level is ~19 times below the thermal limit of 9.6
mdJ/ecm? for retinal injury.

The appearance of the computer monitor after a typical
measurement is shown in Fig. 8. On the left side of the
screen a “safety/dosimetry control” table is displayed.
This table shows the exposure dose as a function of the
chosen excitation laser power, exposure time, and area of
the excitation spot on the retina. It also contains the ra-
tio of the light dose with respect to the maximum permis-
sible exposure dose. As can be seen from the table, under
the typical experimental conditions (exposure time 0.5 s,
laser power 0.5 mW, spot size 1 mm), a safety factor of
~19 is realized.

The central part of the screen shows the measured Ra-
man spectrum superimposed on a spectrally broad back-
ground spectrum caused by fluorescence of the retina.
This spectrum is a difference spectrum resulting from the
subtraction of a dark spectrum (recorded before a mea-
surement) from the measured spectrum. The observer
may view this spectrum to obtain general spectral infor-
mation, i.e., shape and height of the combined
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Fig. 8. Display of a typical Raman measurement on the computer monitor.

The spectral displays (center and center right) consist of

plots of signal intensity (counts) versus pixel number of the CCD camera array. The spectrum in the center shows the unprocessed

spectrum of a measurement and includes fluorescence background as well as superimposed Raman peaks.

The spectrum on the right

shows the Raman spectrum after polynomial fit of the fluorescent background and subtraction of that background. The window at
center bottom shows the Raman peak heights of the C—C single-bond and C=C double-bond vibration, the magnitudes of the back-
ground signals, and the ratios of Raman to background signals at corresponding pixels.
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fluorescence/Raman spectra. The right part of the screen
displays the measured carotenoid Raman spectrum after
subtraction of the overlapping fluorescence background,
which is accomplished by polynomial fitting of the back-
ground spectrum and subsequent subtraction from the
spectrum displayed in the central window. To derive the
shape of the background, we use all data points in the se-
lected wavelength range except those in the vicinity of the
Raman peaks. All these data points are curve fitted to a
user-selected polynomial of up to fourth order, and the
computed polynomial curve is subtracted from the origi-
nal spectrum. This results in a curve containing spectral
information exclusively from the Raman response of the
macular carotenoids. To obtain an accurate reading of
the Raman peak heights, we eliminated the influence of
potentially overlapping noise spikes in the spectrum by
fitting the measured Raman line shapes with Lorentzians
in a single-parameter fit, where we used the known wave-
length positions and (instrumentation-broadened) spec-
tral widths of the Raman peaks of interest. The calcu-
lated values for the intensities of the C—C single-bond
and C=C double-bond peaks, along with the values for
the fluorescence intensity under those peaks and the ra-
tios of the Raman intensities to the background, are tabu-
lated in a “Report” window (see lower-middle part of Fig.
8). In addition, this window allows one to input the sub-
ject’s personal data, contains a date/time stamp, and
saves this information along with the spectra.

It is possible to improve the quality of the spectrum,
i.e., the signal-to-noise ratio, by summing up to four
neighboring pixels in a “binning-mode” option (lower-right
part of Fig. 8). Furthermore, signal-height indicator
markers for the Raman peaks and the baseline can be
used to evaluate the quality of the data processing.

For a typical carotenoid Raman measurement, we dis-
played the spectrum on the computer screen, identified
the sharp carotenoid Raman peaks riding on the broad
fluorescence background, fitted the broad background
with a fourth-order polynomial, and subtracted this back-
ground from the measured spectrum. As a measure of
carotenoid concentration, we chose the final peak height
of the C=C double bond signal at 1525 cm™'.

To find a correlation of the Raman readings with the ac-
tual carotenoid concentration of the living retina, we con-
ducted several initial calibration Raman experiments us-
ing filmlike samples of carotenoids on artificial maculae
consisting of thin polyvinylidene difluoride (PVDF) sub-
strates. Furthermore, we used an anatomically correct
model eye to test the Raman detection of these samples
when they were attached to the macula location of the
model eye.

The PVDF samples were spotted with various solutions
of known carotenoid concentrations, thus providing dried,
~3-mm diameter spots with lutein concentrations corre-
sponding to average carotenoid concentrations typically
found in excised human macular samples, as measured by
HPLC. We observed strong and clearly resolved caro-
tenoid Raman signals at 1159 and 1525 cm ™!, superim-
posed on a weak fluorescence background under resonant
laser excitation, with a spectral response essentially iden-
tical to the Raman spectra obtained for lutein in solution
except for a slightly larger fluorescence background.
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Fig. 9. Raman scattering of lutein PVDF samples attached
to the “macula” of a model eye. Upper part, schematic of
the model eye, which consists of two hemispheres with internal
meniscus lens and glass ball. Middle part, Raman spectra in
the carotenoid-stretching vibration range for three increasing
concentrations: 5.5 (a), 11 (b), and 22 (¢) ng/sampled area. Bot-
tom part, Raman signal of C=C double bond peak versus con-
centration, showing linear dependence with near-unity correla-
tion coefficient.

This test demonstrates that strong, well-resolved Raman
signals can be readily obtained with excellent signal-to-
noise ratios even for thin, filmlike samples with use of
eye-safe low laser-power levels. Furthermore it shows
that a 180-deg backscattering geometry, as required for
Raman measurements of intact human and laboratory
primate eyes, poses no inherent problems.

Next we measured the Raman response from similar
artificial maculae with differing lutein concentrations at-
tached to the “macula location” of a model eye (Nidek,
Inc., Japan). The model (see Fig. 9) consisted of a hollow
plastic sphere the same size as a typical human eye and
featured a plastic double meniscus lens. The inside of
the plastic sphere contained a glass ball. The effective
focal length of the model eye was 2 cm and thus simulated
the combined refractive powers of human cornea, eye
lens, and vitreous humor. We measured the Raman spec-
tra for three artificial maculae, testing humanlike caro-
tenoid concentrations of 50-, 100-, and 200-ng lutein per
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3-mm-diameter spot. For each “macula,” the Raman in-
strument measured an effective 1-mm-diameter spot.
Therefore the measured Raman signals corresponded to
5.5-, 11-, and 22-ng carotenoids per macula. The results
are shown in Fig. 9 and demonstrate a linear relationship
between carotenoid Raman peak height (intensity) and
carotenoid concentration. The coefficient of linear corre-
lation, R, is close to 1 (R = 0.99) in these measurements.
These tests demonstrate that excellent linear tracking of
carotenoid concentration is possible with our instrument.

In another experiment we compared the Raman spec-
tra of an artificial macula placed on a glass coverslip with
the spectra obtained when the macula was placed on a
black paper substrate. In both cases the ratio of the Ra-
man signal to the fluorescence background was found to
be ~1:2. This shows that the predominant Raman re-
sponse originates from backscattering and that small re-
flections as expected from a glass—air interface or a black
strongly absorbing object simulating the retinal pigment
epithelium have a negligible influence on the Raman
data.

5. RAMAN MEASUREMENTS OF THE
LIVING PRIMATE RETINA

In the next step, we tested the Raman detection of caro-
tenoids in the living eyes of primates. A total of eight
monkeys were used under an institutionally approved
animal-use protocol. For these experiments we inter-
faced our Raman instrument with a fundus camera, as
shown schematically in Fig. 10. In addition to the argon
laser used for Raman excitation, we routed a He—Ne laser
through the light-delivering fiber, using appropriate cou-
pling optics and a dichroic beam splitter, BS 3. The
He—Ne laser is colinear with the Raman laser and of iden-
tical spot size, serving as a pilot beam that is visible to the
observer viewing the retina of the subject eye through the
fundus camera. It precisely targets the spot on the
retina that is exposed to the Raman (argon) excitation la-
ser during a measurement. Also, since the nerve head of
the primate retina is known to have a typical diameter of
~1 mm, the relative size of the pilot beam’s spot size (and
hence the identical spot size of the argon laser) can be es-
timated by simply comparing it with the optic nerve head,
as shown in Fig. 11.

Observer

o

Subject BS1

Spectro-|_

meter
BS3 Fundus camera
HeNe

laser Al

T "M
Art laser g

Fig. 10. Experimental setup for Raman measurements of pri-
mate retinas. An instrument similar to that shown in Fig. 7 is
interfaced to a fundus camera to permit viewing of the animal’s
retina while targeting the macula with a pilot laser beam before
a measurement.

Gellermann et al.

To accurately target the Raman measurements on the
retina, we attached a video camera to the eyepiece of the
fundus camera and observed the pilot beam on a monitor
while taking successive Raman readings. The pilot laser
spot could be seen clearly on the monitor while being po-
sitioned onto the target area (macula) of the primates.
Figure 11 shows the relative positions and sizes of the
beams with respect to the physiological features of the
retina, along with the corresponding Raman spectra. All
three characteristic carotenoid Raman peaks are clearly
distinguishable with an acceptable signal-to-noise ratio
provided that the argon laser is targeted onto the fovea
(bottom-right panel). As expected, nonfoveal areas of the
macula, where the carotenoid concentration is ~10-fold
lower, show only very weak carotenoid Raman peaks (see
top-right panel). Peripheral retinal areas, where the
carotenoid concentration is approximately 100-fold lower,
showed only background fluorescence and no discernable
carotenoid Raman peaks (data not shown).

In the experiment whose results are plotted in Fig. 12,
we tested our resonance Raman system on six intact mon-
key eyes harvested from four monkeys in one measure-
ment session under identical conditions. After comple-
tion of the Raman carotenoid measurements, the
enucleated eyes were dissected and the lutein and zeax-
anthin levels in the macula (5-mm circular punches) were
measured by HPLC. Although there is a linear correla-
tion between the two measurement techniques, the corre-
lation is not nearly as strong as in our previously pub-
lished data on flat-mounted human cadaver maculae.*
We attribute the greater variability of the in vivo experi-
ments to two factors. First, the monkey macular
punches were substantially larger than the area illumi-
nated by the argon laser (5-mm diameter versus 1-mm di-
ameter) since it is difficult to dissect extremely small
pieces of retinal tissue with accuracy. Although the ma-
jority of the macular carotenoids are present in the cen-
tral millimeter of the macula, the ~25-fold differences in
measurement areas could introduce substantial variabil-
ity when the two methods are compared. Second, we
found it quite challenging to align the fovea of anesthe-
tized monkeys for Raman measurements. Fortunately,
this second problem is less of an issue in our clinical Ra-
man instrument, since living humans will generally fixate
voluntarily on an aiming beam (unless they have lost cen-
tral fixation as a result of severe ocular pathology), which
greatly simplifies the foveal alignment.

6. RAMAN MEASUREMENTS OF THE
LIVING HUMAN RETINA

A. Methods

1. Subjects

Adult subjects were recruited from the clinic population of
the Moran Eye Center of the University of Utah. All sub-
jects gave informed consent by signing a form approved
by the Human Subjects Review Board. All normal sub-
jects were examined ophthalmoscopically after maximal
pupillary dilation with 0.5% proparacaine, 2.5% phenyle-
phrine, and 1% tropicamide eye drops®® to confirm that
they were free of macular pathology or visually significant
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Fig. 11. Views of illuminated primate retinas (four images) showing physiological structures, along with associated fluorescence-
background-subtracted Raman spectra (right). Top two images, views when the laser is turned off (left) and when the laser is illumi-

nating the retina between the optic nerve and the fovea (right).
See text.
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Fig. 12. Correlation of Raman signals, obtained for the C=C
double-bond vibration at 1525 cm ™!, with the carotenoid content
of six monkey maculae as determined by HPLC. A linear fit to
the data results in a correlation coefficient of 0.68.

cataracts. Subjects with dilated pupil size of less than 6
mm were not enrolled. The average dilated pupil size of
all of the enrolled subjects was 8 = 1 mm [mean * stan-
dard deviation (S.D.)] as measured by a pupil gauge on a
near-card or on a slit-lamp, and there was no trend of
change of dilated pupil size with age (P = 0.342 by one-
way analysis of variance), a finding consistent with a re-
cent report that dilated pupil size is determined predomi-
nantly by heredity rather than by age.’®> Subjects with
intraocular lenses placed after surgical cataract removal
were included. Intraocular pressures were checked by
Tonopen, because Goldmann applanation tonometery
with fluorescein drops led to very large fluorescence arti-

Bottom two images, corresponding views when the fovea is targeted.

facts that interfered with macular pigment measure-
ments for many hours.

2. Measurement Protocol

Subjects were brought into a darkened room and asked to
fixate on the polka-dot array of red dots (the collection fi-
bers illuminated with a red light-emitting diode) while
resting the forehead against the device. They were then
asked to adjust the head position to superimpose a
similar-sized blue—green pilot laser beam spot over the
array of red dots. Subjects with significant refractive er-
ror wore their usual glasses or contact lenses. When the
subject was ready, the fovea was illuminated with 500-
uW, 488-nm argon laser light for 0.5 s. The spot size at
the retina was 1 mm (3.5 deg) as measured by direct ob-
servation through the fundus camera and by measure-
ment of the afterimage on an Amsler grid. Five measure-
ments were made on each eye at intervals of 30-60 s to
allow the flash afterimage to fade. Since subjects occa-
sionally blink or misalign, the mean and standard devia-
tion of the three best out of five measurements were used
for data analysis.

B. Results and Discussion

1. Sensitivity

Typical Raman spectra from the macula of a healthy vol-
unteer, measured with dilated pupil (diameter ~8 mm) in
a single exposure, are shown in Fig. 13 and clearly reveal
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carotenoid Raman signals superimposed on a weak and
spectrally broad fluorescence background. The upper
trace corresponds to the spectrum as measured and the
bottom trace to the same spectrum after subtraction of
the fluorescence background, shown on an expanded
scale. The carotenoid level in the volunteer’s eye is indi-
cated by the strength of the carbon double-bond signal
and amounts to 1700 counts. Using the model-eye cali-
bration standard described above (Fig. 9), this would
amount to ~16-ng carotenoid concentration in the volun-
teer’s fovea, which is a reasonable value for a human.
Extrapolating from Fig. 13, we expect our instrument to
be able to measure at least a factor-of-15-lower carotenoid
concentrations.

The ratio between the C=C Raman signal and the
background fluorescence is ~1:3, which is close to the ra-

10000

8000

T
|

6000

T
i

1600

Raman Signal, counts

1 . 1 1 : .
800 1200 1600 2000

Raman Shift, cm™

Fig. 13. Raman spectra of a healthy human volunteer, mea-
sured with dilated pupil. Top trace, before background subtrac-
tion; bottom trace, after subtraction of fluorescence background.
Excitation 488 nm, 0.5 s, 0.5 mW, 1-mm spot size on retina.
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Fig. 14. Repeatability of Raman measurement of macular pig-
ments measured in two subjects, ages 26 (a) and 37 (b). Raman
intensities are shown for dilated (gray bars) and undilated (black
bars) pupils in each case, and measured over a two-week period
in five sessions (represented by the five pairs of bars). Mean
+S.D. of 5-7 measurements for each session is shown.
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Fig. 15. Raman signals for left and right eyes of normal sub-
jects, revealing symmetry of macular pigment concentrations in
both eyes.
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Fig. 16. Variation of the Raman signal with pupil diameter for
two subjects (circles), showing approximately twofold increase of
the Raman signal after full pupil dilation. Above ~7-mm pupil
diameter, signals stay constant. Dashed curve, theoretically ex-
pected variation of the signal with pupil diameter.

tio of the carotenoid response in solution (see Section 2)
and shows that in the wavelength region of interest there
is only little contribution to the background signal from
molecules other than carotenoids.

2. Reproducibility

In the experiment whose results are shown in Fig. 14, two
subjects [ages 26 (a) and 37 (b)] repeated their macular
pigment measurements in five consecutive sessions over a
two-week period before and after pupil dilation. Typical
standard deviations from five measurements were
smaller than =15%, and the intersession reproducibility
was high. Macular pigment levels correlated well be-
tween right and left eyes in normal subjects age 21-84, as
shown in Fig. 15.
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3. Signal versus Pupil Diameter

The same two subjects had multiple measurements per-
formed while their pupils were dilated pharmacologically.
Between measurements the pupil diameters were mea-
sured in ambient light. As shown in Fig. 16, carotenoid
Raman signals (circles) gradually increase as the pupils
slowly dilate to their maximum diameter, leveling off at
~T7-mm diameter. In the fully dilated state, the signals
are typically twice as large as in the undilated state. The
dependence of the system Raman response on pupil diam-
eter D can be understood by considering the geometrical
light throughput of the instrument, F; ., which is de-
signed with an effective aperture of 7 mm (defined by the
magnified aperture of the light-collection fiber bundle),
and the light throughput of the eye, F,, which scales
quadratically with pupil diameter. Both result in the
overall throughput of the system, Fy, = min{Fi g ,Feye},
which is indicated in Fig. 16 by the dashed curves for the
two measurements. The instrument aperture limits the
overall light throughput to F, = Fi,s for D = 7 mm.
The light throughput of the eye is given by Fy = kD2,
where k is a constant accounting for the transmission
properties of the average human eye. The total light
throughput of the system is thus controlled by the pupil
diameter for the case D < 7 mm, and it is limited by F,,
when D exceeds 7-mm diameter.

The data in Fig. 16 reveal that measured signal levels
are noticeably higher than expected levels for pupil diam-
eters below ~6 mm. This effect appears because the in-
completely dilated pupil still changes its diameter while
measured: When initially exposed to the bright measur-
ing beam, the eye reflex contracts the pupil from a dark-
adapted large diameter to a smaller diameter determined
by the counteracting effects of light intensity and pro-
gressing pharmacological immobilization. Since light ex-
posure and pupil reaction time are comparable (~0.5 s),
the effective pupil diameter is higher than the diameter
measured under ambient light conditions (which is shown
as the abscissa in Fig. 16). As a consequence of these pu-
pil diameter effects for clinical instrumentation trials, we
chose to measure only fully dilated (8-mm mean =1 mm
S.D.), immobilized eyes of subjects, thus ensuring maxi-
mized light throughput as well as defined measuring con-
ditions under bright-light exposure.

4. Signal versus Age

A total of 212 eyes of 140 normal subjects aged 21-84 and
free of macular pathology or visually significant cataracts
were measured using the Raman instrument; the results
are shown in Fig. 17. Approximately one half of the sub-
jects (72) had biocular measurements. There is a strik-
ing decline of the Raman signal with increasing age.
This finding is in marked contrast to a recent psycho-
physical study that found a slight increase of macular pig-
ment with increasing age®® but correlates well with two
other psychophysical studies that also noted a decline
with age.?3?6  Pupil size could not be the source of the de-
cline since all subjects were fully dilated pharmacologi-
cally, and subjects who could not dilate to at least 6 mm
were excluded. Mean + S.D. pupil size was 8 + 1 mm in
both younger and older individuals, as shown in Fig. 18.
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Fig. 17. Raman macular pigment measurement of 212 normal
eyes as a function of subject age, revealing statistically signifi-
cant decrease of macular pigment concentration with age. Solid
circles represent subjects with clear prosthetic intraocular
lenses. Mean *S.D. of the best three out of five measurements
are shown. Data are not corrected for decrease of ocular trans-
mission with age. See text.
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Fig. 18. Pupil sizes of subjects enrolled in the clinical trial,
showing mean pupil diameter and standard deviation grouped in
decades of age.

We considered whether nonretinal tissues of the eye
could account for the decline in Raman signal intensity
with age. Such decline could be due to either a change in
carotenoid content in a nonretinal tissue or increased op-
tical absorption of the ocular media. Other ocular tissues
such as the lens, iris, ciliary body, and retinal pigment
epithelium/choroid contain measurable amounts of vari-
ous carotenoids by HPLC, whereas cornea, vitreous, and
sclera do not;’® but the concentrations relative to the
macula are so much lower (at least one order of magni-
tude) that they are unlikely to exert any relevant effect.
Moreover, control experiments on human cadaver eyes
have shown that none of these nonretinal tissues yields
any detectable carotenoid Raman signals at the illumina-
tion levels used in this study.*

It is known that optical absorption and scattering of
the human ocular media increases with age and that
these changes are due almost exclusively to the lens as
opposed to the cornea, aqueous, or vitreous.?”?® Vitreous
scattering of light increases slightly with age in nondia-
betic eyes when measured by dynamic light scattering
and dark-field slit microscopy,®® but this effect is not no-
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ticeable clinically and is unlikely to interfere with our Ra-
man measurements. The increasing absorption and scat-
tering of blue—green light that occurs as the lens
ages,?®60763 clearly could account for part of the decline in
Raman signal with age. We excite with 488-nm laser
light and measure backscattered light at 527 nm in the
major C=C Raman peak. The average optical density
(T7) of the fully dilated noncataractous lens between age
20 and 60 can be estimated from the equation

T, = 0.86T.,[1 + 0.02(A — 32)],

where A is the age in years and T';; is 0.187 at 490 nm
and 0.120 at 530 nm.%® This means that the total trans-
mittance of the entering and exiting light during a Raman
measurement would be 63% at age 20 and 39% at age 60,
which could lead to a 38% reduction in signal, but we ob-
serve a >75% drop in average Raman measurement be-
tween ages 20 and 60. A more recent study suggests that
increase in lens optical density with age is actually much
more modest than previously reported; a substantial rise
occurs only after age 60, and after cataract surgery and
placement of a prosthetic intraocular lens, the average
“lens-density index” of these postsurgical patients returns
to the average level of a 20—30-year-old.?®

The apparent decline of macular carotenoids with age
as measured by in vivo resonance Raman spectroscopy is
further supported by the fact that half of the study sub-
jects over age 60 have prosthetic intraocular lenses that
are designed to have high optical clarity in the visible
range. Average Raman signals are not significantly dif-
ferent in pseudophakic patients relative to phakic pa-
tients (P = 0.059) older than 60, and even after cataract
surgery their measured readings never approach the av-
erage level for a 20—30-year-old. In nine subjects with vi-
sually significant cataracts much denser than the lens
changes seen in our normal subjects, we found an average
rise =S.D. of Raman counts from 90 = 61 counts before
surgery to 289 *+ 130 counts after surgery, amounting to
an increase of only 199 = 128 counts. Direct comparison
of our Raman technique with psychophysical heterochro-
matic flicker photometry and reflectometry techniques in
the same population will be useful to confirm these find-
ings.

It should be noted that there are substantial differ-
ences among the various technologies to measure macular
pigment. Flicker photometry measures optical density at
the edge of the illumination spot,'® whereas the Raman
method measures total carotenoids in the 1-mm-diameter
area illuminated by the laser. Thus our Raman device in
its current form would be unable to detect spatial alter-
ations of macular pigment distribution that might occur
with age or pathology.®* Flicker photometry assumes
that the carotenoid level is zero at a reference point in the
perifovea®® even though it is clear that significant levels
of carotenoids are present throughout the peripheral
retina,!”'® whereas Raman measurement requires no
such reference point. Flicker photometry relies on the
assumption that the foveal retina has the same relative
spectral sensitivity as the perifoveal area that is used to
provide the baseline value,?* but this assumption is com-
plicated by the fact that the neural and photoreceptor or-
ganization of the retina varies dramatically with distance
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from the center of the fovea, and photopic sensitivity de-
clines with age.??% Resonance Raman spectroscopic
measurement of macular carotenoids does not rely on this
assumption, either.

Comparing Raman scattering with reflectometry and
autofluorescence methods, we note that in addition to dif-
fering in spectral selectivity, the three methods also differ
dramatically in the respective light paths used for fundus
excitation and reflection. Shown schematically in Fig. 19
are the ocular media and fundus tissue layers to be con-
sidered. The Raman method uses light that is Raman
backscattered directly from the macular pigment layer,
which is positioned in the uppermost layer of the fundus.
Therefore it does not have to rely, as is the case for the
other two techniques, on light propagation through
deeper fundus layers nor reflection at those layers or the
sclera. In fact, any laser-excitation light transmitted
through the macular pigment layer can be considered in-
effective for a return-path Raman excitation in view of the
high absorption and light scattering of the deeper fundus
layers.

Fundus reflectometry measures macular pigment ab-
sorption indirectly by comparing highly complex fundus-
reflectance spectra for two different fundus locations.
The measuring light traverses all fundus layers twice,
and the spectral fit needed for calculation of the pigment
density relies on mathematical models of the respective
in-vivo optical properties of the stratified fundus layers,
all assumed to be homogeneous (absorption, reflection,
and scattering strengths as well as spectral profiles).
This situation could be problematic considering that all
biological tissue layers, in particular irregularly distrib-
uted choroidal vessels and melanocytes in the choroidal
stroma, are principally heterogeneous optical media.?"28

Autofluorescence appears to have an advantage over
reflectometry in that it uses an indirect light source (lipo-
fuscin) in the retinal epithelial layer for a single path
measurement of macular pigments and thus avoids tra-
versal of the deeper fundus tissue layers. However, like
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Fig. 19. Schematic representation of ocular media and fundus
tissue layers (adapted from Ref. 28; not to scale). ILM, inner
limiting membrane; PhR, photoreceptors; RPE, retinal pigment
epithelium; BM, Bruch’s membrane; CC, choriocapillaris; CS,
choroidal stroma.
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reflectometry it assumes a homogeneous distribution of
tissue layers. Furthermore, it assumes that the fluoro-
phore at the fovea is the same as that as at the perifovea
and that foveal—perifoveal differences in absorption by
other pigments located between the macular pigment and
the fluorophore (retinal blood, visual pigments, retinal
pigment epithelium melanin) are negligible.

If one assumes homogeneous optical properties of the
tissue layers, reflectometry and autofluorescence detec-
tion methods do not require a correction for media absorp-
tion, unlike the Raman method in its current form, since
the measurement at a reference location eliminates that
contribution. The reference measurement also elimi-
nates the effects of light loss by scattering and the effects
of any neutral absorber or light loss such as from the

pupil.

7. CONCLUSION

In conclusion, our results demonstrate that resonance Ra-
man spectroscopy is a highly promising technology for the
measurement of macular carotenoid levels in living hu-
mans. It is noninvasive, precise, sensitive, specific,
rapid, reproducible, and objective. Our initial clinical
studies have already identified an apparent decline in
macular pigment levels during the normal aging process,
although the magnitude of this decline remains uncertain
since the Raman measurements require a correction fac-
tor for age-dependent ocular media opacity, a parameter
that is not quantified for all tissues of the eye. Clinical
trials involving a larger subject base with and without
ocular pathology are under way and hold promise to help
clarify the roles of lutein and zeaxanthin in the preven-
tion and treatment of AMD and other blinding disorders.
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