Age-Related Accumulation and Spatial Distribution of
Lipofuscin in RPE of Normal Subjects
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Purpost. To characterize the age-related accumulation of lipo-
fuscin in a population of normal subjects, resolve differences in
estimated accumulation rates obtained in previous studies, and
characterize the spatial distribution of lipofuscin in the normal
fundus.

METHODS. Spectrophotometric measurements were made at
the fovea and 7° temporal to the fovea in 145 normal subjects
(age range, 15-80 years). Spatial distribution along the four
cardinal meridians was measured in selected subjects by both
spectrophotometry and autofluorescence imaging. To mini-
mize contributions of extraneous fluorophores, macular pig-
ment, and melanin, all measurements used excitation at 550
nm, integrating emission between 650 and 750 nm.

ResuLts. Lipofuscin fluorescence increased linearly until age
70, then declined. The rate of accumulation was significantly
slower in the fovea than at the temporal site; accumulation
rates in vivo were greater than previously observed in micro-
scopic studies. Fluorescence was ~40% lower in the fovea
than at 7° eccentricity and was asymmetrically distributed
around the fovea. The fluorescence was maximal at ~11°
temporally, ~7° nasally, ~13° superiorly, and ~9° inferiorly.
At the same eccentricity, fluorescence was always less along
the inferior meridian than along any other.

Concrusions. Light absorption by RPE melanin can explain
differences between the in vivo and ex vivo estimates of the
rate of lipofuscin accumulation. Declining fluorescence at old
age may represent removal of atrophic RPE cells. The spatial
distribution of lipofuscin generally matches that of rods and
reflects, rather than predicts, the pattern of age-related loss of
rod photoreceptors. (Invest Ophthalmol Vis Sci. 2001;42:
1855-18606)

In the human retinal pigment epithelium (RPE), lipofuscin
accumulates as a byproduct of phagocytosis of photorecep-
tor outer segments. Over age 70, lipofuscin and melanolipo-
fuscin granules may occupy as much as 20% to 33% of the free
cytoplasmic space of the cell." It has been postulated that
excessive levels of lipofuscin could compromise essential RPE
functions and/or contribute to the pathogenesis of age-related
macular degeneration (AMD)."~> The spatial topography, age-
relationship, and racial distributions of lipofuscin exhibit re-
markable similarity to patterns seen in AMD (summarized by
Dorey et al.%). The concept that excessive lipofuscin may be
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harmful is supported by the observation that regions of geo-
graphic atrophy in eyes with AMD were often surrounded by
bands of elevated lipofuscin fluorescence.”

The association between lipofuscin accumulation and reti-
nal degeneration is most clearly delineated in Stargardt’s mac-
ular dystrophy, an inherited retinal degeneration characterized
by high levels of lipofuscin,® and caused by defects in the ABCR
gene (Rim protein)®'® expressed specifically in rods and
cones.'! Lipofuscin levels in patients with Stargardt’s macular
dystrophy were found to be significantly higher than those in
normal subjects of the same age.'”>'? Excessive lipofuscin
accumulation preceded photoreceptor loss in mice carrying
null mutations in the ABCR gene.14 Furthermore, loss of visual
function in other inherited retinal degenerations such as vitel-
liform macular dystrophy (Best’s disease)'”® and Batten’s dis-
ease (ceroid—lipofuscinosis)16 has also been attributed to exces-
sive accumulation of lipofuscin-like materials in lysosomes of
the RPE.

Lipofuscin is potentially noxious, for it acts as a photosen-
sitizer in blue light, generating free radicals both in isolated
granules'”'® and within the RPE cell.'® Lipofuscin contains
several distinct fluorescent components,”® one of which is
A2E, a pyridinium bisretinoid.?"** The precursor of A2E is
formed in the photoreceptor from sequential reactions of phos-
phatidylethanolamine and two molecules of vitamin A; subse-
quent hydrolysis releases A2E.?>2% This red-emitting fluoro-
phore of lipofuscin also has noxious effects on RPE cells in
vitro: it inhibits lysosomal digestion of proteins,25 and causes
blue-light-mediated disruption of lysosomal membranes>® and
RPE apoptosis.”” Lipofuscin colocalizes with lysosomal en-
zymes in neurons,”®?° and exogenous A2E is delivered to
lysosomes of RPE cells in vitro.>° If released into the cytoplasm,
AZ2E selectively attacks mitochondria and releases cytochrome
C and AIF (apoptosis-inducing factor), which initiate apopto-
sis.>! Subsequent removal of apoptopic RPE could explain the
reduced levels of lipofuscin observed in eyes with advanced
Best’s disease®® and AMD.%*3

To probe the relationship between lipofuscin accumulation
and photoreceptor loss with age, and in macular degenera-
tions, we and others developed spectrophotometric and imag-
ing techniques to study lipofuscin fluorescence in vivo.>* ¢
Using spectrophotometry,®” we have demonstrated that the
spectrum of the dominant fundus fluorophore is consistent
with that of chloroform extracts of lipofuscin-laden human RPE
cells* and with that of the lipofuscin fluorophore VIII identified
by Eldred and Katz*® and subsequently shown to be A2E.*"*?
Additionally, the spectrum of elevated fluorescence in patients
with Stargardt’s disease corresponds with that in normal sub-
jects.'? In this report we characterize the rate of accumulation
of lipofuscin at different sites in the posterior pole and com-
pare these rates with previously reported data from ex
vivo*%32 and in vivo'*37%° studies. If lipofuscin is a marker
for areas of the fundus at great risk for pathology, it would be
important to know what mechanisms produce its distribution.
Lipofuscin distribution along the horizontal meridian has only
been characterized with low spatial resolution, but the distri-
bution along the vertical meridian is not known. We also
investigate how lipofuscin is spatially distributed across the
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TABLE 1. Population
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Age Distribution (Subjects/Decade)

Age
n F/M (years)* 2 3 4 5 6 7 8
All subjects (at F and 7° T) 145 71/74 50 = 18 4 23 20 22 26 27 23
Subgroups
AAt7° T, N, S, 1 37 16/21 53 + 15 0 5 4 5 7 16 10t
B: Imaging (central; 0-4.5°) 16 7/9 58 +9 0 0 0 3 6 7 0
C: Along meridians (7-30°) 7 2/5 51 12 0 0 3 1 3 0 0

n, number of subjects. Measurement sites: F, fovea; T, temporal to the fovea; N, S, and I: nasal, superior, and inferior to the fovea, respectively.

* Values are mean *= SD.

1t Measurement in these 10 subjects were not included in subgroup A and were used only to document the decline in fluorescence at old ages.

fundus, tested whether there are age-related changes in distri-
bution, and compared the distribution of lipofuscin with pub-
lished distributions of photoreceptors,*'** macular pigment,*>
and lesions in ARM.** The ultimate goal of our research is to
evaluate whether peak levels of lipofuscin identify eyes at high
risk for subsequent photoreceptor loss and to determine
whether focal decreases in lipofuscin content identify regions
where photoreceptor loss is occurring.

METHODS

Subjects

The study population consisted of 145 subjects (age range, 15-80
years) with normal retinal status and no systemic disease other than
hypertension. Age and gender distribution for all experimental sub-
groups are detailed in Table 1. All subjects were whites of European
descent, had best corrected visual acuity of 0.63 or better, refraction
between —6 and +4 diopters, and no ocular pathology. Classifying the
iris color as light (blue, green, or gray iris) or dark (hazel or brown iris)
characterized ocular pigmentation. Twenty-two older subjects had few
hard drusen (<10 in a 10° diameter circle centered on the fovea); these
are considered to be nonpathologic aging changes.® Subjects with
mild and moderate nuclear sclerosis were included if their crystalline
lens optical density at 510 nm was lower than 0.375 DU (density units),
to minimize errors in the correction for lens absorption (explained
later).*® Spectrophotometric measurements of autofluorescence were
performed at the fovea and at 7° temporal to the fovea in all subjects;
in 37 subjects additional measurements were made at 7° nasal, inferior,
and superior to the fovea (subgroup A, Table 1). High-resolution
autofluorescence images of the foveal area (up to 4.5° eccentricity)
were recorded in 16 subjects (subgroup B) to measure the central
spatial distribution. Finally, spectrophotometric measurements were
made along the four cardinal meridians between 7 and 30° from the
fovea in seven subjects (subgroup C).

The tenets of the Declaration of Helsinki were followed, Institu-
tional Review Board approval was granted, and informed consent was
obtained for all subjects. The pupil of the test eye was dilated with 1%
Tropicamide to at least 7 mm in diameter. All light levels used in the
noninvasive measurement of lipofuscin were within the safety limits
recommended by the ANSI standards.>*

Spectrophotometry

Data were acquired by fundus spectrophotometry®* according to es-
tablished protocols.”” The subject’s pupil was aligned under infrared
illumination, and the fundus was observed with 540 to 620-nm light.
Excitation light, derived from a Xenon arc lamp with an excitation
filter centered at 550 nm (FWHM, 20 nm), irradiated a 3° diameter
retinal field during 180 ms (radiant exposures, 10-17 mJ/cm?). The
fluorescence was collected from a sampling field (centered in the
excitation field) with a diameter of 2° (585 um). After rejection of
reflected excitation light by a barrier filter, the fluorescence was
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spectrally analyzed by an optical multichannel analyzer (Princeton
Applied Research, Trenton, NJ) producing an emission spectrum with
a spectral resolution of 6 nm. The contribution of lens fluorescence
and scatter was measured®® in each subject and subtracted from the
fundus fluorescence spectrum (this correction was <5% for the pop-
ulation studied here).

An internal fixation was used to direct the subject’s fixation for sites
within 7° from the fovea. External fixations were used for measure-
ments at larger eccentricities, 10 to 30°, and test sites were marked on
a fundus photograph. Each measurement was preceded by a 510-nm
bleaching exposure of 7.1 log photopic trolands for 2 seconds, suffi-
cient to bleach 99.8% of the cones and >85% of the rods;*®; the error
in the fluorescence measurement resulting from this incomplete rho-
dopsin bleach is ~3% (compared with ~20% if we did not bleach). As
much as possible, large vessels were avoided by slight displacements,
and focus and pupil position were readjusted before each measure-
ment.

Fluorescence Imaging

Images of fundus autofluorescence centered on the fovea were ob-
tained with a modified fundus camera (IRC-FE; Topcon Corp., Tokyo,
Japan) coupled to a CCD camera.>® The retinal field was restricted to
a 13°-diameter circle to minimize contributions of light scattering and
fluorescence from the crystalline lens. Alignment and focusing was
performed under 550-nm illumination. Fluorescence images were ob-
tained with flash settings of 300 W-sec using 470- and 550-nm excita-
tion filters (FWHM ~30 nm) and matched barrier filters. Retinal expo-
sure for autofluorescence imaging was 3 to 5 mJ/cm? (duration, 1-2
msec). Retinal images were recorded with a cooled scientific grade
CCD camera (768 X 512 pixels, MicroMax; Princeton Instruments,
Trenton, NJ). Areas of 2 X 2 pixels were combined to 1 pixel; the size
of this pixel was 15.6 um at the retina. Gray levels for fundus fluores-
cence were typically 50 to 200.

Correction for Lens Absorption

Because the fluorescence excitation and emission are affected by
crystalline lens absorption, and because the latter is strongly affected
by age, > it is necessary to individually correct the fluorescence data
to account for the loss of light in the lens. This is achieved by using a
previously described reflectometry method.® In essence, a reflectance
spectrum was recorded at 7° temporal to the fovea using the same
optical path in the eye as for the fluorescence measurements. The
difference in the log-reflectances at 520 and 485 nm is equal to the
difference of 2 terms: (1) the difference in log-reflectances at the same
wavelengths in absence of ocular media, and (2) two times the lens
optical density difference between 485 and 520 nm (double pass).
Assuming that the first term is unaffected by age (or that its age
variation is small compared with that of the second term) and using
known extinction coefficients for the lens,* one can derive the lens
optical density at 510 nm relative to the mean lens density at an age of
44 years. The relative lens optical densities estimated by this method
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vary between —0.15 to 0.4 DU at 510 nm, are reproducible within 0.05
DU, are not affected by ocular pigmentation, and are not statistically
different from lens optical densities determined psychophysically in
the same subjects.®

Data Analysis

All fluorescence spectra were individually corrected for the excitation
energies, for the spectral sensitivity of the detecting system,>* and for
the absorption by the crystalline lens (see above). Emission spectra,
obtained with an excitation at 550 nm, were integrated between 650
and 750 nm to yield the fluorescence measure (fluorescence units [FU]
are in pJ+sr~'/]). Although the emission spectrum extends from 550 to
800 nm with a maximum at ~640 nm (Exc, 550 nm),*” we used only
the emission above 650 nm, to minimize contributions from secondary
ﬂuorophores.Sl The excitation at 550 nm (FWHM, 20 nm) is minimally
affected by macular pigment absorption: optical density of the macular
pigment is generally <1 DU at 460 nm and therefore < 0.015 DU (3%
absorption) at 550 nm.>?> Absorption by RPE melanin should also be
minimized by the choice of excitation and detection wavelengths
because the absorption by melanin decreases monotonically through-
out the visible spectrum.>?

Autofluorescence images at 470- and 550-nm excitation were ana-
lyzed using the IGOR image analysis software (WaveMetrics, Lake
Oswego, OR). The 550- and 470-nm images were aligned using trans-
lations and matching the position of retinal landmarks in the superim-
posed images. The position of the center of the fovea was defined as
the location with lowest fluorescence in the 470-nm image; this cor-
responds with the location of the highest macular pigment density
(highest concentration of cones). Horizontal and vertical profiles
through the center of the fovea, averaged over 5 pixels (77 um), were
calculated for the 550-nm images and normalized to the average level
in a 2° diameter circle centered on the fovea. Maximal eccentricity was
4.5°, avoiding areas of nonuniformity of excitation at the edges of the
13° diameter image.

RESULTS

Lens Optical Density

The optical density of the crystalline lens for the subjects of
this study (Fig. 1) was significantly and positively correlated
with age (» = 0.92; P < 0.0001). The density exhibited an
accelerating increase with age that can be described by a
fourth degree polynomial (curve A in Fig. 1). A slight decrease
in acceleration was evident for ages > 65 years. The density at
510 nm increased from an average (=SD) of —0.07 = 0.01 DU
at age 25 to an average of 0.15 = 0.07 DU at age 65 (referenced
to the mean optical density at 44 years). Application of this
correction to the fluorescence data (Exc, 550 nm; Em, 650 nm)
resulted in a mean increase of the fluorescence by a factor
~1.25 at age 65 and a factor ~0.89 at age 25.

Lipofuscin Accumulation

After correction for lens absorption, the spectra of fundus
autofluorescence excited at 550 nm had a mean maximum
(£SD) at 640 £ 11 nm (z = 145), and the spectra dropped to
half their peak intensity at 725 to 750 nm. Maximum emission
shifted toward shorter wavelengths with excitation at shorter
wavelengths: the mean peak wavelength for 430-nm excitation
was 608 * 14 nm. The integrated fluorescence (650-750 nm)
for 550-nm excitation (used in this study) correlated highly
with measurements of peak fluorescence obtained with exci-
tations between 420 and 560 nm (r > 0.88; P < 0.0001). This
confirms that one dominant fluorophore is sampled in vivo; its
spectral characteristics have been shown to be consistent with
lipofuscin.®”
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FIGURE 1. Crystalline lens optical density at 510 nm as a function of
age. This density is the difference between the lens density of an
individual and the mean lens density at age 44. The solid curve (A) is
a fourth degree polynomial fitted to the data: 5.9 X 107 %+« + 1.17 X
107% 0% — 6.08 X 1077+ a® — 4.09 X 107+ &' ¥ = 0.87), where
a = (age 44). The average lens optical density at 510 nm predicted for
each age by the algorithm of Pokorny et al.*® (thin solid lines, P) and
of Weale>® (interrupted line, W) and normalized at age 44 is shown for
comparison. Subjects with lens density > 0.375 DU were excluded
from the study.

Lipofuscin fluorescence, corrected for lens absorption (Fig.
2), exhibited a significant positive correlation with age (r =
0.73 and r = 0.69 for the temporal site and the fovea, respec-
tively; P < 0.0001). The fluorescence in the fovea was signif-
icantly less than that at 7° temporal to the fovea (P < 0.0001,
paired #test, two-tailed), being on average 61% *= 9% of the
value at 7° temporal. The fluorescence increased quasi-linearly
up to approximately 70 years of age and then decreased in
older subjects.

The variation in lipofuscin content in subjects between ages
20 and 70 years (n = 118) was best described by a linear
regression; quadratic regressions did not yield a significant
second-degree terms (P > 0.3). Regression equations F(age) =
F(25) + ARA - (Age — 25) fitted to the fluorescence yielded
values for F(25), the mean fluorescence at age 25 (intercept),
and ARA, the absolute rate of accumulation (slope), given in
Table 2. The values for F(25) at the 7° temporal site and at the
fovea were, respectively, 8.8 and 5.6 FU, and the ARAs were
0.39 and 0.24 FU/y. Both F(25) and ARA were significantly
lower at the fovea than at 7° temporal to the fovea. The
fluorescence at age 65 was ~2.8 times greater than that at age
25 for both sites; this ratio would be ~2.0 for fluorescences not
corrected for lens absorption (see above).

For the 37 subjects in subgroup A (age range, 20-70 years)
with measurements at 7° eccentricity along all four meridians
(Table 1), we found that the accumulation rates (ARA) at the
temporal, nasal, superior, and inferior sites were 0.35 £ 0.05,
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FiGURE 2. Lipofuscin fluorescence as a function of age at 7° temporal
to the fovea (top) and at the fovea (bottom). The solid lines are linear
regression lines for ages 20 to 70 years (P < 0.0001). The interrupted
lines are linear regression lines for ages 70 to 80 years (P < 0.12).
Results of regression analysis are in Table 2.

0.29 * 0.04, 0.31 = 0.04 and 0.24 = 0.04 FU/y (*=SE), respec-
tively, and the estimated F(25) were 9.5 £ 1.5, 10.2 = 1.3,
8.6+ 1.3,and 9.2 + 1.3 FU (+* = 0.60, 0.57, 0.61, and 0.50,
respectively). Analysis of variance demonstrated that the ARAs
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and F(25)s at these four sites were not significantly different
from each other (P > 0.2), except for a tendency for the ARA
to be smaller inferiorly than superiorly (P = 0.08).

The fluorescence exhibited a tendency to decline above age
~70 years (Fig. 2); the rate of decline was estimated by regres-
sion analysis for the 23 subjects over age 70. The slopes of the
regression lines for the temporal site and the fovea were —0.86
and —0.63 FU/y, respectively (Table 2), not significantly differ-
ent from each other. Both slopes were significantly smaller
than the rate of accumulation for ages < 70 years (P < 0.0001).
Similar decreases in the accumulation rate were found at 7°
eccentricity along the superior, inferior, and nasal meridians in
10 subjects over age 70 (Table 1). The slopes were about —1.5
FU/y and were also significantly smaller than the accumulation
rates for ages < 70 years of age (P < 0.01).

The fluorescence measurements at the five sites (fovea and
7° from the fovea on each meridian) were highly correlated
with each other (r > 0.88, n = 37, P < 0.0001, for all possible
combinations). After accounting for the age dependence at
each site, the “remaining variation in fluorescence” was still
highly correlated between the five sites (r > 0.83, P < 0.0001).
This means that if the fluorescence was high or low at one site
for a given age, it was also high or low at the other sites. The
same intraindividual correspondence was seen in the high
interocular correlation in fluorescence found in 10 subjects
(P < 0.0005 for both sites); there was no significant difference
between the estimates in both eyes (paired, both P > 0.2).

Spatial Distribution

Spatial distributions were measured in three subgroups of
subjects (Table 1) using spectrophotometry in four sites at 7°
from the fovea on the four meridians (subgroup A), using
fluorescence imaging in a central 9° diameter circle (subgroup
B) and using spectrophotometry along the four meridians at
eccentricities between 7 and 30° (subgroup C). Measurements
in each subgroup included a measurement at the fovea. Fluo-
rescence at each eccentricity was expressed as ® (7), the ratio
of the fluorescence at eccentricity  (in degrees) and that at the
fovea. Positive eccentricities are for the temporal and superior
directions and negative for the nasal and inferior directions.
Subgroup A. The spectrophotometric ratios ® (+7°) in the
four cardinal directions in 37 subjects were all significantly
different from each other (Table 3; subgroup A). The fluores-
cence was highest temporally, then nasally, superiorly, and
lowest inferiorly. Values at eccentricity were all significantly
larger than at the fovea (P < 0.001). The ratios ® (+7°) were

TABLE 2. Linear Regression of Fluorescence of Lipofuscin Versus Age

Site of Measurement

7° Temporal* Fovea* Pt
Age range, 20-70 years; n = 118;
F(age) = F(25) + ARA * (age — 25)
Fluorescence F(25) (FU) 8.8 +0.7 5.6 +0.5 0.0002
Rate ARA (FU/y) 0.39 = 0.03 0.24 = 0.02 <0.0001
Fluorescence F(65) (FU) 24.6 = 0.7 15.1 = 0.5 <0.0001
r%, P 0.63, P < 0.0001 0.56, P < 0.0001 —
Ratio F(65)/F(25) 2.83 £ 0.08 2.80 = 0.09 0.85
Age range, 70-80 years; n = 23;
F(age) = F(70)+ARA * (age — 70)
Fluorescence F(70) (FU) 26,5+ 2.8 16.7 * 1.6 0.004
Rate ARA (FU/y) —0.86 * 0.52 —0.63 £ 0.29 0.70
r’ P 0.11, P = 0.12 0.18, P = 0.04 —

ARA, absolute accumulation rate; FU, fluorescence unit.

* Values are means * SE.

T Statistical significance of the difference between 7° temporal and the fovea.
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TasBLE 3. Fluorescence Along Meridians Relative to That at the Fovea (Age Range, 20-70 Years)
D(r)* Subgroup/n* Temporal Nasal Superior Inferior
D(£2) B/16 1.18 = 0.07 1.08 = 0.11 1.12 = 0.09 1.10 = 0.11
NsI T t T
D(E=4) B/16 1.35 £ 0.08 1.33 £ 0.13 1.28 = 0.12 1.20 = 0.12
sl I ti TNs
O(E=DT A/37 1.66 = 0.23 1.59 = 0.26 1.48 = 0.25 1.38 = 0.21
nSI tSI TNI TNS
D) cr7 1.69 = 0.17 1.67 +0.21 1.71 + 0.29 1.41 +0.12
at r. % 112 +22° —6.9 + 0.4° 12.7 = 3.4° —86+20°
d(=21) C/7 1.36 = 0.24 1.49 = 0.26 1.51 = 0.29 1.19 £ 0.18
ni tl i tNs
D(*=27) C/6 1.04 = 0.17 1.17 = 0.33 1.25 = 0.17 0.97 £ 0.22

Values are mean * SE.

* d(r) is the fluorescence at eccentricity # relative to that at the fovea (r=0, ®(0)=1). Subgroup A, B and C refer to subgroups defined in
Table 1. Statistically significant difference between sites (two-tailed paired #tests) is indicated by the letters “TNSI” (P < 0.005) or “tnsi” (0.005 <
P < 0.05). Thus, the fluorescence at 2° nasal (T) was significantly different from that at 2° temporal, but not statistically different from that at the

two other sites.

T Fluorescence ratios ®(*7) measured in subgroup C (not shown) were not significantly different than those measured in subgroup A at * 7°.

+ 7 max 18 the eccentricity at which the fluorescence, ®(r,

max.

not significantly influenced by ocular pigmentation (as judged
by iris color, P > 0.5). Comparing only the sites at 7° eccen-
tricity, one finds no correlation with age for the ratios of nasal
to temporal (p = —0.19; P = 0.2) and superior to temporal
(p = —0.0; P = 0.9) fluorescence, but a significant negative
correlation ratio of inferior to superior fluorescence (p =
—0.43; P = 0.009). Linear regression of the difference between
the inferior and superior fluorescences with age suggests that
the fluorescences are about equal at age 25 (difference = 0.5 *
0.7 FU; P = 0.4) but that it then increases less rapidly in the
inferior than in the superior fundus (P = 0.005).

Subgroup B. The individual distributions obtained from
imaging (7 = 16) along the horizontal and vertical meridians
(Fig. 3) demonstrate large variations in the shape of the foveal
depression ranging from very shallow to deep (P (*x4) =
1.07 — 1.58). Average results for ® (2°) and @ (4°) are given in
Table 3 (subgroup B). The relative distribution of fluorescence
along the meridians follow a pattern similar to that seen at 7°
from the fovea (subgroup A): fluorescence is highest tempo-
rally and lowest inferiorly. Statistical differences in ® at the
same eccentricity were most pronounced between the tempo-
ral and inferior meridians, and least so between the nasal and
superior meridians. None of the ® () ratios correlated signif-
icantly with age and degree of ocular pigmentation.

The position of minimal fluorescence was calculated using
a 0.5° moving average of the profiles in Figure 3. The minima
along the horizontal and vertical meridians were on average at
—0.40 = 0.60° and —0.35 = 0.57° from the fovea, respectively,
and both were significantly different from 0 (? = 0.02 and P =
0.03, respectively). Because the position of these minima were
highly correlated with each other (r = 0.61; P = 0.009), it
suggests that the location of the minimum fluorescence is
slightly displaced toward the nasal-inferior side of the fovea.
Isofluorescence contours for fluorescence 10% higher than
that at the fovea exhibited a circular shape; the horizontal and
vertical widths were 2.77 £ 0.83° and 2.81 * 0.79°, respec-
tively (paired test, P = 0.8). However, the contour for fluores-
cence 15% higher than at the fovea was found to be elliptical
with a longer vertical axis. The horizontal and vertical widths
were 3.3 = 1.2° and 4.3 £ 1.0°, respectively (P = 0.02; n =
15).

Subgroup C. The individual distributions of fluorescence
along the horizontal-vertical meridians derived from spectro-
photometry (n = 7; Fig. 4) and the average results in Table 3
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), is maximal along each meridian.

(subgroup C) exhibit the same asymmetries observed at lower
eccentricities: fluorescence was highest temporally and supe-
riorly, and lowest inferiorly. The fluorescence decreased in the
peripapillary region and was further reduced over the optic
disc itself (¥ = 0.1 to 0.8 in the disc, with a different spectrum

4 ! | Vv

ertical

[

Fluorescence Distribution @(r)

(= 80um | : -
Temporal | Inferior ~ : Superior [

-4 -2'(:)24’I-4'rl'élolé‘lt
Distance from Fovea r (°)

FIGURE 3. Autofluorescence distribution measured by imaging in 16
subjects (subgroup B, ages indicated in the middile) along the horizon-
tal (left) and vertical meridian (right) through the fovea. The spatial
resolution is 0.27° or 80 wm (box). The fluorescence are expressed by
@ (1), the ratio of the fluorescence at an eccentricity # to that at the
fovea. Individual pairs of traces were displaced vertically along the
logarithmic scale to avoid overlap. Dashed portions of the curves,
areas that were interpolated to remove the attenuation due to vessels
as seen on the autofluorescence image.
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FIGURE 4. Spatial distribution of autofluorescence along the horizon-
tal (left) and vertical (right) meridian through the fovea for seven
subjects (ages shown in center, subgroup C). The spatial resolution is
2° or 580 um (top middle). ® () is the fluorescence at eccentricity »
relative to that at the fovea. The traces were displaced vertically in both
panels to avoid overlap. Each point represents the average of two or
three measurements done without repositioning and the error bars
are £ SD (error bars less than +0.05 were removed). Vertical inter-
rupted bars, the approximate position of vessels (50-100 wm diame-
ter) crossing the meridians. It is likely that retinal vessels compounded
by eye movements caused some of the “dips” observed on the vertical
profiles. Indeed, there was a 1- to 2-second delay between the aiming
and the actual measurement, and there was often little space for our
sampling field between the vessels. When we purposely included a
vessel in our sampling field, we observed a decrease similar to that
observed in some profiles. Vertical downward arrows, those instances
in which we interpolated the data between neighboring points, to
obtain the average data presented in Table 3 and Figure 5.

as previously shown.>* The fluorescence at all sites for eccen-
tricities up to ~20° (and outside the disc area) were signifi-
cantly higher than that at the fovea. The ratios ® () were not
significantly correlated with age, except for ® (—7) on the
inferior meridian that was negatively correlated with age (p =
—0.86, P = 0.03).

Peak fluorescence along the meridians occurred at 9 to 14°
from the fovea temporally (averages in Table 3), at 10 to 19°
superiorly, and at —6 to —11° inferiorly. Maximal fluorescence
on the nasal side of the fovea generally occurred between the
disc and the fovea at =~ —7°; a second maximum was observed
nasal to the disc at —19 to —23° from the fovea (mean, —21 *+
2%, ® = 1.52 *+ 0.28). The highest maximum ® (r,,,,.) occurred
along the superior and temporal meridians, whereas the lowest
occurred along the inferior meridian (Table 3).

Figure 5 summarizes the average results obtained in the
three different series of measurements. Starting from the cen-
tral minimum, fluorescence rises more steeply in the temporal
and nasal directions than in the superior and inferior direc-
tions. A discontinuity in distribution occurs between the hor-
izontal and vertical profiles at =~ 2° from the fovea. The fluo-
rescence is maximal in a ring located at an eccentricity of 9 to
13°. The fluorescence along the inferior meridian is always less
than along the other meridians at the same eccentricity. By 20°
eccentricity, the fluorescence is found to be highest along the
superior and nasal meridians, followed by that along the tem-
poral and inferior meridians.
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DIScUSSION

We have shown that lipofuscin accumulates quasi-linearly in
the RPE between the ages of 20 and 70 years and that it
decreases in the 8th decade of life. The rate of accumulation
was approximately 0.4 FU/y at an eccentricity of 7° and was
significantly lower in the fovea. Fluorescences at different sites
were significantly correlated with each other, indicating that if
the fluorescence in an individual is high or low at one site, it is
also high or low at other sites at the posterior pole of the eye.
These observations, as well as the high interocular correlation,
suggest that the distribution is determined by some intrinsic
characteristic of the eye (e.g., density of photoreceptors, num-
ber of photoreceptors/RPE cells, distribution of vitamin A
transporters), whereas the quantity of lipofuscin accumulated
at all sites reflects individual variables (e.g., antioxidant status,
diet, genetics, ocular pigmentation, exposure to xenobiotic
agents, and/or possibly light exposure).

Age-Related Accumulation of Lipofuscin

We found a significant age-related accumulation of lipofuscin
(Fig. 2, Table 2), confirming previous ex vivo'*®*° and in
12:37.40 reports that lipofuscin increases with age (Fig. 6).
Our results affirm the monotonic rate of increase observed in
our earlier studies'?>” and in those of von Riickman et al.*® In
contrast, earlier ex vivo observations suggested that deposition
of lipofuscin varied with age. To compare the rates of age-
related increase in fluorescence and lipofuscin, we used the
ratio of fluorescence at age 65 to that at age 25 (Fig. 6, inset),
which was ~2.8 in this study (Table 2).

Comparison with Other In Vivo and
Ex Vivo Studies

Von Riickmann and colleagues® used the Laser Scanning Oph-
thalmoscope to measure fluorescence at 7 to 15° temporal to
the fovea in normal subjects. Their data, corrected to account
for average lens absorption at a given age either using
Pokorny*® algorithm (curve V; Fig. 6) or using the mean of our
lens correction (curve V'), show a faster accumulation than
that found in this study (curve D). Possible explanations for
this faster accumulation include differences in excitation wave-
length and in subject selection. We measured the fluorescence
excited at 550 nm (Em > 650 nm); von Rickmann used a
488-nm excitation (Em > 520 nm). Indeed, we found a faster
age-related increase in our data obtained with 470-nm excita-
tion (acquired in our standard protocol) and integrating all
fluorescence >520 nm (curve D', Fig. 6). The fact that von
Riickmann included only patients “with clear lenses,” whereas
ours included subjects with mild to moderate nuclear sclerosis,
may explain why the application of our correction (V') re-
sulted in an overestimation of lipofuscin content at older ages.

Ex vivo measurements of fluorescence®®>° or counts of
lipofuscin granules' in sectioned donor eyes (curves W, O, and
F in Fig. 6) all indicated significant increases with age, but the
rates of accumulation were substantially lower. Several factors
(reviewed by Okubo®?) may have contributed to an underesti-
mate of lipofuscin accumulation in the ex vivo studies. The
age-related change in fluorophore composition of the gran-
ules® may cause an age-related increase in the fraction of
fluorophores extracted by organic solvents during the embed-
ding process. Rates determined by fluorescence were slightly
higher than those determined by granule counts, possibly be-
cause fluorescence of lipofuscin granules increases with age.>*

Lipofuscin and melanin granules have overlapping distribu-
tions within the RPE cell. The concentration of melanin in the
apical cytoplasm exceeds that in the basal cytoplasm by a
factor of ~1.5, whereas basal lipofuscin concentration exceeds
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apical concentration by ~1.4.? Microscopic measurements are
made with a fixed sampling area in central regions of the cell
that are relatively free of melanin, whereas both the excitation
and emission light for in vivo measurements will be partially
absorbed by the apical layer of RPE melanin. Whether this
attenuation is affected by age depends on both changes in
absorption by melanin and changes in the relative distribution
of both pigments. The number of RPE melanin granules de-
creases with age,' but the size and optical density of the
granules increase.>® These opposing effects may explain why
no age-related changes were found in macular RPE melanin
concentration,”® optical density of the RPE (except perhaps
above age 50),% or in reflectometric estimates of the melanin
optical density difference between the fovea and the perifo-
vea.’' However, even if the total optical density does not
significantly change with age, melanin distribution is affected
by age. Melanin in the first decade of life is entirely apical, but
with increasing age the distribution becomes more uniform (by
age 70, at least half of the melanin granules are embedded in
complex melanolipofuscin granules).>>® Thus, in vivo mea-
surements of lipofuscin in younger eyes are more underesti-
mated because of screening by apical melanin, and this would
result in an exaggerated estimate of the age-related increase in
lipofuscin fluorescence measured in vivo.

If we assume that the difference between the accumulation
rates estimated from the in vivo data (curve D, Fig. 6) and from
the ex vivo data (average of curves O and W) is entirely due to
melanin, we can estimate that melanin must have attenuated
lipofuscin fluorescence 1.5 times more at age 15 than at age 65.
We can calculate F, s, the fluorescence in young subjects, with
all the melanin located apical to the lipofuscin and Fgs, the
fluorescence in old subjects, with the melanin uniformly inter-
mixed with lipofuscin in the entire cell. These fluorescences
are given by:

Fﬁ = é’- d- 10*[K\+K).]‘Dsnn
and

o g d- {1 _ 10*[1(\*’1(/\]'1)500}
% In(10) - [K, + K]+ Dsgo
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where { is the efficiency of the lipofuscin fluorescence (per
unit length), d the total thickness of the RPE, K , and K , the
extinction coefficients of melanin®? at the excitation (A) and
emission (A) wavelength (normalized to the extinction at 500
nm), and D5, is the melanin optical density of the RPE at 500
nm. The latter is the same in both cases; we assume a very thin
apical layer with high concentration at age 15, and the full
thickness d with low concentration at age 65. Substituting Fe
= 1.5. F;5 (A = 550 nm, A = 650 nm), we found by successive
approximation a value Ds,, = 0.32 DU. For the data with A =
470 nm (curve D), we similarly found an optical density of
Dy, = 0.29 DU. These results are consistent with the mean
optical densities for the entire RPE of 0.23 DU? and 0.35 DU>?
measured ex vivo at 500 nm. Although derived from different
studies, these calculations indicate that most of the difference
in accumulation rates between ex vivo and in vivo estimates
could be accounted for by a redistribution of melanin within
the RPE cell, even though the total amount of melanin remains
constant.

Decline in Lipofuscin Fluorescence at Older Ages

The lipofuscin levels observed above age 70 were lower than
would be expected if lipofuscin accumulated at a constant rate
throughout life (Fig. 2). Other studies (Fig. 6) have not de-
tected significant evidence that lipofuscin levels decline above
age 70, although only a few demonstrate significant increases
at old age. The gradual age-related loss of rod photoreceptors
throughout life*>>” cannot explain the sudden decrease in
lipofuscin above age 70. We cannot exclude the possibility that
individuals with higher lipofuscin content have developed
AMD and are thus excluded from this study or that individuals
with the highest lipofuscin are selectively eliminated from the
study because they are less healthy at advanced age and/or may
have higher mortality rates. It is worth noting that some of the
50- to 70-year-old subjects have very high lipofuscin (Fig. 2).
The decrease in fluorescence at ages > 70 could also result,
in part, from an undercorrection by our lens optical density
estimates.*® Although our average lens densities are slightly
higher than those predicted in other studies**>° at old age (Fig.
1), they exhibit a slight reduction in acceleration at older age.
We believe that this may indicate some underestimation of the
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FIGURE 6. Age relationship of autofluorescence for this study (D) and
other studies from the literature. Fluorescence, averaged in each de-
cade, is plotted on a logarithmic scale and was displaced vertically for
clarity. Closed and open symbols: for in vivo and ex vivo measure-
ments, respectively. D and D': obtained in this study with excitations
at 550 nm (Fig. 2, temporal site) and 470 nm, respectively (20-27
subjects/decade). V and V': measured by Von Riickmann et al.*° using
the Laser Scanning Ophthalmoscope (Exc, 488 nm, 5 subjects/decade)
with correction to account for lens absorption using the algorithm of
Pokorny et al. (Fig. 1; curve P),* and the mean lens optical density
derived in our population (Fig. 1, curve A). O and W: measured ex vivo
using fluorescence microscopy on section of RPE; curve O is from
Okubo et al.* (Exc, 450-490 nm, 5-14 eyes/decade), and curve W
from Wing et al.*® (Exc, 390-470 nm, 2-8 eyes/decade).*® Finally,
curve F is from the combined counts of lipofuscin and melanolipofus-
cin granules performed by Feeney et al.' (1-5 eyes/decade). The
inserted table gives the values of F(65)/F(25) for each of set of data.

lens optical density and is the reason why we excluded sub-
jects with lens densities > 0.375 DU. To support a linear
age-related accumulation of fluorescence up to age 80 (Fig. 2),
the extrapolated fluorescence at age 80 would need to be 1.7
times greater than that measured, on average, at age 80. This
would require an incremental density of 0.3 DU (510 nm)
between the ages of 65 and 80 and would double the lens
density at age 80. Because this is clearly unreasonable, we can
reject gross underestimation of lens absorption as the sole
reason for the decline in fluorescence. Some undercorrection
may exist, but we are not able to assess its magnitude; future
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studies comparing fluorescence before and after IOL surgery
may clarify this issue.

Previous reports have shown that lipofuscin levels in those
with AMD were significantly below normal subjects of the
same age®>> and that fluorescence in regions of geographic
atrophy is very low.”>7+4*:58 Current evidence, reviewed in the
Introduction, indicates that A2E (a major constituent of lipo-
fuscin) will cause RPE apoptosis if it is released from the
lysosomes into the cytoplasm®' or if it mediates blue-light
damage.*” Subsequent removal of apoptotic RPE cells would
result in local reduction in lipofuscin fluorescence. The possi-
bility that the decrease in RPE lipofuscin in older subjects
represents incipient atrophy may be supported by our obser-
vation in autofluorescence imaging of substantial focal variabil-
ity in fluorescence and small patches of very low fluorescence
in 3 of 10 subjects (60-70 years old). A more rigorous quanti-
tative analysis is required to elucidate whether the regions of
low fluorescence represent regions of reduced photoreceptor
density and/or incipient atrophy.

The magnitude of the contribution of A2E to in vivo fluo-
rescence measurements is still unknown. Emission spectra of
A2E (Exc, 380 nm) in different organic and inorganic solvents
have a maximum at 570 to 610 nm, and intracellular A2E has a
maximum emission at 560 to 575 nm.*® Excitation and absorp-
tion maxima of A2E in the visible range occur at 430 to 450 nm,
and these spectra tail down to 5% to 10% of peak at 550
nm,*”>® indicating the feasibility of measuring A2E fluores-
cence in vivo with excitation wavelengths as long as 550 nm
(assuming moderate contributions of other lipofuscin fluoro-
phores®®). The dominant fluorophore that we measure in vivo
exhibits maximum emission at 600 to 640 nm (dependent on
excitation wavelength); this peak is expected to shift toward
shorter wavelength if ocular media and melanin absorption
were fully taken into account. More work needs to be done to
eventually reconcile the relationships among the in vivo spec-
trum, the spectrum of isolated A2E (with the excitation wave-
lengths used in vivo), and the spectra of intact lipofuscin
granules.

Spatial Distribution of Autofluorescence

Our observations confirm previous reports that lipofuscin is
lower in the fovea than in the nasal or temporal macula.>>®
Previous in vivo studies were confounded by the use of short-
wavelength excitation, which was partially absorbed by the
macular pigment>>>7; the use in this study of an excitation at
550 nm removes this limitation. Our study provides evidence
that fluorescence is not symmetrically distributed around the
fovea. In all three sets of measurements (Figs. 3 and 4, Table 3),
we found significantly less fluorescence along the inferior
meridian than along any other meridian. The distribution of
fluorescence in the central 9° around the fovea exhibited large
variability (Fig. 3), as was observed in the distribution of lipo-
fuscin in older donor eyes.® Asymmetries were also seen as
close as 1 to 2° from the fovea (Fig. 5). A limitation of our study
is that no measurements were performed outside the meridi-
ans, which leaves open the possibility that higher maxima may
be located at other sites within quadrants.

Influence of RPE Melanin and Nerve Fiber Layer

We considered whether losses of excitation light and fluores-
cence through absorption by RPE melanin (discussed above)
and/or scattering by the nerve fiber layer could significantly
affect the fluorescence distribution and whether regional vari-
ation in these entities could explain the observed asymmetries.
RPE melanin is greatest at the fovea, decreases substantially
from the fovea to approximately 5°, exhibits a broad minimum
between 5 and 20°, and then increases slowly toward the
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equator.?*%>> Using a combination of reflectance and fluores-
cence measurements,”’ we calculated that the optical density
difference in apical melanin between the fovea and 7° from the
fovea was effectively 0.10 = 0.08 DU at 500 nm. For an
emission at 650-750 nm (Exc, 550 nm) and using known
extinction coefficients for melanin,>® this corresponds to
~21% more attenuation of lipofuscin fluorescence at the fovea
than at the perifovea. Because we measured foveal levels that
are on average 65% of the fluorescence at 7° eccentricity
(Table 2), we estimated that the foveal lipofuscin would actu-
ally be ~78% of that at 7° eccentricity. This is consistent with
ex vivo measurements” that indicated that lipofuscin in the
fovea was ~81% of that at an eccentricity of ~7°. Thus, the
depression in the fluorescence distribution at the fovea (Figs. 3
and 5) is exaggerated as a result of RPE melanin absorption.

The fact that fluorescence at equal eccentricities between 2
and 7° along the horizontal meridians are higher than those
along the vertical meridians (Fig. 5) could be explained if
greater melanin concentrations occurred superior and inferior
to the fovea. However, monochromatic fundus photographs at
570 nm,°® which delineate higher RPE melanin, are not con-
sistent with such distribution: the area of high RPE melanin is
either circular or slightly elongated horizontally. It is difficult to
ascertain the role of RPE melanin at larger eccentricities: not
only was the spatial resolution of ex vivo measurements of
melanin®®>? too low to account for asymmetries, but informa-
tion about RPE melanin along the vertical meridians is cur-
rently, to our knowledge, unavailable.

Attenuation of light by nerve fibers®' could also play a role,
particularly around the optic disc. However, although there is
a 1.5- to 3-fold difference in the thickness of the nerve fiber
layer at 7° eccentricity in nasal and temporal meridians,®*%3
there was no marked asymmetry in fluorescence at these sites.
Moreover, the thicker nerve fiber observed in the superior
retina®®* could not explain the reduction of fluorescence
observed in the inferior retina. Asymmetries in nerve fiber layer
thickness around the fovea may match the observed asymme-
tries in fluorescence between the horizontal and vertical me-
ridians (at 2-4° eccentricity, Fig. 5): the nerve fiber layer
thickens more rapidly along the vertical meridians (lower flu-
orescence) than along the horizontal meridians (higher fluo-
rescence).®>” % However, it is unclear how differences in the
order of only 5 to 15 um in nerve fiber layer thickness (at 2-3°)
could have the observed effect on the fluorescence. Light loss
by scattering by the ganglion cells, whose densities are maxi-
mal at 2-3° eccentricity,® could not explain the asymmetries
because their distribution does not exhibit much asymmetry at
those eccentricities.

Because both absorption by melanin®® and scattering by
nerve fibers®' decrease with increasing wavelength, we as-
sessed, in one subject, whether the distribution obtained with
excitation at 470 nm was substantially different from that
observed with the 550-nm excitation (Fig. 7). All fluorescences
were normalized to the fluorescence at the fovea with excita-
tion at 550 nm. The ratios were drastically lower in the fovea
(=0.3) because of RPE melanin (see above) and macular pig-
ment absorption, but the influence of macular pigment should
be negligible by 7° eccentricity.**> The 470-nm profiles were
slightly lower than the 550-nm profiles between 7 and 15°
(more so horizontally than vertically), and the ratios were
about equal at 20° eccentricity. The plots in Figure 7 argue
against a large difference in attenuation by either RPE melanin
or nerve fibers at 20° and against a differential attenuation
along the superior and inferior meridians. RPE melanin distri-
bution may explain why the differences in fluorescence was
stronger along the horizontal meridian than along the vertical
meridians.
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FIGURE 7. Spatial distribution of autofluorescence along the horizon-

tal (fop) and vertical (bottom) meridians (linear scale) for a 60-year-old
subject (same subject as in Fig. 4). The distributions were obtained
with excitations at 550 and 470 nm (Em, >650 nm). All 550-nm data
were normalized, as before, to the fluorescence at the fovea; the
470-nm data were also normalized to the fluorescence at the fovea with
excitation at 550 nm.

Influence of Spatial Distribution of
Photoreceptors and Macular Pigment

Because lipofuscin derives from precursors within phagocy-
tosed photoreceptor outer segments, its distribution should
reflect that of the photoreceptors.®® We first compared our
fluorescence distribution with the density distribution of rod
photoreceptors, as determined by Curcio and colleagues.*"*?
We used Curcio’s two age groups*? that bracket our popula-
tion: group 1 including ages 27 to 37 years (Fig. 5, curve R1),
and group 3 including ages 61 to 75 years (curve R3). For
group 1, rod densities are highest in a ring at eccentricities of
10 to 15°, particularly along the superior meridian. Rod densi-
ties decrease gradually with age along all meridians.** Rod loss
is greater at eccentricities of 5 to 12°, inside the ring of highest
rod density (gray bars at the top of each panel of Fig. 5). Rod
losses are most prominent inferiorly. Maximal rod densities
occur at increasing eccentricities with increasing age as the
rods in central retina are gradually eroded (Fig. 5).

The distribution of fluorescence roughly matches that of
rods at eccentricities larger than 7° (Fig. 5). Maximum fluores-
cence along each meridian was found inside the ring of highest
rod density; the maximum fluorescence occurred at ~11°, 13°,
and 9° from the fovea on the temporal, superior, and inferior
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meridian, respectively, whereas the maximum rod densities
were at eccentricities of at least ~13°, 14°, and 14°, respec-
tively. At larger eccentricities, rod density decreased less rap-
idly with increasing eccentricity than fluorescence. Several
factors might contribute to both the inward displacement of
the fluorescence maxima and the higher slope at high eccen-
tricities. Decreases in the length of the rod outer segment with
eccentricity®”®® and in the rate of rod outer segment re-
newal,®® would decrease the volume of the phagosomes
and/or reduce the formation of lipofuscin. Light distribution at
the posterior pole is unlikely to be a factor.”®

Our analysis of the age relationship of the inferior-superior
difference in fluorescence suggested that the fluorescences
were about equal at age 25 and that the fluorescence then
increased significantly more slowly inferiorly than superiorly. If
premature loss of photoreceptors reduces lipofuscin formation
in human as it does in rats,”"”> then more rapid loss of rods in
the inferior retina®? would reduce, as observed, the rate of
lipofuscin accumulation in the inferior retina. Although the
areas in which we found greatest lipofuscin accumulation
overlap (or are slightly inside) the regions in which the rod loss
was greatest (Fig. 5),%2 maximal rod loss did not correspond
with the highest fluorescence level at these sites. Indeed, the
inferior retina had greater rod loss and lower fluorescence,
whereas the superior retina had lower rod loss and higher
fluorescence. These considerations suggest that the age-related
loss of rods cannot be predicted by lipofuscin accumulation,
confirming the conclusions of Curcio et al.,*2 which were
based on an alternate rationale.

In the central area, lipofuscin fluorescence exhibits a shal-
low minimum (Fig. 3) that is slightly displaced in the nasal-
inferior direction by an average of 0.5°. This zone on minimal
fluorescence overlaps the rod-free zone, which is also slightly
displaced nasally.*' Isofluorescence contours are slightly ellip-
tical with a long vertical axis, in contrast to rods and cones
whose isodensity contours are horizontally oriented ellipses.**
Cone density is maximal in the fovea (where the density ex-
ceeds the maximal density of rods) and decreases rapidly with
eccentricity: by 3.0 to 3.5° cone density is only 10% of its
maximum (Fig. 5).%! The narrowness of the cone distributions
makes it impossible to reconcile the fluorescence distribution
with any simple linear combination of cone and rod density
distributions. The fluorescence distribution in the foveal area
may also be influenced by RPE melanin distribution (men-
tioned above), macular pigment (discussed below), and by
numerous other factors such as the variation with eccentricity
of cone types, outer segment length, rate of outer segment
renewal,69 and rate of lipofuscin formation in the RPE. Rod/
cone differences in some of these factors will also influence the
relative contributions of each photoreceptor type to the for-
mation of lipofuscin. Anderson and colleagues’” found in Rhe-
sus monkeys that the number of foveal (cone-derived) phago-
somes in the RPE was only one third of the number of
extrafoveal phagosomes (mainly rod derived), suggesting that
the rate of lipofuscin formation associated with cones may be
slower.

Macular pigment (lutein and zeaxanthin in cone axons)
reaches peak optical densities of up to 1.0 DU (at 460 nm) in
the fovea, and its density distribution is symmetrical and very
similar to that of cones.*> Because it absorbs blue light, macular
pigment may substantially reduce blue-light-activated mecha-
nisms of lipofuscin and A2E formation (see Introduction).
However, as in case of the cone distribution, the distribution of
macular pigment is also very narrow; it reaches 10% of its peak
density at 3.1 = 1.3°.%3 The depression in lipofuscin fluores-
cence observed within eccentricities of ~8° is thus much
larger than the area occupied by the densest macular pigment,
and a simple protective effect of the macular pigment is thus
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not observed in the spatial distribution. However, approxi-
mately 70% of the total retinal lutein and zeaxanthin is con-
tained within the rod outer segments,”* where they may act as
antioxidants,”” slowing the rate of lipofuscin formation.”®””
The lutein and zeaxanthin within the outer segments also
declines with increasing eccentricity, which could account for
part of the gradual increase in fluorescence with eccentricity.
Combined measurements of the spatial density distribution of
the macular pigment®' and lipofuscin in individuals, and a
better understanding of the physiology of the lutein and zeax-
anthin in rods and cones will help resolve to what extent their
distribution controls that of lipofuscin.

The data presented here indicate that the distribution of
lipofuscin reflects, rather than predicts, the age-related loss
of photoreceptors. However, excessive accumulation of li-
pofuscin may contribute to the etiology of photoreceptor
atrophy in Stargardt’s macular dystrophy and possibly AMD.
Bull’s-eye regions of atrophy in a variety of retinal diseases,
including AMD and Stargardt’s disease, have been attributed
to the protective effect of the macular pigment and the
ring-like region of high lipofuscin.”® In age-related macu-
lopathy, the distribution of soft indistinct drusen and pig-
mentary abnormalities outside the central area** roughly
matches that of lipofuscin: they were more prevalent in the
superior retina (where lipofuscin fluorescence is higher)
than they were in the inferior retina (where lipofuscin in
always lower). However, soft indistinct drusen and pigmen-
tary abnormalities were most prevalent in the central 3°
diameter region (where lipofuscin is =~80% of maximal).
Clearly, lipofuscin could only be one of the multiple factors
influencing susceptibility to retinal damage. Understanding
the cause and nature of the focal and global distribution in
lipofuscin fluorescence may advance the understanding of
the pathogenesis of AMD. Lipofuscin measurement may ul-
timately prove an excellent screening tool to recognize
subjects at high risk for AMD and other maculopathies,
and/or to evaluate new therapies targeting accumulation
and/or liberation of A2E. To further elucidate the relation-
ship of lipofuscin and retinal pathology, it will be necessary
to obtain the distributions of fluorescence and pathology in
subjects with age-related maculopathy and in patients with
early AMD.
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