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Purpose: Quantification of retinal xanthophyll carotenoids in eyes with and without age-related macular
degeneration (AMD) via macular pigment optical volume (MPOV), a metric for xanthophyll abundance from dual
wavelength autofluorescence, plus correlations to plasma levels, could clarify the role of lutein (L) and zeaxanthin
(Z) in health, AMD progression, and supplementation strategies.

Design: Cross-sectional observational study (NCT04112667).
Participants: Adults � 60 years from a comprehensive ophthalmology clinic, with healthy maculas or

maculas meeting fundus criteria for early or intermediate AMD.
Methods: Macular health and supplement use was assessed by the Age-related Eye Disease Study (AREDS)

9-step scale and self-report, respectively. Macular pigment optical volume was measured from dual wavelength
autofluorescence emissions (Spectralis, Heidelberg Engineering). Non-fasting blood draws were assayed for L
and Z using high-performance liquid chromatography. Associations among plasma xanthophylls and MPOV were
assessed adjusting for age.

Main Outcome Measures: Age-related macular degeneration presence and severity, MPOV in fovea-
centered regions of radius 2.0� and 9.0�; plasma L and Z (mM/ml).

Results: Of 809 eyes from 434 persons (89% aged 60e79, 61% female), 53.3% eyes were normal, 28.2%
early AMD, and 18.5% intermediate AMD. Macular pigment optical volume 2� and 9� were similar in phakic and
pseudophakic eyes, which were combined for analysis. Macular pigment optical volume 2� and 9� and plasma L
and Z were higher in early AMD than normal and higher still in intermediate AMD (P < 0.0001). For all participants,
higher plasma L was correlated with higher MPOV 2� (Spearman correlation coefficient [Rs] ¼ 0.49; P < 0.0001).
These correlations were significant (P < 0.0001) but lower in normal (Rs ¼ 0.37) than early and intermediate AMD
(Rs ¼ 0.52 and 0.51, respectively). Results were similar for MPOV 9�. Plasma Z, MPOV 2�, and MPOV 9� followed
this same pattern of associations. Associations were not affected by supplement use or smoking status.

Conclusions: A moderate positive correlation of MPOV with plasma L and Z comports with regulated
xanthophyll bioavailability and a hypothesized role for xanthophyll transfer in soft drusen biology. An assumption
that xanthophylls are low in AMD retina underlies supplementation strategies to reduce progression risk, which our
data do not support. Whether higher xanthophyll levels in AMD are due to supplement use cannot be determined in
this study. Ophthalmology Science 2023;3:100263 ª 2022 by the American Academy of Ophthalmology. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Supplemental material available at www.ophthalmologyscience.org.
Age-related macular degeneration (AMD) is a globally
prevalent disease of aging that is managed medically in the
15% of patients with exudative complications. An under-
lying degeneration affects the photoreceptor support system
ª 2022 by the American Academy of Ophthalmology
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/). Published by Elsevier Inc.
of choriocapillary microvasculature, Bruch’s membrane
(BrM), and retinal pigment epithelium (RPE), in the setting
of extracellular deposits that mirror the spatial distributions
of cones and rods.1 Initial trial results for inhibitors of
1https://doi.org/10.1016/j.xops.2022.100263
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complement pathway components,2,3 the largest implicated
by genetics, show promise in slowing the expansion of
atrophy. Targeted treatments at earlier stages of disease,
before irreversible tissue damage and vision loss, are a
research priority.

The macular pigment (MP) comprises 2 polar xantho-
phyll carotenoids of dietary origin [3R, 3’R, 6’R]-lutein (L)
and [3R, 3’R]-zeaxanthin (Z), plus an intraocularly pro-
duced metabolite [3R, 3’S; meso]-Z. All are concentrated in
the 3-mm diameter macula lutea, with Z highest in the
foveal central bouquet.4,5 A secondary analysis of the Age-
related Eye Disease Study 2 (AREDS2) showed lower risk
for neovascularization in patients with large drusen
consuming oral supplements with L, Z, and vitamins.6 The
trial hypothesized that MP improves retinal membrane
stability, filters short-wavelength light, and maintains
intra- and extracellular redox balance, among other mech-
anisms.4,7 No specific AMD pathology was mentioned.
Xanthophyll transfer from foods and supplements to target
tissue (bioavailability) depends on processes including
digestion, absorption, transport, and uptake by and
stabilization within retinal cells.8 New data along this
xanthophyll bioavailability axis are relevant to the
AREDS2 mechanism of action, potentially leading to
improved public health messaging and novel interventions.

Dual wavelength autofluorescence imaging can detect
retinal xanthophyll abundance in vivo (Fig S1), thus
elucidating 1 step of bioavailability. Macular pigment in
a fundus projection plane is macular pigment optical
density (MPOD). Macular pigment optical density
integrated over the central area is macular pigment
optical volume (MPOV).9,10 This imaging modality is
based on the strong emission signal elicited from RPE
lipofuscin by blue (488 nm) and green (514 nm)
excitation lights. Intensities at fixation, where blue light
is blocked by MP, are compared to intensities at an
eccentric reference point where MPOD is near 0.
Relative to psychophysical tests involving color
matching (heterochromatic flicker photometry),11 dual
wavelength autofluorescence imaging is quick, objective,
repeatable, and comprehensive, i.e., all pixels are
available for analysis. Our previous study using this
technique12 showed that MPOV was higher in early
AMD than in normal eyes, and higher still in
intermediate AMD eyes. Although 64% of study
participants with intermediate AMD reported supplement
use, higher MPOV could not be attributed to supplement
use, due to the small size of the study (N ¼ 88 total, 33
intermediate AMD).

A recent conceptual advance is the linkage of xantho-
phylls and the biogenesis of soft drusen. These deposits
directly precede type 1 macular neovascularization13e15 and
atrophy,16 constitute the highest population-level ocular risk
factor for AMD progression,17,18 and cluster under the
central macula. This high-risk drusen area matches the
horizontal extent in the retinal plexiform layers of the Müller
glia,18 now recognized as major xanthophyll
reservoirs.19e25 Longitudinal clinical imaging and labora-
tory studies together suggest that drusen form due to
impaired transport of material normally released from RPE
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to circulation across aged BrM and choriocapillaris.26e29

Drusen are preceded by age-related lipid accumulation in
BrM, the composition of which indicates a dietary source
for fatty acids.30,31 Further, RPE cell lines take up
xanthophylls carried by plasma low density lipoprotein
and high density lipoprotein (HDL)32 and transfer them to
neurosensory retina via carrier proteins.33 Lutein and Z
may serve to facilitate neural efficiency for foveal cone
vision,34 in addition to accepted roles in retinal optics and
antioxidant neuroprotection.

The mechanism of action of oral supplements containing
L and Z would benefit from new data on tissue level MP
concentration and plasma levels of carotenoids, at early
stages of AMD, interpreted in the context of deposit-driven
disease. The current cross-sectional study measured MPOV
and plasma carotenoids in participants whose eyes were
graded for AMD presence and severity using the AREDS
9-step scale for color fundus photography.
Methods

Regulatory Approval

This study was approved by the Institutional Review Board of the
University of Alabama at Birmingham. All participants provided
written informed consent after the nature and purpose of the study
were explained. Conduct of the study followed the tenets of the
Declaration of Helsinki.

Participants

Baseline data from the Alabama Study on Early Age-related
Macular Degeneration 2 (ALSTAR2) are used in this analysis.
The ALSTAR2 is a prospective cohort study on normal aging and
early and intermediate AMD whose purpose is to validate visual
function testing with retinal imaging characteristics in these con-
ditions (Clinicaltrials.gov identifier NCT04112667, October 7,
2019).35

Participants � 60 years old were recruited from the Callahan
Eye Hospital Clinics, the clinical service of the University of
Alabama at Birmingham Department of Ophthalmology and Visual
Sciences. We filled 3 participant groupsdpersons with early AMD
and intermediate AMD and those in normal macular health. The
clinic’s electronic health record was used to search for patients with
early or intermediate AMD using International Classification of
Diseases 10 codes for these conditions (H35.30*; H35.31*;
H35.36*). An author (C.O.) screened charts to ensure that partic-
ipants met the eligibility criteria. Exclusion criteria were (1) any
eye condition or disease in either eye (other than early cataract) in
the medical record that can impair vision including diabetic reti-
nopathy, glaucoma, ocular hypertension, history of retinal diseases
(e.g., retinal vein occlusion, retinal degeneration), optic neuritis,
corneal disease, previous ocular trauma or surgery, refractive error
� 6 diopters; (2) neurological conditions that can impair vision or
judgment including multiple sclerosis, Parkinson’s disease, stroke,
Alzheimer’s disease, seizure disorders, brain tumor, traumatic brain
injury; (3) psychiatric disorders that could impair the ability to
follow directions, answer questions about health and functioning,
or to provide informed consent; (4) diabetes; (5) any medical
condition that causes liver disease, significant frailty or was
thought to be terminal. Persons in normal macular health were
recruited with the same eligibility criteria except they did not have
International Classification of Diseases 10 codes indicative of



Table 1. Demographic Characteristics of Participants (N ¼ 434)

Variable names and groups Mean (SD) or n (%)

Age (years) 71.8 (6.1)
Age group
60e69 152 (35.0)
70e79 236 (54.4)
80e89 44 (10.1)
90e99 2 (0.5)

Gender
Male 170 (39.2)
Female 264 (60.8)

Race
White 391 (90.1)
Black 36 (8.3)
Other* 7 (1.6)

Smoking
Ever (current/past) 179 (41.2)
Never 255 (58.8)

Oral supplement usey

Yes 88 (20.3)
No 346 (79.7)

SD ¼ standard deviation.
*Other includes 4 Asians or Pacific Islanders and 3 Native Americans.
ySelf-reported supplementation with lutein and/or zeaxanthin such as
Preservision/ Age-related Eye Disease Study (AREDS), Lutigold, Provision,
Macular Health, Adult 50þ Eye Health, Ocuvite.
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AMD. Letters were sent to potential participants, and the study
coordinator followed up with a phone call to determine interest.

Classification into the 3 groups was based on a trained grader’s
(M.E.C.) evaluation of 3-field, color fundus photographs taken
with a digital camera (450þ, Carl Zeiss Meditec) following dila-
tion with 1% tropicamide and 2.5% phenylephrine hydrochloride.
The AREDS 9-step classification system36 was used by a trained
grader (M.E.C.) to identify AMD presence and severity in each
eye and assign into groups. Groups were defined as follows:
those eyes with normal macular health had AREDS grade 1,
early AMD had grades 2 to 4, and intermediate AMD had
grades 5 to 8. The grader was masked to all other participant
characteristics.

Demographic and health-related characteristics (age, sex, race/
ethnicity, oral carotenoid supplement use, smoking status) were
obtained through participant interview. Lens status was determined
by anterior segment slit lamp photographs (Carl Zeiss Meditec
450þ).

Carotenoid Assays

Details are available in the Supplementary Methods. In brief,
plasma L and Z were determined in non-fasting blood draws at
Eurofins Craft. Individual carotenoids were measured by high-
pressure liquid chromatography in plasma that had been stored
at �70�C using a modification of previously described proced-
ures.37,38 Plasma protein and lipoproteins were denatured with
ethanol. Once denatured lipid soluble substances were extracted
into hexane and separated by reverse phase liquid
chromatography based on their lipophilicity. Carotenoids are
detected at 450 nm visible range. The calibration method is
based on external standards using peak areas and corrected for
tocol as the internal standard.

Imaging Acquisition and Analysis for Macular
Xanthophyll Pigment

Detailed imaging protocols based on our previous study12 are
found in the Supplementary Methods and are briefly described
here. Multimodal imaging included near infrared reflectance and
spectral-domain OCT; 8.6 � 7.2 mm (30� � 25� field, 121
scans) horizontal macular volume centered on the fovea.

Dual wavelength autofluorescence for MPOD and MPOV (Fig
S1) can be distinguished from other imaging methods for
xanthophyll assessment with similar names including dual
wavelength autofluorescence fluorometry,39 single wavelength
autofluorescence,40 dual wavelength reflectance,41 single
wavelength reflectance,42 and fluorescence lifetime
ophthalmoscopy.43 The Spectralis investigational MPOD module
uses confocal scanning laser ophthalmoscopy with blue (l ¼ 488
nm) and green (l ¼ 514 nm) laser diodes for autofluorescence
excitation. As described,10 MPOD is the log10 of the ratio of
green-excited autofluorescence intensities to blue-excited auto-
fluorescence intensities emitted by the RPE, calculated at each
pixel location. Macular pigment optical density data were exported
from the Spectralis and processed by custom FIJI plugins (https://
www.nature.com/articles/nmeth.2019) (ImageJ v1.52; National
Institutes of Health [NIH]44; Supplementary Methods).
Autofluorescence imaging sessions were reviewed for quality.
Images that were not evenly illuminated, well focused, or had
evidence of floaters or other obscuration were excluded.

We computed MPOV as mean MPOD � mm2 for disks
centered on the fovea with radius of 2.0� (0.58 mm) and 9.0� (2.56
mm). Macular pigment optical density values were normalized by
setting the mean MPOD value at eccentricity 9.0� to 0. For com-
parison to horizontally oriented OCT B-scans through the fovea,
we determined MPOD as the mean intensity of all pixels at each
eccentricity, within two 30�-wide wedges with the tips at the fovea
and aligned on the horizontal meridian.

Statistical Analysis

Only those eyes meeting image quality criteria (see above) in in-
dividuals with plasma xanthophyll measurements were used.
Macular pigment optical volume was compared between eyes with
natural and artificial lenses. Macular pigment optical volume and
xanthophyll measurements were compared with respect to AMD
severity categorized as normal, early, and intermediate using linear
mixed models. Spearman correlation coefficients (Rs) were esti-
mated for the association between MPOV and xanthophyll mea-
surements both overall and according to AMD severity and
supplementation use. Effect modification by ever/never smoker
was assessed. The level of significance was 0.05 (2-sided). All
analyses were completed using SAS (version 9.4, SAS Institute).
Results

Table 1 shows the characteristics of the study participants.
Of 434 individuals, 60.8% were women, 90.1% were
white, and 41.2% were current or former smokers. Of this
sample, 88 individuals (20.3%) reported use of oral
carotenoid supplements. A flowchart for selecting 809
eyes for MPOV analysis is shown in Fig S2.

Aged natural lenses and artificial lenses potentially affect
the blue component of MPOV in different ways. In phakic
eyes, opacification and autofluorescence of the aged lens
together add noise to measurements of blue emission auto-
fluorescence. Further, in some pseudophakic eyes, the
implanted lenses may also reduce blue light transmission.
3
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Table 2. Lens Status, Macular Pigment Optical Volume, and Plasma Xanthophylls: All Eyes and Stratified by Age-related Eye Disease
Study 9-step AMD Status and Severity

All Eyes
N [ 809

Normal
N [ 431 (53.3%)

Early AMD
N [ 228 (28.2%) Intermediate AMD N [ 150 (18.5%) P Values

Lens status, N (%)
Phakic 428 (52.9) 256 (52.9) 112 (49.1) 60 (40.0)
Pseudophakic 381 (47.1) 175 (40.6) 116 (50.9) 90 (60.0)

MPOV 2.0�, mean (SD) 0.36 (0.15) 0.33 (0.13) 0.36 (0.14) 0.44 (0.17) < 0.0001
MPOV 9.0�, mean (SD) 1.43 (0.61) 1.34 (0.50) 1.46 (0.64) 1.67 (0.77) < 0.0001

< 0.0001
Lutein, mean mM/ml (SD) 0.44 (0.40) 0.35 (0.25) 0.49 (0.52) 0.64 (0.45)
Zeaxanthin, mean mM/ml (SD) 0.14 (0.09) 0.13 (0.08) 0.14 (0.09) 0.19 (0.12) < 0.0001

AMD ¼ age-related macular degeneration; MPOV ¼ macular pigment optical volume; SD ¼ standard deviation.
Of 431, 228, and 150 eyes in normal, early AMD, and intermediate AMD groups, 24 (15.2%), 52 (22.8%) and 82 (54.7%) came from persons reporting
supplement use.

Ophthalmology Science Volume 3, Number 2, June 2023
Obana et al demonstrated that signal was 10% to 15%
higher after cataract surgery than before surgery and derived
a one-size-fits-all correction factor for age.45,46 Fig S3
shows that MPOV 2� and 9� in phakic and pseudophakic
eyes in our sample followed similar trends and did not
significantly differ. Thus, we combined both phakic and
pseudophakic eyes into a single sample and adjusted the
statistical model for binocular data.

Table 2 compares MPOV (2� and 9�) and plasma L and Z
per AMD status, indicating a statistically significant increase
in the values of each measure with increasing AMD severity.
For all eyes, the correlation between plasma L and MPOV 2�
was 0.49 (P < 0.0001) (Table 3). These correlations were all
significant (P< 0.0001) but lower in normal (Rs ¼ 0.37) than
early and intermediate AMD (Rs ¼ 0.52 and 0.51,
respectively). The pattern of correlations was similar for
MPOV 9�. With respect to plasma Z, for all eyes the
correlation with MPOV 2� was Rs ¼ 0.43 (P < 0.0001)
and was weaker for normal eyes (Rs ¼ 0.21) than for eyes
with early and intermediate AMD (both Rs ¼ 0.46). As
with L, this pattern of correlations was consistent for
MPOV 9�. The aforementioned correlations did not differ
according to self-reported supplement use (Table S4),
except for normal eyes, which become non-significant. Cor-
relations also did not differ according to smoking status
(results not shown).
Table 3. Spearman Correlations of MPOV 2.0�, MPOV 9.0�, Lutein,
9-step AMD Statu

Lutein

MPOV 2.0� MPOV 9.0

Rs P Value Rs P

All eyes 0.49 < 0.0001 0.54 <
Normal 0.37 < 0.0001 0.47 <
Early AMD 0.52 < 0.0001 0.59 <
Intermediate AMD 0.51 < 0.0001 0.53 <

AMD ¼ age-related macular degeneration; MPOV ¼ macular pigment optical
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Figure 4 shows representative structural OCT and dual
wavelength autofluorescence imaging of MPOD in a
normal eye and eyes with early and intermediate AMD.
All 3 eyes have a central area of peak signal reducing
with foveal eccentricity. The spatial distribution of
macular pigment is slightly elongated in the horizontal
direction. In an older normal eye (Fig 4A), OCT B-scan
shows uniform and regular outer retinal hyperreflective
bands. The en face MPOD distribution exhibits a central
peak surrounded by a secondary ring centered around the
foveal center. Macular pigment optical density profiles
showed corresponding central peak shouldered by sub-
peaks of lower densities. Macular pigment optical density
reaches near-zero at 9� eccentricity. An early AMD eye (B)
has drusen in the parafoveal region (magnified in inset). A
sharp central MPOD peak surrounded by a weak elliptical
en face MPOD distribution is seen. An eye with interme-
diate AMD (Fig 4C) has multiple drusen in the parafovea
and higher central peak of MPOD compared with the
normal and early AMD cases, with patterned spots of
deeper signal loss related to drusen. In addition to
elevated peak MPOD levels with AMD severity,
representative cases show the variation of MPOD shape.

Figure 5 shows mean MPOD profiles along the
horizontal meridian for all study eyes, computed as
described in the Methods, and stratified by diagnostic
and Zeaxanthin in All Eyes and by Age-related Eye Disease Study
s and Severity

Zeaxanthin
� MPOV 2.0� MPOV 9.0�

Value Rs P Value Rs P Value

0.0001 0.43 < 0.0001 0.43 < 0.0001
0.0001 0.21 < 0.0001 0.31 < 0.0001
0.0001 0.46 < 0.0001 0.53 < 0.0001
0.0001 0.46 < 0.0001 0.49 < 0.0001

volume; Rs ¼ Spearman correlation coefficient.
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group. The differences among groups are small, and
intermediate AMD is clearly higher than the others.
Discussion

Our main finding is a moderately high positive correlation
between MPOV and plasma xanthophyll that did not differ
by AMD status. We also observed higher levels of MPOV
in AMD eyes compared to normal eyes also, consistent with
our previous report12 using similar methods on a smaller
sample from the same clinic. Higher supplement use in
participants with AMD cannot be confirmed as an
explanation for the latter finding due to our study design, as
Figure 4. Structural and macular xanthophyll pigment imaging in eyes with and
Comparison of foveal OCT B-scans (top row), spatial distribution of xanthoph
density distribution profile of macular pigment optical density (MPOD) (bottom
(MPOV) for each diagnostic group (Age-related Eye Disease Study [AREDS] s
extent of the 30� OCT B-scan. Orange scale bar overlay represents the extent
fovea (resembling a bowtie). Orange arrowheads represent the horizontal meridi
B-scans. Scale bar (top panels) ¼ 250 mm. OCT B-scans in top row show a health
used a universal conversion of 0.288 mm/� of visual angle. Two-wavelength au
responding to the drusen. Representative cases show the variation in MPOD sha
normal eyes. Graphs were plotted using RStudio (Integrated Development for
elaborated below. Importantly, higher retinal and plasma
xanthophylls in AMD occurred in persons not reporting
supplement use (Table S1). We interpret our results in the
context of a xanthophyll bioavailability axis and a model of
howxanthophyll transfer could contribute to drusen formation.

Across the entire cohort, we found that both MPOV 9�
and 2� correlated moderately (Rs ¼ 0.5) to plasma L mea-
sures, with lower measures for normal eyes (Rs ¼ 0.37). A
similar pattern of correlations, at lower levels, was found for
Z (Rs range 0.43e0.53 for AMD and Rs ¼ 0.31 for normal).
The relationship between plasma and tissue levels has been
long investigated using psychophysical and imaging mea-
sures of MP, as summarized for 22 studies including ours in
Table S5. Our correlation coefficients using comprehensive
without early and intermediate age-related macular degeneration (AMD).
yll carotenoids using dual-wavelength autofluorescence (middle row), and
row) in representative cases near the mean macular pigment optical volume
tages indicated). Full extent of the line in the middle panel represents the
of 18� MPOD density sampled from two 30�-wide wedges centered on the
an for the MPOD plots. White arrowheads represent y-locations of sampled
y macula (A) and soft drusen with intact outer retinal bands in (B, C). We
tofluorescence imaging for intermediate AMD shows decreased signal cor-
pe as well as the higher MPOV in early and intermediate AMD relative to
R) and Excel (version 16.64 for Mac, Microsoft).
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Figure 5. Macular xanthophyll pigment density distribution in eyes with
and without early and intermediate age-related macular degeneration
(AMD). A, B, C, Mean (line) and standard deviation colored band of 12�

macular pigment optical density (MPOD) profiles sampled from 2 wedges
(resembling a bowtie) and plotted as a function of foveal eccentricity
generated from 431 normal, 228 early, and 150 intermediate AMD eyes. D,
Mean MPOD density profiles for the respective groups. A conversion factor
of 0.288 mm/� of visual angle is used. SD ¼ standard deviation.
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imaging and analysis are among the highest reported to date.
Prior analyses also resulting in strong correlations used
point estimates of MPOD (0.73 at 1�, n ¼ 5947; 0.61 at
0.5�, n ¼ 8848; 0.61 at 0.5�, n ¼ 889). In a study similar
to ours (Montrachet),49 433 older adults were imaged by
dual wavelength autofluorescence and stratified by AMD
fundus. Correlations between MPOD (0.5� and average
within 0.5� radius) and plasma L and Z were significant at
a much lower Rs (0.10) than ours. The ALSTAR2 and
Montrachet differed in patient population, image quality
controls, and MP metrics. Because of the many technical
6

and cohort differences among the studies in Table S5, the
significance of our current findings for AMD progression
will best be determined with the 3-year follow-up visit for
ALSTAR2.

Both MPOV 9� and MPOV 2� were highest in inter-
mediate AMD eyes.12 One reason why L and Z were
proposed as protective for AMD is that early studies
suggested that person-level AMD risk factors like smok-
ing and female sex were also associated with low MP
measured by heterochromatic flicker photometry.50e52 An
assumption of low retinal MP in AMD underlies the ratio-
nale for oral supplements containing L and Z. This
assumption has been difficult to test in vivo, in part because
assays of MP abundance did not account well for the
cellular composition, geometry, and population-level vari-
ability in foveal structure.53 This variability in turn results
from differences in the rate, timing, and extent of complex
cellular interactions in foveal development, involving
prenatal creation of a pit and postnatal squeezing together
of cones.54,55 In the adult fovea, cones are densely
packed,56 with a 10-fold decline in all directions within 1
mm (3.5�) eccentricity. Müller glia may be equally
numerous.57 Rings, crests, plateaus, and other
manifestations of either an absent peak or a non-
monotonic decline have been noted in up to 40% of study
participants,40,58e62 regardless of detection technology,
including ours (Fig 4). Many prior studies using both
heterochromatic flicker photometry and dual wavelength
autofluorescence reported single values for MPOD at 0.5�
(w144 mm eccentricity), i.e., only partly including the Z-
rich central bouquet.23,25 Authors of a supplementation
study noted that detecting a treatment effect depended on
how the foveal center was defined.63 Commercially
available and prototype imaging technology currently
defines the foveal center in several ways,64e66 each hav-
ing distributions that may be offset from each other.67

Macular pigment optical volume 2� in our studies captures
the central 1.15 mm diameter of macula and does not
assess smaller anatomical features within that region.60

Our future studies of MPOD and MPOV variability will
account for structural details by linking dual wavelength
autofluorescence with OCT.62

We interpret our results within the framework of a
regulated axis of carotenoid bioavailability from gut to
retina.32,68,69 Carotenoids are 40-carbon organic pigments
synthesized in plants, bacteria, and fungi. Hydrocarbon
forms of carotenoids are termed carotenes while oxygenated
forms are termed xanthophylls. Six major carotenoids in
human plasma include a-carotene, b-carotene, b-cryptox-
anthin, L, Z, and lycopene. Some are metabolically con-
verted to vitamin A or retinol. Major xanthophylls lacking
provitamin A activity include L and Z. Mechanisms of
micronutrient absorption, distribution, metabolism, and
excretion are under investigation and involve microbiota,
uptake into and efflux out of intestinal epithelium, secretion
of chylomicrons into the lymphatics, transport in plasma via
lipoproteins, deposition in target tissues via receptors and
transporters, storage, and catabolism. Genetic variance in
these enzymes and transporters (nutrigenetics) thus likely
affect xanthophyll distribution in the macula lutea.52,70 As



Figure 6. Hypothesis: xanthophyll transfer, soft drusen biogenesis, and type 1 macular neovascularization (T1 MNV). Schematized xanthophyll localization
is adapted12 from microdensitometry of monkey retinal tissue sections.23 Five steps are depicted. 1. Plasma high density lipoprotein (HDL) and low density
lipoprotein (LDL) carrying lutein (L) and zeaxanthin (Z)72 are taken up at retinal pigment epithelium (RPE) receptors (scavenger receptor B-1 and LDL
receptor).81 2. RPE extracts xanthophylls for transfer to retina via interphotoreceptor retinal binding protein (IRBP)33 and possibly others.82 Cellular
xanthophyll binding proteins glutathione S-transferase 1 (GSTP1) and steroidogenic acute regulatory protein-related lipid transfer domain 3 (StARD3)
have been localized in cones.83,84 Xanthophylls have been localized in retinal layers beyond those accounted for by cones and in places consistent with
Müller glia, suggesting additional proteins with binding and transfer capability such as fatty acid binding protein 5.85 3. RPE constitutively releases
unneeded lipids back to circulation in large lipoproteins containing apolipoproteins B and E. 4. Lipoprotein particles accumulate in Bruch’s membrane
(BrM) starting in late adolescence and build up through adulthood86 due to impaired transport across aging BrM (which becomes cross-linked) and
choriocapillaris (ChC) endothelium (which degenerates). These accumulate as soft drusen material, separating RPE from ChC and containing proin-
flammatory, proangiogenic peroxidized lipids in an atherosclerosis-like progression.87,88 5. Soft drusen material is a direct precursor of type 1 (choroid-
originating) neovascularization.13,14 ELM ¼ external limiting membrane; GCL ¼ ganglion cell layer; HFL ¼ Henle fiber layer; INL ¼ inner nuclear
layer; IPL ¼ inner plexiform layer; IS ¼ inner segments; NFL ¼ nerve fiber layer; ONL, outer nuclear layer; OPL ¼ outer plexiform layer; OS ¼ outer
segments; sub-RPE-BL ¼ sub-RPE-basal lamina.

McGwin et al � Retinal and Plasma Xanthophylls in AMD
explored in classic twin studies of largely White
women,63,71 heritability was high (0.67e0.85) for the
distribution of MPOD. Further, 27% of the response to L
and Z supplementation in 161 twin pairs was accounted
for by genetic factors.8 Scavenger receptor BI is a
multiligand cell surface receptor that mediates selective
uptake of HDL, a major xanthophyll carrier72 in liver and
in RPE73; single nucleotide polymorphism rs11057841 of
SCARB1 gene is associated with higher MPOD.74

Regulation of xanthophyll bioavailability is a strong
candidate pathway for the AMD HDL genes
(apolipoprotein E, cholesteryl ester transfer protein, ATP
binding cassette subfamily A member 1), which are
expressed within the eye75,76 as well as systemically.

This and our prior study collectively cannot address the
merits of L and Z supplementation, currently recommended
to reduce progression risk, due to cross-sectional design.
Further, the number of supplement users was small, sup-
plement formulations were variable, and adherence was not
measured. Nevertheless, our finding that MPOV 2� and 9�
are highest in intermediate AMD eyes, in the setting of
higher plasma L and Z in the same persons, is relevant to the
rationale for supplementation. Supplementation strategies in
general assume that AMD eyes have low xanthophyll con-
centration in neurosensory retina, which our current data
may not support. We caution that important aspects of the
bioavailability axis and the potential impact of L and Z are
not captured by MPOV. For example, in a small L
supplementation trial (n ¼ 72), Berendschot et al demon-
strated modulation of systemic complement factors and, by
inference, systemic inflammation.77,78 Others suggested that
rather than native xanthophylls, metabolites may be the
active agents. For example, carotenoids in a prooxidant
environment can convert to cytotoxic aldehydes79 or
generate cleavage products that interact with nuclear
receptors regulating proinflammatory transcription
factors.69 In these situations, additional L or Z may
overwhelm downstream enzymes and be harmful.
However, the AREDS2 trial did show in a secondary
analysis that L and Z reduced neovascular AMD in a very
large sample (n ¼ 4203 eyes) over 5 years and persisted
to 10 years, without evidence for a survivor bias.80

In Figure 6 we offer a new hypothesis for the role of L and
Z in retinal health and AMD, invoking bioavailability
components of retinal uptake, transfer, and elimination, and
aspects of AMD pathophysiology not considered in
previous inquiries, including AREDS2. We focus on the
tight foveal centration of high-risk soft drusen under the
macula lutea and the well-documented progression
of soft drusen to type 1 (choroid-originating) neo-
vascularization.13,14 Plasma HDL and low density lipoprotein
carrying L and Z are taken up at RPE receptors. Retinal
pigment epithelium extracts xanthophylls for transfer to
retina. Cellular xanthophyll binding proteins have been
localized in cones. Xanthophylls have also been localized
in Müller glia, suggesting involvement of additional
7
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proteins. Retinal pigment epithelium constitutively releases
unneeded lipids back to circulation in large lipoproteins
containing apolipoproteins B and E. Lipoprotein particles
accumulate in BrM starting in late adolescence and build
up through adulthood due to impaired transport across
aging BrM and choriocapillaris endothelium. Lipoproteins
accumulate as soft drusen material, containing
proinflammatory, proangiogenic peroxidized lipids.
Separating RPE from choriocapillaris leads to upregulated
VEGF secretion and onset of type 1 neovascularization.
We previously proposed that foveal shape and thickness
may focus the vertical component of lipid transfer and thus
modulate the horizontal extent of sub-RPE lipoprotein
accumulation.12 In the model of Figure 6, supplementation
with L and Z potentially enriches HDL and low density
lipoprotein, suppressing uptake by RPE, resulting in fewer
large lipoproteins released into BrM, reduced drusen
volume, and reduced risk for type 1 neovascularization.

Strengths of our study include a large sample including
many normal eyes at the aging-AMD interface, an objective
imaging method for MP, high quality images, plasma
carotenoid measures on 90% of participants, and standard-
ized fundus grading. Limitations include a study designed
for structure-function relationships rather than xanthophyll
biology, a cross-sectional sample, and an imaging device
8

that is not yet widely available. Xanthophyll distribution and
transfer figures prominently in the Center-Surround model
of foveal cone resilience and parafoveal rod vulnerability
underlying the investigation of vision and imaging in-
dicators in ALSTAR2.89,90 Future analyses will examine
morphologic, metabolic, and genetic determinants of
individual variability in MP distribution, and how MP
affects visual function. At 3-year follow-up we can
address the critical question of whether any aspect of MPOV
modulates risk for progression along early stages of AMD,
which would necessarily also modulate risk for advanced
stages. The ALSTAR2 is not designed as a xanthophyll
supplementation trial, and we do not anticipate enough
conversion to neovascularization within 3 years to fully
evaluate the model in Figure 6. Nevertheless, our current
data generate hypotheses that can be tested in studies that
are appropriately designed for those purposes.

In conclusion, MPOV assessed by dual wavelength
autofluorescence was higher in early and intermediate AMD
eyes than in normal eyes and positively correlated with
plasma L and Z levels. Our data offer new insight into
xanthophylls in retinal health and disease. Public health
messaging can feature these newly appreciated benefits of
xanthophylls if the model in Figure 6 is confirmed by further
multidisciplinary research.
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