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Noninvasive detection of macular pigments
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Abstract. There is currently strong interest in developing noninvasive
technologies for the detection of macular carotenoid pigments in the
human eye. These pigments, consisting of lutein and zeaxanthin, are
taken up from the diet and are thought to play an important role in the
prevention of age-related macular degeneration, the leading cause of
blindness in the elderly in the Western world. It may be possible to
prevent or delay the onset of this debilitating disease with suitable
dietary intervention strategies. We review the most commonly used
detection techniques based on heterochromatic flicker photometry,
fundus reflectometry, and autofluorescense techniques and put them
in perspective with recently developed more molecule-specific Ra-
man detection methods. © 2004 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1628240]
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1 Introduction
The macular pigments~MP! in the human eye are composed
of the carotenoid species lutein and zeaxanthin1,2 and are lo-
cated in the retinal region about 5 mm in diameter that is
responsible for viewing with the highest acuity~see Fig. 1!.
These pigments are thought to play an important role in the
treatment and prevention of age-related macular degeneratio
~AMD !, the leading cause of blindness in the elderly in the
Western world.3,4 Supportive epidemiological studies analyz-
ing carotenoid levels via serum assays have shown that d
etary intakes and blood levels of lutein and zeaxanthin ar
inversely associated with risk of advanced AMD.5,6 For ex-
ample, it was shown that individuals who have high intakes o
lutein and zeaxanthin have 42% lower rates of the wet form o
AMD.6 The recent Age-Related Eye Disease Study~AREDS!,
carried out by the National Eye Institute, one of the Federa
government’s National Institutes of Health, has demonstrate
that an antioxidant supplement combination containing high
levels of zinc, vitamin E, vitamin C, andb-carotene can slow
the progression of moderate AMD,7 but no prospective inter-
ventional studies of lutein and/or zeaxanthin have been pe
formed on a similar scale to date. It has also been demon
strated that MP levels are lower in autopsy eyes from patient
with AMD.8,9

In order to advance our understanding of MPs with a view
to preventing AMD, more reliable data on carotenoid levels in
the living human eye are needed. Postmortem studies hav
significant limitations since historical information on clinical
history and risk factors of the donors is generally unavailable
Noninvasive methods of assessment of MP levels in living
humans would be powerful tools in epidemiological research
on AMD, and these methods can also be expected to be ve
useful for monitoring studies of dietary and/or nutritional in-
terventions designed to raise MP levels.

The spatial distribution of lutein and zeaxanthin in the hu-
man and monkey retina has been extensively investigated
the past. Spectroscopic studies of tissue sections of prima
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maculae indicate that there are very high concentrations
carotenoid pigments in the Henle fiber layer of the fovea a
smaller amounts in the inner plexiform layer.10 Biochemical
studies have demonstrated that in the foveal area, zeaxa
predominates over lutein by a 2:1 ratio, while in the perip
eral retina, the concentration of lutein and zeaxanthin dr
up to 100-fold relative to the center of the fovea, and t
zeaxanthin-to-lutein ratio reverses to 1:2.11,12 It is thought that
the majority of the carotenoids in the foveal region are as
ciated either with cones13 or Müller cells14 and that the caro-
tenoids of the peripheral retina are present in the rod o
segments.15,16 High spatial-resolution psychophysical studi
correlate well with these findings, showing a peak of macu
pigment density with an average width of 1.03 deg at h
maximum in normal subjects.17

The absolute concentrations of macular pigments are
tremely high compared with other tissue sites, and typica
correspond to 10 to 30 ng per macular punch biopsy. T
spectral absorption behavior is shown in Fig. 2~a! for an ex-
cised macula and reveals that optical density levels in
peak of the absorption near 460 nm are typically very stro
In spite of this very thin tissue layer, the optical density me
sured in an;1 mm diameter spot reaches an average value
about 0.3 above background, which explains the origin of
strong yellow coloration of the macula. Comparing the opti
absorption of the tissue with lutein and zeaxanthin solutio
one finds that the absorption behavior is remarkably simi
including the appearance of vibronic substructure, and
there is little overlap with any other, potentially confoundin
chromophores—at least in the ‘‘intact’’ retina. Indeed, all cu
rently existing noninvasive detection concepts attempt to t
advantage of this MP-specific optical absorption feature.

The mechanisms by which these two macular pigme
derived exclusively from dietary sources such as green le
vegetables and orange and yellow fruits and vegetables, m
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Fig. 1 Fundus photograph of healthy human retina, showing optic
nerve head (bright spot at left) and macula [dark shaded area outlining
macular pigment (MP) distribution].
d

protect against AMD is still unclear. Also, it is not known why
only lutein and zeaxanthin are accumulated in the macula, an
no other, similarly structured carotenoids~see Fig. 3 for the
molecular structures of lutein, zeaxanthin, andb-carotene!.
76 Journal of Biomedical Optics d January/February 2004 d Vol. 9 No.
Fig. 3 Molecular structures of the carotenoid pigment species
b-carotene, lutein, and zeaxanthin. All molecules feature a linear,
chainlike conjugated carbon backbone consisting of nine alternating
carbon single (CuC) and double bonds (CvC) and four methyl
groups attached as side groups. The structural differences between the
molecules originate from the end groups attached to the carbon back-
bone. These end groups, termed ionone rings, contain an attached
OH molecule in lutein and zeaxanthin, and they also differ in the
location of an additional CvC bond in each ring. In lutein this leads
to an effective conjugation length of ten CvC bonds and in zeaxan-
thin to eleven CvC bonds.
-
ro-
n,
ing
m
ted
he
uate
d by

for
ical

e
me
in-
ni-

at
liz-
ti-
w

des
ruc-
at
Fig. 2 Absorption spectra of excised, flat-mounted human retina (a)
and lutein and zeaxanthin solutions in methanol (b). The spectral
properties of carotenoids are very similar in tissue and in solution.
Obviously, OH— groups, existing only in lutein and zeaxan
thin in their end rings, are required to anchor these ca
tenoids to specific binding proteins. Regarding their functio
the MPs are known to be excellent free radical scaveng
antioxidants in a tissue at high risk of oxidative damage fro
high levels of light exposure and abundant highly unsatura
lipids.18,19,3,4In addition, since these molecules absorb in t
blue-green spectral range, they act as filters that may atten
photochemical damage and/or image degradation cause
short-wavelength visible light reaching the retina.20

2 Psychophysical Pigment Measurements,
Reflectance, and Autofluorescence Techniques
Currently, the most commonly used noninvasive method
measuring human macular pigment levels is a psychophys
heterochromatic flicker photometry~HFP! test. This subjec-
tive test involves color intensity matching of flickering blu
and green light aimed at the fovea in relation to the sa
lights aimed at the perifoveal area. The required optical
strumentation is schematically shown in Fig. 4. HFP was i
tially described by several investigators in the 1970s, and
that time it usually required rather extensive apparatus uti
ing Maxwellian view optics, xenon arc lamps, and fixed op
cal tables.21,22 In recent years, newer versions using free-vie
optics and simpler light sources, such as light-emitting dio
or projector lamps, have been described that allow const
tion of portable flicker devices suitable for clinical studies
multiple sites.23,24
1



Noninvasive detection of macular pigments . . .
Fig. 4 Experimental setup for heterochromatic flicker photometry (a)
and light stimulus configuration (b) showing flicker spot and periph-
eral fixation point (located above the ficker spot). Light from a tung-
sten lamp is routed toward the retina via two channels filtered to
provide blue and green light, respectively, and recombined to project
a blue-green flickering stimulus. The subject adjusts the intensities to
achieve flicker fusion for foveal and peripheral retinal positions. The
optical density of the MP is inferred from the required attenuation.
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HFP infers the concentration of carotenoids in the macula
by determining the perceived optical density of the filtering
effects of these yellow pigments at different wavelengths. The
subject initially fixates on a spot of light rapidly alternating
between a blue color near the absorption maximum of the
macular pigment~;460 nm! and a green color in a region of
the visible spectrum in which the macular carotenoid pig-
ments do not absorb significantly~;540 nm!. The subject
adjusts the relative intensities of the blue and green light
until the sensation of flickering is minimized or eliminated.
The subject then repeats the task using eccentric fixation on
region of the macula where the concentration of the macula
pigment is assumed to be so low that its absorption of blue
light is negligible. Typical eccentric fixation points are 4 to 9
deg from fixation~1.2 to 2.6 mm at the retinal surface!. After
repeated measurements using central and eccentric fixatio
the perceived optical density of the macular carotenoids at th
edge of the central flickering spot is then calculated accordin
to the following formula where macular pigment optical den-
sity ~MP OD! is equal to the logarithm of the energy of blue
light necessary to minimize flicker at the test location~B fov!
relative to the energy needed at the extrafoveal referenc
point25:

MPOD5 log10~B fov/B ref!.

Some investigators utilize flickering spots or rings of vary-
ing diameters to map out the macular pigment distribution a
multiple points, typically along the horizontal meridian.17 In
some cases, these results yield symmetric MP densities,
shown in Fig. 5, but in other cases evidence for more com
plex, asymmetric MP distributions with secondary MP peaks
was shown as well.17 Multiple wavelengths may be used in an
attempt to recreate the macular pigment absorption curve i
order to confirm that the subject is performing the task
properly.17
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a

,

s

Numerous epidemiological HFP studies of macular p
ment density have been published in recent years. Man
these investigations have focused on young healthy pop
tions in order to ascertain correlations between macular p
ment and various putative risk factors for AMD, such as a
smoking, gender, iris color, body mass index, blood ca
tenoid levels, and dietary carotenoid intake.26–29 The correla-
tions have generally been of modest significance and so
times even contradictory, owing in part to the wide range
macular pigment levels in the population and the comp
nature of carotenoid homeostasis, as well as difference
HFP methodologies among research groups. Relatively
HFP studies have been performed on patients with signific
macular pathology, and these must all be interpreted with c
tion since some of the critical assumptions of HFP are
doubtedly violated in these subjects. The most notable
these studies demonstrated lower macular pigment level
the clinically normal fellow eye of patients with unilatera
exudative AMD,29 while another group found that retiniti
pigmentosa patients appear to have normal macular pigm
levels.30

HFP has also been employed in some small-scale die
supplementation trials.31–33 Responses to interventions wit
lutein supplements or dietary modification were quite va
able, with some subjects showing no change at all des
several months of intervention.32,33 Possible explanations in
clude poor subject compliance or the presence of satur
carotenoid binding sites in the macula. Also, since HFP m
sures macular carotenoid levels relative to a peripheral z
point, it is possible that a significant rise in carotenoids in
peripheral retina in response to supplementation could ma
response centrally.

As a subjective psychophysical test, HFP measurem
can never be directly correlated with the ‘‘gold standard’’
high pressure liquid chromatography~HPLC! analysis of
carotenoids in the macula. Thus there has been conside
interest by some carotenoid researchers in developing ob
tive optical methods capable of measuring macular pigm
noninvasively. These methods, based on fundus reflectio

Fig. 5 Comparison of MP density measured along the horizontal
(solid squares) and vertical (open circles) meridians. The close corre-
spondence between the two curves suggests that the MP density for
this subject can be considered symmetric. (Reproduced from Ref. 17
with permission.)
l of Biomedical Optics d January/February 2004 d Vol. 9 No. 1 77



r

o

-
e

-
r

t
-
t

-

-

e

f

-

d

-
-

c
t

n

in
ed
ent
nse
me
al

ge-

re
cin
m
-
ol-

the
n
um
oad
of

-
o-

cu-
on
der
ro-
ffi-
al
en-
the
int,

of
ea-

ste-

s
ent
nce
of

not
nd
son-
tic
e-

Gellermann and Bernstein
fundus fluorescence~autofluorescence! spectroscopy, might
require less reliance on subject training and attentiveness, an
there is the potential to perform direct correlations with HPLC
in human cadaver eyes or in animal model systems. There
fore, these optical methods would be likely to have wider
applications in subjects with significant macular pathology
relative to HFP. Furthermore, these methods lend themselve
to quantitative imaging of the whole spatial MP distribution.

The first efforts to measure macular pigment objectively
were photographically based reflectance techniques. Delo
and colleagues34 took a series of fundus photographs using a
variety of narrow-wavelength illumination filters. They found
that photographs taken at 470 nm, which is near the absorp
tion maximum of the macular pigment, exhibited a dark cen-
tral spot corresponding to the peak of the distribution of the
macular carotenoids. Other photographs taken at wavelength
longer than 500 nm showed a much less dense central sp
that appeared to originate from increased foveal melanin den
sity rather than macular carotenoids. A comparison of the on
peak and off-peak photographs allowed a qualitative estimat
of the macular carotenoids since it was assumed that othe
chromophores make insignificant contributions to foveal ab
sorbance. Quantitative assessments of macular pigment we
not feasible, owing to limitations of the photographic technol-
ogy at that time since subtle variations in subject alignmen
and flash intensity could lead to large picture-to-picture varia
tions in exposure. Also, the filters used were probably no
sufficiently monochromatic, and image digitization technol-
ogy and registration algorithms were not adequately ad
vanced.

More recently, with the advent of high-resolution digital
fundus cameras and scanning laser ophthalmoscope~SLO!
systems, there has been a resurgence of interest in this refle
tance technology. Modern computing methods greatly sim
plify image registration and digital subtraction. Argon laser
lines at 488 and 514 nm can be used for monochromatic on
peak and off-peak images, and confocal optics can b
incorporated.35,36 The MP OD is then calculated according to
the following equation whereCl is a constant that depends on
the absorption coefficients of the macular pigment, and Re
values are the measured reflectances at the fovea an
parafovea~14 deg outside the fovea! at 488 and 514 nm36:

M P OD5Cl3@ log~Ref514,foveal/Ref488,foveal!

2 log~Ref514,parafoveal/Ref488,parafoveal#.

A closely related technique called quantitative fundus re-
flectometry has been employed by several groups. In its typi
cal form, the foveal region is illuminated successively with a
series of narrow bandpass filters on a rotating wheel, an
reflected light is collected by a photomultiplier37 or a video
camera.38 Then, using a sophisticated optical model, the aver
age spectral contribution of absorbance by macular caro
tenoids is calculated for the region illuminated.39 Since the
sclera and the cone photoreceptor disks are the primary refle
tors in this technique, the incident and reflected light mus
pass through multiple absorptive and reflective structures
making the optical model quite complex, and it is unclear how
much the model will have to be altered in the face of signifi-
cant macular pathology. In its current form, image acquisition
time is long enough that precise head alignment and fixatio
78 Journal of Biomedical Optics d January/February 2004 d Vol. 9 No.
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may be required. Berendschot and colleagues35 have com-
pared this technique with a digital subtraction SLO method
a lutein supplementation study. They found that SLO provid
the most reliable data and estimated that macular pigm
optical density rises in the range of 5% per month in respo
to 10 mg of daily lutein supplement. More recently, the sa
group used reflectometry on an elderly cohort with norm
maculae and compared them with a cohort with early a
related maculopathy.40 They could detect no difference in
macular pigment levels between the two cohorts.

Delori et al.41,42 have developed a technique to measu
macular pigment density based on attenuation of lipofus
fluorescence originating from the retinal pigment epitheliu
~RPE!. The major fluorophore of lipofuscin is A2E, a com
pound formed by the condensation of two retinaldehyde m
ecules with phosphatidyl ethanolamine.43 A2E builds up with
age in RPE cells in a more or less even distribution across
posterior pole of the eye.44 A2E has a fluorescence excitatio
spectrum that partially overlaps with the absorption spectr
of the macular carotenoids, and its emission spectrum is br
and at wavelengths well beyond the absorption
carotenoids.43 In Delori’s technique, the foveal region is illu
minated with two different wavelengths of near monochr
matic light, one within the absorption range of both the ma
lar pigment and lipofuscin, and one within the absorpti
range of lipofuscin alone. The relative fluorescence un
these two conditions is then compared, incorporating app
priate correction factors for the quantum fluorescence e
ciency at the two different excitation wavelengths at fove
and extrafoveal sites. The mean macular pigment optical d
sity attenuates the excitation of lipofuscin fluorescence at
fovea is calculated, using the extrafoveal site as a zero po
according to the following equation42:

DAF~460!5@1/~Kmp~L1!2Kmp~L2!#

3$ log@FP~L1 ,l!/FF~L1 ,l!#

2 log@FP~L2 ,l!/FF~L2 ,l!#%.

In this model, the two excitation wavelengthsL1 (470 nm)
andL2 (550 nm) are in the high and low absorption ranges
the macular pigment, and the lipofuscin fluorescence is m
sured at the same emission wavelengthl ~710 nm!. FF and
FP represent the autofluorescence of all layers located po
riorly to the macular pigment at the fovea and perifovea~7
deg temporal to the fovea!, respectively, andKM P is the ex-
tinction coefficient relative to that at 460 nm. A critical but a
yet unproven assumption of this technique is a requirem
that no other fluorophores contribute significant fluoresce
unless their spatial distributions precisely match that
A2E.42

The lipofuscin fluorescence attenuation technique is
yet widely used. One report of a comparison with HFP a
reflectometry has been published which demonstrated rea
able correlations, although with some systema
differences.42 Studies on normal and AMD subjects are r
portedly in progress.
1
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Noninvasive detection of macular pigments . . .
Fig. 6 Resonant Raman spectrum of a solution of lutein in tetrahydro-
furan (THF), showing the three most prominent carotenoid Raman
peaks at 1008, 1159, and 1525 cm−1. The peaks correspond, respec-
tively, to the rocking motions of the methyl components (CuCH3),
and the stretch vibrations of the carbon-carbon single bonds (CuC)
and double bonds (CvC). The side peak at 1030 cm−1 is an artifact
and corresponds to THF. Laser excitation was at 488 nm.
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3 Resonance Raman Scattering of Carotenoids
Carotenoids arep-electron conjugated carbon-chain mol-
ecules(C40H56) and are similar to polyenes in their structure
and optical properties. Lutein and zeaxanthin contain nine al
ternating conjugated carbon double and single bonds compri
ing a polyene backbone, with additional conjugation into one
or two double bonds provided by ionone rings, which termi-
nate the carbon backbone on each end~see Fig. 3!. Four me-
thyl groups (CH3) are attached to the backbone as side
groups. Strong, electric dipole allowed optical absorption oc
curs between the molecules’ delocalizedp orbitals, and the
resulting absorption spectra are virtually the same for lutein
and zeaxanthin~see Fig. 2!. Raman scattering can be used to
detect the vibrational frequencies of the polyene backbone a
well as the methyl side groups. For lutein and zeaxanthin
dissolved in tetrahydrofuran~THF!, these Raman Stokes lines
appear at 1525 cm21 ~CvC stretch!, 1159 cm21 ~C—C
stretch!, and 1008 cm21 (CuCH3 rocking motions!,45 as
shown in Fig. 6 for a solution of lutein in tetrahydrofuran.

Ordinarily the Raman scattering process is weak in inten
sity, requiring intense illumination, long acquisition times,
and high sensitivity detectors, and in biological systems the
spectra tend to be very complex because of the diversity o
compounds present. This scenario changes drastically if th
compounds exhibit absorption bands that are due to electron
dipole transitions of the molecules, particularly if these are
located in the visible wavelength range. When illuminated
with monochromatic light overlapping one of these absorption
bands, the Raman scattered light will exhibit a substantia
resonance enhancement. In the case of the macular car
tenoids, 488-nm argon laser light provides an extraordinarily
high resonant enhancement of the Raman signals—on the o
der of 105 ~Ref. 45!. No other biological molecules found in
significant concentrations in human ocular tissues exhibi
similar resonant enhancement at this excitation wavelength
so in vivo carotenoid resonance Raman spectra are remarkab
Journa
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free of confounding Raman responses. Raman scattering
linear spectroscopy, meaning that the Raman scattering in
sity (I S) scales linearly with the intensity of the incident ligh
(I L). Furthermore, at a fixed incident light intensity, the R
man response scales with the population density of the s
terersN(Ei) in a linear fashion determined by the Rama
scattering cross-sectionsR( i→ f ) ~a fixed constant deter
mined by the excitation and collection geometries! as long as
the scatterers can be considered as optically thin:48

I S5N~Ei !3sR~ i→ f !3I L .

In vivo resonance Raman spectroscopy in the eye ta
advantage of several favorable anatomical properties of
tissue structures encountered in the light-scattering pathw
First, the major site of macular carotenoid deposition in
Henle fiber layer is on the order of only 100mm in
thickness.10 This provides a chromophore distribution ve
closely resembling an optically thin film having no significa
self-absorption of the illuminated or scattered light. Seco
the ocular media~cornea, lens, vitreous! are generally of suf-
ficient clarity not to attenuate the signal, and they should
quire appropriate correction factors only in cases of subs
tial pathology, such as visually significant cataracts. Thi
since the macular carotenoids are situated anteriorly in
optical pathway through the retina, the illuminating light a
the backscattered light never encounter any highly absorp
pigments, such as photoreceptor rhodopsin and RPE mela
while the light unabsorbed by the macular carotenoids and
forward- and side-scattered light will be efficiently absorb
by these pigments.48

Initial ocular resonance Raman studies were performed
flat-mounted human cadaver retinas, human eye cups,
whole frog eyes using a laboratory-grade Raman spectrom
and an argon laser. HPLC analysis was performed to con
the linearity of response, and the ability to achieve a spa
resolution on the order of 100mm was shown.46 An instru-
ment suitable for clinical use in living humans and nonhum
primates was then developed,47,48 as shown schematically in
Fig. 7~a!. It consisted of a low-power argon laser that pr
jected a 1-mm, 0.5-mW, 488-nm spot onto the foveal reg
through a pharmacologically dilated pupil for 0.5 s. The 18
deg backscattered light was then collected, and Rayle
scattered light was rejected through the use of high-efficie
bandpass filters before being routed via fiber optics to a
man spectrometer and Peltier-cooled CCD camera interfa
to a personal computer equipped with custom-designed an
sis software. Laser illumination levels on the retina were w
within established safety standards. Living humans fixated
a suitable target to ensure alignment, while monkey exp
ments employed a video camera and red laser aiming bea
confirm foveal targeting. Using living monkey eyes, the li
earity of response at ‘‘eye safe’’ laser illumination leve
could again be established on this system relative to HP
analysis of MP levels after enucleation, and it was possible
rapidly measure a relatively large population of hum
volunteers.48,49 Details of the Raman instrumentation are pu
lished in a separate paper in this issue.50

The Raman spectra from the macula of a healthy hum
volunteer, measured with dilated pupil, are shown in Fi
7~b! and 7~c!. Figure 7~b! shows a typical spectrum obtaine
l of Biomedical Optics d January/February 2004 d Vol. 9 No. 1 79
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Fig. 7 (a) Experimental setup showing light delivery and collection
optics of a fiber-based Raman spectrometer. (b) and (c) A typical Ra-
man measurement on the computer monitor. (b) The unprocessed
spectral response (sharp Raman peaks superimposed on broad fluo-
rescence background). (c) The Raman response of macular pigment
after a polynomial fit of the fluorescent background and subtraction of
that background.
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from a single measurement and clearly reveals carotenoid R
man signals superimposed on a spectrally broad fluorescen
background. This background is caused partially by the intrin
sic fluorescence of carotenoid and partially by lipofuscin fluo-
rophors deposited in the retinal pigment epithelial layer. The
ratio between the intensities of the carotenoid CvC Raman
peak and the fluorescence background is high enough~;0.25!
that it is easily possible to quantify the amplitude of the CvC
peak after digitally subtracting the background@Fig. 7~c!#.

Initial experience with the resonance Raman scanner in
clinical setting revealed that it was sensitive, specific, and
well accepted by the subjects. Intersession and intrasessio
repeatability was in the range of610%,48,49 matching or ex-
ceeding otherin vivo macular pigment measurement tech-
niques, objective or subjective. Since the clinical version re
lies on foveal alignment on a fixation target, 20/80 or better
acuity is ordinarily required. Subjects with dense media
opacities such as visually significant cataracts or with poo
pharmacologic pupillary dilation~,6 mm! were generally ex-
cluded from studies since their readings might be artifactually
low.

A survey of a large population of clinically examined nor-
mal individuals ranging from 21 to 84 years old showed that
there was an approximately 10-fold range of macular pigmen
in each decade and that there is a steady decline of avera
80 Journal of Biomedical Optics d January/February 2004 d Vol. 9 No.
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macular pigment readings with increasing age until the re
ings level off at a steady low level past age 60~Ref. 48!. This
decline cannot be explained by yellowing of the lens with a
because nearly half of the elderly subjects had had prior c
ract surgery and now had optically clear prosthetic intraocu
lenses, but their macular pigment levels were consiste
lower than those of the young subjects with natural lens
Macular carotenoids were 32% lower in AMD patients wh
did not regularly consume high doses of lutein suppleme
~>4 mg/day! relative to age-matched controls who did n
consume supplements.49,51 AMD patients who began to con
sume high-dose lutein supplements regularly after their ini
diagnosis of AMD had levels in the normal range for the
age. These findings are very supportive of the hypothesis
low macular carotenoid levels are a risk factor for AMD an
that macular pigment levels can be modified through supp
ments, even in an elderly population with significant macu
pathology.

Measurements made with resonance Raman scatte
~RRS! are not directly comparable to HFP since RRS in
current form measures absolute amounts of carotenoids in
entire area illuminated with the laser,46–48 while HFP mea-
sures perceived optical density only at the edge of the illu
nation spot relative to a peripheral site.52 Nevertheless, an
initial comparison study has been performed using HFP w
1.5-deg macular illumination and RRS with a 1-mm las
spot.53 Baseline studies on 40 healthy individuals below a
61 revealed a significant correlation between the two me
ods, but intrasession and intersession variability was m
lower for RRS. Both methods displayed an inverse correlat

Fig. 8 Experimental setup used for Raman imaging. Filtered light from
a mercury light source is projected onto an excised eye cup and the
Raman-scattered light is imaged onto a CCD camera array. See text for
discussion.
1
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Noninvasive detection of macular pigments . . .
with increasing age, but only the decline revealed by RRS
was statistically significant, which was due in part to HFP’s
higher variability.

4 Raman Imaging
Recently we extended our carotenoid Raman spectroscopy
an imaging mode.54 This approach can map the spatial profiles
of MP distributions with micron-scale resolution and at the
same time assess their concentrations while maintaining th
high specificity for caroteniods. Using excised human eye
cups as initial test samples and resonant excitation of the pig
ment molecules with narrow-bandwidth blue light from a
mercury arc lamp, we recorded Raman images originating
from the carbon-carbon double-bond stretch vibrations of the
molecules.

The experimental setup is shown schematically in Fig. 8
Light from a mercury arc lamp is routed via a fiber bundle
into a light delivery and collection module. Inside the module,
the light is sent through a diffuser~not shown!; collimated by
a condenser lens, L1; spectrally filtered at 488 nm with a
1-nm bandpass filter, F1; further filtered via reflection from a
notch-type holographic beamsplitter, BS; and imaged by len
L2 ~30-mm focal length! onto a spot about 4 mm in diameter
centered on the fovea of the excised eye cup~EC!. The light
scattered back from the retina is collected by lens L2, trans
mitted through the beamsplitter, and filtered at the CvC
stretch frequency~527 nm in the case of 488-nm excitation!.
The filtering is achieved with a combination of narrowband
interference filters~F2 and F3 with bandwidths of 1 and 10
nm, respectively!. Camera lens L3 is used to image the
Raman-scattered light onto the pixel array of a CCD camera
permitting digital image acquisition with 16 bits of gray scale.
Filter F2 is angle tuned to alternately transmit the Raman
scattered light at 527 nm~on-peak position! or to transmit the
background light at a wavelength position of 525 nm, just
missing the Raman peak~off-peak position!. The bandwidth
of filter F2 is chosen so that it matches the bandwidth of the
excitation light for the maximum Raman signal throughput.
The beamsplitter BS and filters F2 and F3 combine to provide
an extinction of1026 at the Raman excitation wavelength
~488 nm!.

To generate a Raman image, we used the difference be
tween two image datasets. A first dataset was obtained wit
filter F2 tuned to the on-peak position and another set with th
filter tuned to the off-peak position. The eye cup was placed
in a hemispherical holder so that its natural shape would b
preserved, and eyes with discernable ocular pathology o
postmortem artifacts~e.g., hemorrhages, retinal detachment,
macular holes! were rejected. For both datasets, identical ex-
posure times~typically 50 s! and imaging conditions were
used. All datasets were processed with software obtained from
the National Institutes of Health~NIH Image 1.62!, allowing
one to display the Raman signal levels received by the CCD
pixel array versus spatial position as en face maps and/or a
topographical representations~‘‘surface plots’’! in pseudo
~false! colors or shades of gray.

We measured a total of twelve excised postmortem ey
cups from donors aged 7 to 60 years with no known history o
ocular pathology, all of which yielded significantly varying
Raman images. Typical results for macular pigment distribu
Journa
o
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,

-

r

s

tions are shown in Fig. 9. The eye cups differed dramatica
in spatial widths of MP, symmetry, and absolute levels. T
Raman image for the eye cup shown in Fig. 9~b! clearly re-
veals an asymmetric, cone-shaped pigment distribution, w
high pigment levels concentrated over a small-diameter c
tral area~FWHM, ;1 mm! and rapidly decreasing levels to
ward the wings of the cone. The center of the distributi
appears to have a depletion in the pigment density ab
250-mm in diameter, with a hole depth of roughly half th
peak pigment concentration. The Raman image for the
cup in Fig. 9~a! reveals a much narrower distributio
~FWHM, ;250mm, corresponding to an approximately fou
fold reduction in width! and no central hole. Line plots, ob
tained from the measured en face images by plotting the p
intensities along a line running through the center of the d
tributions, can be used to quantify the variations in MP wid
and hole depths in any desired axis running through the ce
of the distributions@Figs. 9~c! and 9~d!#. These results dem
onstrate that resonance Raman spectroscopy is capable o
aging physiological MP distributions in human eye cups w
a good signal-to-noise ratio, even when using Raman exc
tion with a nonlaser light source.

Our Raman image results appear to be in agreement
results published by other groups relating to macular pigm
distributions in healthy living retinas. These include SL
measurements57 where drastic individual variations in macula
pigment distributions were observed, including the obser
tion of a central ‘‘hole’’ in pigment levels, and small-stimulu
heterochromatic flicker photometry17 with a reported seven-
fold variation in individual macular pigment widths.

Efforts are under way to modify our instrument for use
living eyes. The integral of the area illuminated in this ima
ing technique can be correlated with the previous single-s
resonance Raman method or with extraction and HPLC an
sis. There is a wide range of peak widths at half maximu
but it is clear that a 1-mm diameter spot is sufficient to e
compass the entire foveal peak of macular pigment in all e
examined so far. It is anticipated that a similar instrume
suitable for use in living human eyes will continue to provid
new insights on the correlations of macular carotenoid lev
and distributions with various macular pathological states.

5 Discussion
The following is a discussion of the advantages and disadv
tages of the current technologies used to noninvasively as
MP status. HFP is a psychophysical test, and as a subjec
technology it has to rely on a number of assumptions. T
subject must understand the assigned task and perform it
a high degree of attention to fixation, especially when wo
ing with an eccentric target. Thus it is usually wise to provi
adequate training to subjects and to confirm reliability by
petitive measurements at separate sessions. Despite exte
training, some subjects~;5%! never learn to perform HFP
reliably, particularly when viewing the eccentric target, whi
is subject to perceptual~Troxler! fading.25 In our experience,
elderly subjects tend to have more trouble performing H
than younger subjects, especially if they have signific
macular pathology.

Psychophysical measurement of macular pigment requ
that color perception be similar at the central and periphe
l of Biomedical Optics d January/February 2004 d Vol. 9 No. 1 81
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Fig. 9 Raman images and line plots of two excised eye cups. (a) and (b) Surface plots emphasizing the topology of the MP distribution. Note the
asymmetric MP distribution, strong and narrow ridge of the eye cup in (a), and the symmetric volcanolike MP distribution with central depression
of the eye cup in (b). (c) and (d) Line scans of respective MP distributions obtained by plotting Raman intensities along a line running through the
center of the MP distributions.
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fixation sites. This is not a trivial problem since the distribu-
tion of the various types of photoreceptors varies considerabl
with increasing eccentricity.55 At the foveal center, there are
no rod photoreceptors and no short-wavelength cones~S-
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cones!, but there is an abundance of medium-wavelen
cones~M-cones! and long-wavelength cones~L-cones!. Just
outside of the foveal center, the density of rods and S-c
rises, while the density of L- and M-cones drops preci
tously. The S-cone peak density is within a millimeter of t
foveal center, while rod cell density peaks just outside of
macula at 5 to 7 mm of eccentricity. Thus it is clear that co
perception would not be expected to be the same at cen
and peripheral sites. HFP minimizes the contribution
S-cones and rods by providing a blue background light
bleach these shorter wavelength pigments, and the flicker
of the testing spot is higher than their critical flicke
frequencies.25 This allows the HFP task to be mediated prim
rily by the M-cone and L-cone systems. As long as the L to
ratio is invariant spatially, HFP should be valid. It appears t
this assumption is correct for young, healthy individuals,56 but
there is some evidence that with aging or macular pathol
this assumption may no longer be valid.57

HFP assumes that the carotenoid optical density at the
centric fixation reference point is zero, and all other ca
tenoid optical density measurements are calculated relativ
the zero point in order to correct for media opacities a
interindividual differences in L to M cone ratios. If this refe
ence point is not actually zero, then all other readings will
systematically underestimated. Therefore it is important
make certain that the eccentric fixation point is far enou
away from the foveal center in a region that no longer h
Fig. 10 Schematic representation of ocular media and fundus tissue
layers. ILM, inner limiting membrane; PhR, photoreceptors; RPE, reti-
nal pigment epithelium; BM, Bruch’s membrane; CC, choriocapillaris;
CS, choroidal stroma. (Adapted from Ref. 60; not to scale.)
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Noninvasive detection of macular pigments . . .
substantial levels of carotenoids. It is known by HPLC studies
that carotenoids are present a low levels throughout the pe
ripheral retina,58,15,16but the levels are generally low enough
to be considered negligible when performing HFP unless th
central concentration of carotenoids is also extremely low.

Compared with objective reflectance, fluorescence, an
Raman techniques, a principal disadvantage of HFP is it
limitation to a nonimaging MP assessment mode. At best it is
possible to map out the MP distribution point by point along
some arbitrarily chosen axes, with associated measureme
times that are too long for widespread clinical applications.
Also, this approach is likely to miss asymmetries and centra
depletions of pigment distributions, as shown by reflectance
and Raman techniques.

Reflectance techniques are objective and have the adva
tage of easily generating images of MP distributions. There
are some limitations of this technology, however. The appara
tus may be quite expensive when attempting to obtain quan
titative information about the MP levels, especially when it
consists of custom-modified scanning laser ophthalmoscop
systems. Also, as with HFP, it must be assumed that no othe
pigments anywhere in the optical path contribute significantly
to relative absorbances on- and off-peak, and they are bot
subtractive technologies that require the carotenoid content o
the periphery to be set to zero, although more recently it ha
been claimed that quantitative assessment of macular pigme
can be performed using only 488-nm illumination.59

Comparing Raman scattering with reflectometry and autof
luorescence methods, we note that besides spectral selectivi
the three methods differ dramatically in the respective light
paths used for fundus excitation and reflection. Shown sche
matically in Fig. 10 are the ocular media and fundus tissue
layers to be considered. The Raman method uses light that
Raman backscattered directly from the macular pigment laye
which is positioned in the innerermost layer of the fundus.
Therefore it does not have to rely, as is the case for the othe
two techniques, on light propagation through deeper fundu
layers or reflection at those layers or the sclera. In fact, an
laser excitation light transmitted through the macular pigmen
layer can be considered as ineffective for a return-path Rama
excitation in view of the high absorption and light scattering
of the deeper fundus layers.

Fundus reflectometry measures macular pigment absorp
tion indirectly by comparing highly complex fundus reflec-
tance spectra for two different locations. The measuring ligh
traverses all fundus layers twice and the spectral fit needed fo
the calculation of the pigment density relies on mathematica
models of the respectivein vivo optical properties of the
stratified fundus layers, all assumed to be homogeneous~ab-
sorption, reflection, and scattering strengths as well as spectr
profiles!. This could be problematic considering that all bio-
logical tissue layers, in particular irregularly distributed cho-
roidal vessels and melanocytes in the choroidal stroma, ar
principally heterogeneous optical media.37,60

Autofluorescence appears to have an advantage over r
flectometry in that it uses an indirect light source~lipofuscin!
in the retinal epithelial layer for a single-path measurement o
macular pigments and thus avoids traversal of the deeper fun
dus tissue layers. However, like reflectometry, it assumes
homogeneous distribution of tissue layers. Furthermore, it as
sumes that the fluorophore at the fovea is the same as that
Journa
-
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at the perifovea and that foveal-perifoveal differences in
sorption by other pigments located between the macular
ment and the fluorophore~retinal blood, visual pigments, reti
nal pigment epithelium melanin! are negligible.

If one assumes homogeneous optical properties of the
sue layers, reflectometry and autofluorescence detection m
ods do not require a correction for media absorption, unl
the Raman method in its current form, since the measurem
at a reference location eliminates that contribution. The re
ence measurement also eliminates the effects of light loss
scattering, and the effects of any neutral absorber or light l
such as from the pupil.

6 Conclusion
There has been a significant advance in recent years rega
the development of noninvasive optical MP detection te
nologies. Promising approaches exist to achieve a widely
plicable detection technology that ideally would measure M
levels with high specificity, provide images of MP distribu
tion, and give quantitative results. At the moment, no sin
existing technology can fulfill these requirements, but in vie
of the rapidly advancing field of biophotonics, the realizati
of such technology appears feasible in the near future.
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