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PURPOSE. To advance metabolic imaging of the high-risk macula lutea by quantifying the
topography of macular pigment optical density (MPOD), measured with two-wavelength
autofluorescence (2WAF), and quantitative (short-wavelength) autofluorescence (qAF)
intensity, which share the same signal source and cross-retinal light path, in aging, early
(e), and intermediate (i) age-related macular degeneration (AMD).

METHODS. 2WAF and qAF images of 384 pseudophakic eyes of 230 persons (mean age,
74.2 ± 5.7 years; 145 female) from ALSTAR2 (AREDS 9-step classification: 170, normal;
118, eAMD; 96 iAMD) were shown as maps (intensity, z-score) and meridian plots.
Correlations were determined in Early Treatment Diabetic Retinopathy Study (ETDRS)
subfields.

RESULTS. MPOD was higher in the central subfield (P < 0.01) in iAMD compared to
eAMD and normal eyes, and qAF was lower in the central subfield and inner ring (both
P < 0.01) in AMD compared to normal eyes. MPOD differed along horizontal versus
vertical meridians, depending on disease stage. Pixel-level z-score maps and meridian
plots showed distinct annuli of alternating levels of MPOD anchored on the foveal center,
unrelated to qAF. Across the central subfield, high 2WAF was associated with low qAF
in all disease stages (r = −0.47, r = −0.47, r = −0.42; all P < 0.001). In the inner ring,
correlations were significant for normal and eAMD only (r = −0.31, P = 0.004 and r =
−0.22, P ≤ 0.001, respectively).

CONCLUSIONS. New analytics support previously reported higher MPOD in AMD compared
to normal eyes, especially central subfield and inner ring. MPOD and qAF differ
by disease-stage–related topography and correlations, supporting independent use in
metabolic imaging of the macula lutea.

Keywords: age-related macular degeneration, fundus autofluorescence, xanthophyll
carotenoids, pixel arithmetic, fovea, Müller glia, retinal pigment epithelium

Age-related macular degeneration (AMD) causes central
blindness in older adults worldwide.1 Currently

approved treatments target exudative and atrophic end
stages.2–4 Approaches to earlier disease stages are avidly
sought. One safe, efficacious, and cost-effective intervention
is oral supplementation with antioxidants.5–7 These include
two polar xanthophyll carotenoids of dietary origin, lutein
and zeaxanthin, plus an intraocularly synthesized metabo-
lite, meso-zeaxanthin. Together, these comprise the macular
pigment (MP) and impart a characteristic yellow hue (macula
lutea).

The xanthophyll bioavailability axis from foods to target
tissue includes digestion, absorption, transport, and uptake
by and stabilization within retinal cells.8–11 Two-wavelength

autofluorescence (2WAF) imaging reveals retinal xantho-
phyll in vivo, one aspect of bioavailability. This tech-
nique uses strong emissions elicited from retinal pigment
epithelium (RPE) organelles (lipofuscin and melanolipo-
fuscin) by blue and green excitation lights (488-nm and
514-nm wavelengths, respectively) (Fig. 1).12 Xanthophyll
carotenoids absorb blue but not green light. MP optical
density (MPOD) is the log10 ratio of green emissions to
blue emissions at specific regions of interest, compared
to a reference point where MPOD is near zero.12,13 Rela-
tive to psychophysical tests involving color matching at
selected locations in visual space,14 2WAF imaging is quick,
objective, repeatable, and comprehensive (i.e., all pixels are
analyzable).
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FIGURE 1. Distribution of xanthophyll carotenoids and incoming light path in macula lutea. The yellow areas show the distribution of
macular xanthophyll carotenoids within the macula lutea (−3 mm diameter, indicated by the bar at the bottom, ETDRS central subfield, and
inner ring). Tissue-level laboratory studies previously visualized this distribution,71,97,98 which follows the distribution of cells around the
foveal center, particularly Müller glia and photoreceptors. The layer of RPE cell bodies is depicted with melanosomes in apical processes and
lipofuscin and melanolipofuscin in the cell body, as shown by volume electron microscopy. Lipofuscin and melanolipofuscin are the major
signal sources for short-wavelength autofluorescence imaging. Red arrows show the path of incoming light. Numbers indicate the measured
macular pigment optical density signal in two-wavelength autofluorescence. Variation between individuals (numbers along bottom) is shown
qualitatively for discussion purposes. The 2WAF signal at the camera decreases in a radial fashion with distance from the foveal center,
herein defined as the inward rise of the external limiting membrane. Variation in signal between individual eyes depends on xanthophyll
concentrations in retinal layers and layer thicknesses. Choriocapillaris and choroid are not shown. ELM, external limiting membrane; GCL,
ganglion cell layer; HFL, Henle fiber layer; INL, inner nuclear layer; IPL, inner plexiform layer; IS, inner segment; NFL, nerve fiber layer; ONL,
outer nuclear layer; OPL, outer plexiform layer; OS, outer segment. Modified from figure 5 in Kar et al.23

New data about foveal biology and metabolic imaging
technologies for foveal cells, such as 2WAF, could help eluci-
date why AMD predilection is so spatially focal on the
retina. This information in turn can be used to enhance
layer-by-layer imaging by optical coherence tomography
(OCT), currently the dominant technology for most outer
retinal disease diagnosis and management. Recent reanaly-
sis of color fundus photography–based epidemiology and
trial data showed the risk for AMD onset and early progres-
sion to be extraordinarily concentrated within the macula
lutea.15–17 Further, risk is threefold higher in the 1-mm-
diameter central subfield of the Early Treatment of Diabetic
Retinopathy Study (ETDRS) grid, where foveal cones are
abundant and rods nearly absent, than in the inner ring. In
fact, the spatial distribution of the risk profile matches that
of macular xanthophylls as determined by 2WAF imaging,
rather than that of cone photoreceptors.18

The Alabama Study on Early Age-Related Macular Degen-
eration 2 (ALSTAR2) longitudinally studies retinal structure
and visual function during the transition from aging to
AMD.19,20 The underlying hypothesis is a center-surround
model of cone resilience and rod vulnerability united with
deposit-driven AMD progression in the macula lutea.15,19

ALSTAR2 2WAF studies showed more retinal MPOD inte-
grated over the ETDRS grid in AMD eyes than in healthy
aged controls,21 as well as higher serum levels of xantho-
phylls. These effects could not be attributed to supplement
use21 and align with other reports also using 2WAF imag-
ing.22,23 These data challenge the idea that AMD retinas

are deficient in xanthophylls, the rationale for oral supple-
mentation strategies. As shown in Figure 1, 2WAF shares
a signal source and a light path across the retina with
short-wavelength fundus autofluorescence and thus varia-
tion should be interpreted considering the latter from the
same eyes. In ALSTAR2 participants, quantitative autoflu-
orescence (qAF)24 intensity assessed with novel metrics
decreased with AMD severity in the macula lutea and could
thus contribute to the increase in 2WAF signal.

The present study using ALSTAR2 baseline data had two
goals. First, we described the topography of the 2WAF signal
in aged and AMD eyes to localize the high MPOD signal in
AMD. Second, we compared 2WAF and qAF imaging in the
same eyes using z-score maps, meridian plots, and corre-
lation statistics to investigate the interdependence of these
two metabolic imaging techniques.

METHODS

Patient Selection

Participants ≥60 years old were selected from the compre-
hensive ophthalmology clinic of the Callahan Eye Hospi-
tal Clinic of the Department of Ophthalmology and Visual
Sciences at the University of Alabama at Birmingham for
ALSTAR 2 participation as previously described.19 In brief,
AMD patients were identified using electronic medical
records reviewed (by author CO) and screened for confound-
ing ocular and systemic diseases (refer to the Supplementary
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Materials for details). Pseudophakic eyes with high-quality
retinal imaging from the baseline cohort were selected to
avoid the impact of the natural lens on autofluorescence
imaging.25–27

AMD status was determined by color fundus photographs
(450+; Carl Zeiss Meditec, Jena, Germany) according to
the Age-Related Eye Disease Studies (AREDS) nine-step
classification system28 by one experienced grader (author
MEC). The AREDS classification has a strong epidemiologi-
cal basis using a classification and regression tree analysis29

and was used for a power analysis in the initial design of
ALSTAR2.19,28 Intra-reader reliability (κ = 0.88) and inter-
reader reliability (κ = 0.75) for this approach are good.30

Image Acquisition

After pupil dilation using 1% tropicamide and 2.5% phenyle-
phrine hydrochloride eye drops, participants underwent
multimodal retinal imaging, including OCT (horizontally
oriented, centered on the fovea; scan field, 30° × 25°; 121 B-
scans; interscan distance, 60 μm; automatic real time averag-
ing > 9), 2WAF, qAF (all on SPECTRALIS HRA+OCT, Heidel-
berg Engineering, Heidelberg, Germany), and color fundus
photography (Zeiss 450+).19

The investigational MPOD module for the SPECTRALIS
uses confocal scanning laser ophthalmoscopy with blue and
green diodes for excitation (wavelengths of 488 and 514 nm,
respectively) in a 30° × 30° scan field (768 × 768 pixels),
centered on the fixation point. This technique provides
excellent repeatability.31 Images that were unevenly illumi-
nated, poorly focused, or partially shadowed by vitreous
opacities were excluded (author AB).21

The SPECTRALIS also contains an internal qAF refer-
ence (excitation, 488 nm; emission, 500–750 nm) that is
excited simultaneously with the fundus over the same field
of view as the MPOD module. A scaling factor (in retinal
micrometers per pixel) using individual participants’ corneal
c-curves and the focus setting of the SPECTRALIS was used
to adjust images for variations among subjects. This factor
was standardized by the manufacturer’s software based on
the scaling factor of an emmetropic eye with a corneal
curvature of 7.7 mm.24,32 Autofluorescence intensity is atten-
uated at the camera by photopigments in photoreceptors
that absorb incoming light and prevent it from reaching
RPE fluorophores. Therefore, photoreceptors were bleached
for 20 seconds before image acquisition to minimize this
effect. Twelve single qAF grayscale images were registered
per eye and checked for homogeneous illumination and
foveal centration.33–35 Images with artifacts were removed,
and eyes with fewer than nine qualifying images were disre-
garded. Qualifying images were used to create an average
grayscale qAF image using the manufacturer’s software. This
approach was previously assessed for repeatability in inter-
session and interday testing, providing high repeatability
(intraclass correlation coefficient, 0.91–0.96) and moderate
repeatability (intraclass correlation coefficient, 0.77).33,36–38

Image Processing

The 2WAF and qAF images were exported to ImageJ
(National Institutes of Health, Bethesda, MD, USA) for post-
processing.39 All plug-ins used for this study are avail-
able from the ImageJ update site at https://sites.imagej.net/
CreativeComputation/ and are summarized in chronologi-
cal order in Supplementary Table S1. MPOD values were

calculated from 2WAF images and normalized by setting the
mean MPOD value at 9° eccentricity40 to 0 (plug-in: MPOD
XML Reader). To plot MPOD values along cardinal meridi-
ans and investigate radial symmetry (Figs. 2, 3), MPOD was
averaged within four (two per meridian) 30° wedges with
tips at the fovea (plug-in: Grids OCT). For reference, the
SPECTRALIS software plots one average meridian, assum-
ing radial symmetry.41 qAF values were calculated using a
custom tool (plug-in: QAF XML Reader) as described previ-
ously.24,42,43

Map Creation

To visualize MPOD and qAF topography as maps, we created
stacks of all images of one modality, including all eyes of one
disease group (plug-in: Batch_Standard_Retina). The foveal
center and the closest edge of the optic nerve head served
as references. The foveal center was defined as the high-
est elevation of the external limiting membrane at a central
bouquet formed by the longest cones and interleaved Müller
glia.44,45 To create a mean intensity value for each pixel,
the sum of intensities at every pixel was divided by the
number of images per stack. These were created separately
for AREDS normal, early AMD (eAMD), and intermediate
AMD (iAMD) eyes (plug-in: Math).

The macula lutea is characterized by high interindivid-
ual variability in cone density, retinal thickness, and pit
morphology due to multilayer cellular repositioning during
development.46 This variability factored into a decision to
not include the macula lutea in the qAF8 metric (eight
segments in an annulus; 6.0°–8.1° inner–outer radius).33 In
our recent publication on qAF in ALSTAR2, we explored
variability using a new pixel-level analytic outcome (z-score
maps).24 For each pixel of each eye, the difference between
the value of the observation and the mean of all eyes was
divided by the standard deviation of all eyes at that pixel
(plug-in: Compare_SD). In maps, intensities at each pixel
were expressed as z-score units and color-coded to indi-
cate ± 0.5 SD above or below the mean at that pixel. This
revealed for the first time progressively lower qAF signal in
aging, eAMD, and iAMD eyes across the macula lutea.24,35

Herein we used the same method to compare 2WAF
and qAF datasets, which are generated with different units
of measurement. Data from the standard retinas were
converted into z-scores (Fig. 4). Following a publicly avail-
able protocol (https://imagej.net/ij/plugins/lut-editor.html),
a custom color scale was produced and applied to the
maps. In addition, cutouts of the central ETDRS subfield plus
inner ring were enlarged to highlight features in the fovea
where photoreceptors and RPE cells are small and cross-
layer effects may be visible (Fig. 1).

Statistical Analysis

Demographics, visual acuity, and AMD status were summa-
rized using means and standard deviations or number and
percent for continuous and categorical data, respectively.
MPOD and qAF values were averaged within the central
ETDRS subfield (diameter, 1 mm), inner ring (inner–outer
diameter, 1–3 mm), and outer ring (inner–outer diameter,
3–6 mm).15 Generalized estimating equations were used to
compare MPOD, qAF, and visual acuity between disease
groups. All comparisons were adjusted for the nested data
structure of two eyes within one patient where applicable.
These averages were used to calculate Pearson’s correlation

https://sites.imagej.net/CreativeComputation/
https://imagej.net/ij/plugins/lut-editor.html
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FIGURE 2. MPOD distribution of one exemplary case per disease group. (A1–A3) Left eye of a 79-year-old female patient, including foveal
OCT B-scan, MPOD en face image, and MPOD density profile. AREDS nine-step stage 1 (normal). (B1–B3) Left eye of a 73-year-old male
patient. AREDS nine-step stage 4 (early AMD). (C1–C3) Left eye of a 76-year-old male patient. AREDS nine-step stage 6 (intermediate AMD).
Insets in B1 and C1 show OCT alterations relevant for AREDS nine-step classification. The white line in B2 shows where MPOD was assessed
for A3 to C3. The orange line in B2 describes the extent of the B-scan displayed in A1 to C1. The bow-tie–like structure in B2 shows the
area from which MPOD values were averaged. (A3–C3) Mean MPOD profiles, with 11 values at equally distributed eccentricities taken from
wedges with tips at the foveal center and 30° width at the nasal and temporal extremities. An increase of MPOD from normal to eAMD to
iAMD is apparent.

coefficients for each ETDRS region and disease group. P
< 0.05 was considered statistically significant. This analysis
employed SAS 9.4 (SAS Institute, Cary, NC, USA). The results
shown in Figure 5 were plotted using R (ggplot2 package;
R Foundation for Statistical Computing, Vienna Austria).47,48

Although the distance from the foveal center (eccentric-
ity) was a much larger effect in the photoreceptor distribu-
tion (∼33-fold) than the angle around the fovea (meridian),
the maps described above guided us to also compare qAF
and MPOD values in all ETDRS subfields. Means, standard
errors, and z-scores for MPOD and qAF along the horizon-
tal and vertical meridians were calculated and plotted using
MATLAB 9.5 (MathWorks, Natick, MA, USA).

RESULTS

Cohort Characteristics

Table 1 summarizes patient-level characteristics of the study
sample. A total of 384 eyes of 230 participants (145 female;

mean age, 74.1 ± 5.7 years) were included. Table 2 summa-
rizes eye-level characteristics. Of these, 170 eyes were classi-
fied as AREDS normal, 118 as eAMD, and 96 as iAMD. Best-
corrected visual acuity was better in normal and eAMD eyes
compared to iAMD eyes (0.02 ± 0.13 logMAR vs. 0.02 ± 0.14
logMAR vs. 0.07 ± 0.13 logMAR; P = 0.02).

MPOD and qAF Distribution Across Disease
Groups

Figure 2 shows 2WAF images and MPOD values along the
horizontal meridian through the foveal center in one exem-
plary eye of each AREDS diagnostic group. MPOD abun-
dance peaked at or near the foveal center in every group and
declined with increasing eccentricity. Table 2 shows signifi-
cantly higher MPOD values in the central subfield (P < 0.01)
but not in the inner (P = 0.17) and outer rings (P = 0.70)
of iAMD and eAMD compared to normal eyes. Conversely,
qAF values in the central subfield (P < 0.01) and inner
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FIGURE 3. MPOD and qAF standard retinas for eyes stratified by AREDS. (A1–A3) Standard retinas for MPOD in normal, eAMD, and iAMD
eyes. A gradual increase of MPOD from normal over eAMD to iAMD is visible, which is most present at the inner ETDRS ring. (B1–B3)
Standard retinas for qAF in normal, eAMD, and iAMD eyes. A decline in qAF from normal over eAMD to iAMD is visible. This is most
apparent in the central subfield and the inner ETDRS ring. (A1, B1) The ETDRS grid is overlaid. (C1, C2) Horizontal and vertical meridian
plots for MPOD. Shaded bands indicate the standard error. MPOD is higher in iAMD compared to eAMD and normal eyes, particularly in
the foveal center and 0.5- to 1.0-mm eccentricity nasal and temporal. (D1, D2) Horizontal and vertical meridian plots for qAF. Shaded bands
indicate the standard error. qAF is lower in iAMD compared to eAMD and normal eyes, differing by a similar absolute amount between
stages.
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FIGURE 4. MPOD and qAF z-score maps for AREDS stratified aged and AMD eyes. (A1–A3) z-Score maps for MPOD in normal, eAMD, and
iAMD eyes, with ETDRS grid shown in A1. An increase in MPOD is perceivable from normal over eAMD to iAMD eyes. Superior to the
fovea, iAMD eyes show below-average MPOD values. (A4) MPOD z-scores along the horizontal meridian. (A5) MPOD z-scores along the
vertical meridian. The difference between superior and inferior retina from A3 is confirmed by the plots. (B1–B3) The z-scores for qAF
in normal, eAMD, and iAMD eyes, with ETDRS grid shown in B1. In contrast to MPOD, qAF values decrease in later disease stages. No
difference between superior and inferior retina was noted. (B4) qAF z-scores along the horizontal meridian. (B5) qAF z-scores along the
vertical meridian.

FIGURE 5. Comparison of mean 2WAF and qAF intensities for each AREDS disease stage in ETDRS rings. (A–C) The x-axes are scaled
identically to show all data points. (D–F) The x-axes are scaled to the maximal x at each disease stage to show individual data points. (A,
D) Average 2WAF values (ratio ranging from 0.00–1.00, no unit) of the central ETDRS subfield are plotted against average qAF values (−25
to 650 to accommodate all data points, grayscale [AU]), separated by disease staging according to the AREDS grading system. The ellipses
show the 95% confidence intervals. Significant correlations of different magnitudes were found for all disease stages. (B, E) Average 2WAF
and qAF values of the inner ETDRS ring. Significant correlations were found for normal and early AMD eyes. In B, values are crowded at
the lower end of the scale. (C, F) No significant correlations were found for any disease stage in the outer ETDRS ring. 2WAF values were
near zero, as shown in C.
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TABLE 1. Cohort Characteristics.

Characteristic Value

Patients, n 230
Eyes, n 384
Age (y), mean ± SD 74.2 ± 5.7
Female, n (%) 145 (63.0)
Ethnicity, n (%)

Non-Hispanic 230 (100)
White 214 (93.0)
African American 13 (5.7)
Pacific Islander 2 (0.9)
American Indian 1 (0.4)

Smoking, n (%) 109 (47.7)
Oral carotenoid supplements, n (%) 62 (27.0)

(P < 0.01) and outer rings (P = 0.04) were lower in iAMD
and eAMD eyes compared to normal eyes.

Topographical Representation of MPOD and qAF

Figures 3A1 to 3A3 show maps of MPOD topography within
the ETDRS grid of 384 eyes. The standard retinas for each
diagnostic group show high MPOD at the foveal center,
which declines with greater eccentricity in all directions. Of
note, the central area of high MPOD (orange colors in Fig.
3) was enlarged in more advanced disease stages. Figure
3C1 and 3C2 display MPOD values along the horizontal and
vertical meridians. Close examination of these plots reveals
higher peak MPOD values for iAMD compared to eAMD
and normal eyes at the foveal center. Meridional differences
appeared in the parafovea (i.e., higher MPOD values in
iAMD than in eAMD and normal on the horizontal merid-
ian), whereas no such difference was apparent on the verti-
cal meridian. Disease-related changes in MPOD distribution
hence were not radially symmetrical.

Figures 3B1 to 3B3 show qAF standard retina maps for
the ETDRS grid of all 384 eyes. qAF was low within the
central subfield and smoothly higher toward the ETDRS
margin with greater severity, more so in the outer superior
and temporal subfields. The meridian plots in Figures 3D1
and 3D2 demonstrate this smooth increase. The meridian
plots also show that the differences in qAF intensity were
similar in magnitude among AMD stages, across eccentrici-
ties, and between meridians.

z-Score Maps for MPOD and qAF

Figures 4A1 to 4A3 show z-score maps of MPOD. Blue indi-
cates that the mean MPOD value at that pixel was below the

mean of all study eyes at that pixel, white indicates pixels
close to the mean, and red/yellow indicate above the mean.
The maps show that, relative to normal eyes, MPOD was
markedly higher within the central subfield and inner ring of
iAMD, consistent with the meridian plots of Figure 3. Annuli
of varying MPOD within the central subfield and inner ring
appeared in both normal and AMD eyes, as expected from
the model of Figure 1. The annuli are highlighted at higher
magnification in Supplementary Figure S1. Unexpectedly,
overall lower MPOD values in the superior outer ring and
higher values in the inferior outer ring at iAMD had no equiv-
alent nasally and temporally. These differences are clear in
the z-score meridian plots (Fig. 4A4 and Fig. 5), where values
for the vertical meridian cross each other in eAMD and iAMD
eyes and values for the horizontal meridian remain separate.

Figures 4B1 to 4B5 show z-score maps and meridian plots
for qAF. In stark contrast to the MPOD z-score maps, the
qAF z-score maps are relatively even in intensity across the
central subfield and inner ring in all disease groups. Accord-
ingly, the meridian plots of the disease groups are sepa-
rated widely and evenly across the entire central area. At
higher magnification (Supplementary Fig. S1), some detail
is discernible in the central subfield of qAF (i.e., some
hint of the annuli seen in MPOD and a tiny bump at the
foveal center in normal and iAMD eyes). The z-score differ-
ence maps of eAMD and iAMD eyes compared to normal
eyes (Supplementary Fig. S2) reveal a much smaller area
of higher MPOD compared to lower qAF. In summary, the
area of increased MPOD centrally in iAMD eyes cannot
be attributed to a decrease in qAF in the same retinal
locations.

Correlation Analysis

Correlation coefficients between qAF and 2WAF values were
calculated for each diagnostic group in rings of the ETDRS
grid (Fig. 5). In the central ETDRS subfield, high 2WAF was
significantly associated with low qAF for normal, eAMD, and
iAMD eyes (all P < 0.0001) (Figs. 5A, 5D). The correla-
tion was stronger (r = −0.47) in normal and eAMD eyes
compared to iAMD eyes (both r = −0.42). In the inner ring
(Figs. 5B, 5E), correlations followed the same direction and
were significant for normal and eAMD eyes (P = 0.004 and
P = 0.001, respectively) but not for iAMD eyes (P = 0.232).
Interestingly, the correlation was stronger in eAMD eyes (r =
−0.31) compared to normal eyes (r = −0.22). The outer ring
lacked significant correlations for all disease groups (normal,
P = 0.143; eAMD, P = 0.111; iAMD, P = 0.069) (Figs. 5C, 5F).
For completeness due to the meridional differences between
MPOD and qAF described above, Supplementary Figure S3

TABLE 2. Eye-Level Descriptors in Eyes Stratified by AREDS Nine-Step Classification

All Eyes Normal eAMD iAMD P

N 384 170 118 96 <0.01
BCVA (logMAR), mean ± SD 0.03 ± 0.13 0.02 ± 0.13 0.02 ± 0.14 0.07 ± 0.13 0.02
MPOD, mean ± SD

Central subfield 0.44 ± 0.16 0.40 ± 0.14 0.43 ± 0.15 0.52 ± 0.18 <0.01
Inner ring 0.13 ± 0.06 0.12 ± 0.05 0.13 ± 0.06 0.15 ± 0.08 0.14
Outer ring 0.03 ± 0.01 0.02 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.70

qAF (AU), mean ± SD
Central subfield 85.8 ± 38.6 96.3 ± 38.6 86.1 ± 39.1 66.7 ± 30.3 <0.01
Inner ring 155.6 ± 56.2 169.5 ± 53.9 153.7 ± 57.7 133.4 ± 51.0 <0.01
Outer ring 213.9 ± 71.3 225.8 ± 66.7 208.5 ± 71.4 199.5 ± 76.1 0.04

Values printed in bold indicate statistical significance.
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shows correlations between 2WAF and qAF in individual
subfields of the ETDRS inner and outer rings.

DISCUSSION

Our data provide the first, to the best of our knowledge,
detailed and quantitative assessment of metabolic autofluo-
rescence imaging across the width of the high-risk macula
lutea. We extended our previous findings of higher MPOD
in AMD eyes than in healthy aged eyes by localizing them
to mainly the ETDRS central subfield,21,23 with the biggest
contrasts between eAMD and iAMD eyes. The z-score maps
of MPOD and qAF images in the macula lutea show MPOD
increasing and qAF decreasing with AMD severity. MPOD
meridian plots show asymmetries that do not appear in
qAF meridian plots. Importantly, MPOD has annuli of signal
consistent with variation in layer-to-layer content of xantho-
phyll carotenoids. Thus, the higher MPOD in AMD eyes is
independent of changes in the RPE cell layer.

Variations in MPOD were fovea centered, with a low
peak surrounded by annuli of lower and then higher inten-
sities, like ripples heading outward from a stone landing in
water. We believe that these details represent eccentricity-
dependent differences in the thickness of xanthophyll-
containing layers of the neurosensory retina,31,84 shown
schematically in Figure 1.23,49 Incoming light passes through
regions of varying layer thicknesses in the macula lutea that
may collectively result in annular intensity variation around
the central point. In contrast, the short-wavelength autoflu-
orescence signal, measured as qAF, exhibited a broad and
nearly uniform decrease in intensity with the presence and
severity of AMD. These differences in MPOD and qAF topog-
raphy potentially speak to different mechanistic influences.
The MPOD distribution is clearly driven by variation in the
structure of the overlying neurosensory retina. The broader
distribution of lower qAF suggests other factors in the central
outer retina. One possibility is microvascular involvement.
For example, choriocapillaris dysfunction may impair bidi-
rectional transport between the circulation and outer retina,
inducing metabolic stress on the RPE and lowering qAF
signals.50–55

Our analytic approach is informed by recent research
strengthening the cellular basis of 2WAF imaging. Specifi-
cally, Müller glia are now recognized as major reservoirs of
xanthophylls in the central retina. Loss of MP corresponded
to loss of Müller glia markers in donor eyes with macu-
lar telangiectasia.56–59 Müller glia markers and carotenoids
were found in surgically excised lamellar hole epiretinal
membranes,60,61 and abundant Müller glia processes were
found in foveal retinal layers where xanthophyll signals are
strong.62,63 High xanthophyll content in the Henle fiber layer
has long attracted attention; however, the relative contribu-
tion to total xanthophyll by glia and neurons in the fove-
ola (cones only) versus Henle fiber layer (cones and rods)
remains to be determined. We proposed that the extension
of xanthophyll-enriched membranes into the plexiform and
nerve fiber layers of the macula lutea can account for the
topographic distribution of AMD risk seen in population-
based epidemiology.15,18,21,64 This inference indicates that
the xanthophyll bioavailability axis that supports high-acuity
vision in primate retina is a critical and possibly driving
component of the evolutionary biology of AMD.

Our topographical analysis showed higher MPOD in
AMD than in normal eyes and a possibly different distri-
bution anchored on the foveal center in eAMD and iAMD.

Mechanisms of intraretinal redistribution (e.g., within indi-
vidual photoreceptors or Müller glia) are unknown at
present. Our data can be compared to the results of Cozzi et
al.,22 who investigated retinal layer thicknesses and MPOD
in healthy aged eyes and eyes with either macular drusen or
subretinal drusenoid deposits (SDDs), using the indwelling
SPECTRALIS software. These authors demonstrated that
macular pigment optical volume (MPOD integrated over a
specific area) was not significantly affected by the pres-
ence of either drusen or SDDs, consistent with our data
indicating that AMD retinas are not lacking in xanthophyll
carotenoids.21,23 An alternative interpretation of lower 2WAF
signal in the superior outer subfield of our iAMD eyes is
that other structures are responsible. One candidate is SDDs,
which are abundant in many of these same ALSTAR2 eyes in
the same location.65 However, SDDs are associated with an
overall lower autofluorescence signal66,67 due to thinner RPE
cell bodies and rearrangement of apical processes contain-
ing melanosomes,68 rather than absorption of light by the
deposits themselves.

Our data pertain to a long-recognized paradox regard-
ing visualizable aspects of macular physiology that impact
AMD progression.69 MP was considered protective, yet
topographically tracked the distribution of AMD pathology
identified in population-based epidemiology (i.e., high in
the central subfield).70 In contrast, autofluorescence signal
sources in RPE were considered deleterious yet did not
show this parallel. The paradox may be resolved by a
well-supported multidisciplinary hypothesis equating the
macula lutea and the 3-mm-diameter high-risk area, partly
due to the lifelong delivery of dietary xanthophylls, as
follows. MP is detectable chromatographically in RPE, possi-
bly a transfer point between circulation and neurosensory
retina.71,72 Molecular mechanisms of selective xanthophyll
uptake from the circulation and stabilization in the macula
lutea (vs. extramacular retina) are actively being investigated
and include the high-density lipoprotein (HDL) receptor
SCARB1, among other proteins.73–81 We proposed that RPE
takes up xanthophylls on plasma lipoproteins and releases
unneeded lipids in lipoprotein particles of its own.21,64

Drusen form because age-related changes in the chorio-
capillaris and Bruch’s membrane block lipoproteins from
entering circulation, under the macula lutea. In contrast,
short-wavelength autofluorescence (captured here as qAF)
is expected to track the degradative load on RPE repre-
sented by the photoreceptor-to-RPE ratio (Fig. 1).24 This
peaks narrowly at the all-cone central bouquet and broadly
in the ring of high rod density at 4- to 5-mm eccentricity,
with a nadir just inside the rod-free zone.24,82 This distribu-
tion is unrelated to that of AMD risk, at the current level of
spatial resolution. Magnified qAF in the central 3-mm disk
(Supplementary Fig. S1) possibly provides a glimpse of the
central bouquet peak.

Our analysis is timely given a recent reanalysis of color
fundus photographs from the AREDS2 trial potentially
expanding the use of oral lutein and zeaxanthin supple-
mentation. In brief, Keenan et al.7 applied contemporary
image analytic approaches to the original trial random-
ization and found that supplementation slows the expan-
sion of pre-existing atrophy, especially toward the fovea.
This effect was attributed to a possible enhancement of the
naturally occurring phenomenon of foveal sparing in atro-
phy.83–85 A protective effect also occurred in the AREDS
trial, which did not test xanthophylls.86 We focused on MP
because of the strong cellular basis involving foveal neurons
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and glia (see above), compared to a less well-specified site
of action of other trialed antioxidants.87 The AREDS2 trial
hypothesized that MP improves retinal membrane stabil-
ity, filters short-wavelength light, and maintains intra- and
extracellular redox balance, among other mechanisms.88–90

No specific AMD pathology was mentioned. Since the trials,
much evidence now supports a progression sequence driven
by extracellular deposits with Müller glia reactivity and
persistence in atrophy.19,64,91–93 To maximize the clinical
and public health impact of valuable trial data, more stud-
ies using 2WAF technology and incorporating comprehen-
sive models of AMD pathophysiology, like ALSTAR2, are
needed.

Our data showing imaging correlates of foveal cell popu-
lations suggest future considerations for autofluorescence
imaging technologies. 2WAF integrated over the central 3-
mm disks remains informative for questions such as the
effect of supplementation or dietary regimens and genetic
underpinnings of xanthophyll bioavailability.78,94 However,
details of foveal anatomy that may confer risk for disease
onset95 will also require accurate layer-by-layer assignment
of distinct metabolic signals. 2WAF will be most instructive
when three-dimensional information from OCT is integrated
into their interpretation. This includes conventional spec-
tral domain OCT41 and new visible light OCT approaches
designed for xanthophyll localization.96 In addition to moni-
toring outcomes of interventional studies, 2WAF may be a
useful indicator of the many diverse yet partly unknown
services that foveal Müller glia provide for cone-mediated
vision.

Strengths of our study include a prospectively acquired
dataset of 384 pseudophakic eyes stratified by a standard
staging system and analyzed by recently introduced z-score
maps to incorporate foveal variability. Because the under-
lying hypothesis of ALSTAR2 incorporates specific retinal
cells, we used analytic approaches previously applied to
anatomical studies of the neurosensory retina (i.e., maps
and plots along the cardinal meridians). Pseudophakia
avoids the influence of the natural lens on RPE autoflu-
orescence signal. All custom software is publicly avail-
able for reproducing our results. Limitations of our study
include the unequal balance of disease groups and lack
of a personalized correction for natural lens autofluores-
cence26 that could allow for a larger sample by includ-
ing phakic eyes. By using disease stages determined by
a classification system based on color fundus photog-
raphy, our approach did not investigate specific AMD-
related structural changes, which is a focus of future
research.

In conclusion, we provide the first, to the best of
our knowledge, detailed and quantitative assessment of
metabolic maging across the width of the high-risk macula
lutea, using current imaging technology.We expanded previ-
ous findings of increased MPOD in AMD compared to
healthy aged eyes21 by localizing them predominantly to the
ETDRS central subfield. Although 2WAF imaging of MPOD
utilizes RPE autofluorescence, 2WAF and qAF differ in eccen-
tricity dependencies and variability statistics due to distinct
cell populations. Incorporating variability is required for
metabolic imaging of the high-risk region for AMD onset and
progression, of importance for discerning influences that
correspond with inheritance and genetic variation. Ongo-
ing ALSTAR2 studies will investigate both 2WAF and qAF
longitudinally for prognostic value and in relation to visual
function.
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