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Purpose. We evaluated the relationship between cone photo-
receptor packing density and outer nuclear layer (ONL)
thickness within the central 15 degrees.

MerHoDs. Individual differences for healthy subjects in cone
packing density and ONL thickness were examined in 8
younger and 8 older subjects, mean age 27.2 versus 50.2 years.
Cone packing density was obtained using an adaptive optics
scanning laser ophthalmoscope (AOSLO). The ONL thickness
measurements included the ONL and the Henle fiber layer
(ONL + HFL), and were obtained using spectral domain optical
coherence tomography (SDOCT) and custom segmentation
software.

Resurts. There were sizeable individual differences in cone
packing density and ONL + HFL thickness. Older subjects had
on average lower cone packing densities, but thicker ONL +
HFL measurements. Cone packing density and ONL + HFL
thickness decreased with increasing retinal eccentricity. The
ratio of the cone packing density-to-ONL? was larger for the
younger subjects group, and decreased with retinal eccentricity.

Concrusions. The individual differences in cone packing
density and ONL + HFL thickness are consistent with aging
changes, indicating that normative aging data are necessary for
fine comparisons in the early stages of disease or response to
treatment. Our finding of ONL + HFL thickness increasing with
aging is inconsistent with the hypothesis that ONL measure-
ments with SDOCT depend only on the number of functioning
cones, since in our older group cones were fewer, but
thickness was greater. (Invest Opbthalmol Vis Sci. 2012,
53:3545-3553) DOI:10.1167/i0vs.11-8694

hanges to cone structure and function have been

measured across age groups with a wide variety of
techniques.!”7 These measurement methods are applied
readily to central cones, since the subject can fixate centrally
and make judgments requiring fine resolution, allowing
demonstration of early changes with aging that are consistent
with central cones being more fragile or at risk. Dense packing
of central cone photoreceptors, along with a high concentra-
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tion of cone photopigment, is typical of young, healthy
subjects, while less densely packed photoreceptors and lower
central cone photopigment are found for older subjects.!->7
These data are consistent with a remodeling with aging of the
foveal region, with photoreceptors being less dense. Consis-
tent with the cone photopigment distribution data, the
macular pigment density data have a corresponding ring-
shaped maximum in the same older subjects, while the
younger subjects have a sharp foveal peak for both distribu-
tions. Similarly, young subjects have more phase retardation
centrally than older ones, and older subjects have a more
eccentric peak of phase retardation, indicating a loss of Henle
fiber birefringence in the central fovea with aging that is
consistent with lower cone density in the central fovea of older
subjects, but not necessarily lower cone density at locations
eccentric to the fovea.’

Imaging techniques with high magnification are being
developed for assessing aging changes based on data from
individual photoreceptors.” Using an adaptive optics scanning
laser ophthalmoscope (AOSLO), we find a lower cone packing
density in older subjects compared to younger ones, with
individual differences sufficiently large that there is substantial
overlap between the two groups. The rod photoreceptors also
are fewer in older eyes than younger ones, with large individual
differences for cones and rods, based on postmortem data.®?
Genetic differences may underlie at least one of the causes of
individual differences in the numbers of cones.!%:!!

This loss of cones and rods implies that the outer nuclear
layer (ONL) should decrease in thickness with aging, if the
measurement depends largely upon the numbers of photore-
ceptor cell bodies. ONL thickness has been used extensively as
a marker of photoreceptor number in studies of retinal
degeneration, since the number of rows of photoreceptor
nuclei in depth decreases as the rods die in retinal
degenerations.!? Measurements of ONL thickness for assessing
retinal degeneration in a chicken model were devised for in
vivo use by means of optical coherence tomography (OCT).!3
ONL thickness was demonstrated later for in vivo measure-
ments in humans with degenerative retinal disease.'* However,
for eyes without retinal degeneration, when OCT data were
compared to histological sections, the measurements of ONL
thickness near the fovea were found to increase, rather than
decrease, with aging.!> This finding has been attributed to
gliosis of other cells within the boundaries used for ONL
measurements with OCT. The ONL in the foveal region also
contains significant thickness due to the Henle fiber layer
(HFL), which decreases in thickness with increasing eccen-
tricity but extends to hundreds of micrometers.'® The HFL can
be visualized better by misaligning the OCT instrument with
respect to the subject’s pupil.!'7'® Thus far, the correction to
ONL thickness measurement that is due to the HFL thickness
and other factors has not been related to individual differences
in age, foveal shape, overall retinal thickness, numbers of
cones, or other factors.
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We compared the cone packing density from AOSLO to the
ONL thickness from spectral domain OCT (SDOCT), for
younger and older subjects. We divided the analysis of cone
packing density and ONL thickness into two retinal regions: (1)
a central region of interest that emphasizes foveal cones in a
cone rich area and (2) a more peripheral region of interest with
similar or higher numbers of rods. In addition to considerations
of local environmental differences for cone- versus rod-rich
retina, there are quantitative analysis considerations. When
compared on the basis of cone packing density, that is location
by location rather than the total numbers of cones, high values
for the cone packing density in the fovea dominate the analysis.
Thus, the important but very few foveal cones, which are more
fragile cones and in a cone-dominated region, influence the
analysis that is based on density per unit area.” Previous studies
analyzed cones at each eccentricity separately to avoid biasing
conclusions concerning peripheral cones due to the high
density values of central cones, which could dominate a linear
analysis. However, the previous multiple comparison method
did not find an aging change in measured cone densities at
eccentricities equal to or greater than 0.54 mm, where the
retina still is cone-dominated.

To investigate independently the central versus more
peripheral cones, we re-analyzed our previous AOSLO data
set” for those subjects with contemporaneous OCT data, but
used a more robust statistical method that allows testing small
differences over a larger area. We analyzed the more peripheral
data separately to probe the impact of age on peripheral cones,
which are larger in diameter, thought to be more robust, more
distant from the foveal avascular zone, and in contact with a
higher proportion of rods. These cones have been difficult to
assess with many previous techniques. For instance, photo-
pigment concentration per unit of retinal area is low because
the cones are shorter and sparser with increasing eccentricity.
This makes it difficult to obtain accurate maps of cone
photopigment density outside of approximately 2-5 degrees
eccentricity, depending on the subject, and similarly difficult to
obtain changes with aging for cones outside the fovea.?

We present new OCT data to provide the thickness from
OCT measurements of the ONL+ HFL in subjects in whom the
cones have been quantified. Previous histologic data indicate
that for younger subjects, the ONL in the central region of
interest should contain a high proportion of cone photorecep-
tor cell bodies compared to rod photoreceptor cell bodies.®®
In contrast, these histologic studies indicate that for younger
subjects the ONL + HFL thickness in the more peripheral
region of interest should reflect similar numbers of rods and
cones, or more rods than cones.

METHODS

Subjects

A total of 16 healthy subjects (8 younger subjects aged 24-32 years,
mean 27.2, and 8 older subjects aged 51-65 years, mean 506.2)
participated in this study. All subjects received a complete eye
examination, including a subjective refraction and fundus examination.
All subjects had best corrected visual acuity of 20/20 or better and
were phakic. Exclusion criteria were any evidence of retinal pathology
or systemic diseases. Further, we reduced the variability in cone
density and ONL + HFL thickness due to eye shape or eye elongation by
limiting refractive error. Spherical equivalent refractive errors ranged
from +1.00 to —3.75 diopters (D, younger subjects +1.00 to —3.00 D,
mean —0.28 D; older subjects +2.50 to —3.75 D, mean —1.03 D) with
astigmatism less than —1.00 D when referenced to the spectacle plane.
Five axial length measurements of each eye were made using an IOL
Master (Carl Zeiss Meditec, Dublin, CA), to eliminate subjects with
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axial lengths greater than 26.5 mm. These data were used to recalibrate
the cone packing density for individual subjects, as described
previously.”:19:20

Only the right eye of each subject was tested in this study. This
research followed the tenets of the Declaration of Helsinki. Informed
consent was obtained from the subjects after explanation of the nature
and possible consequences of the study. The research was approved by
the Institutional Review Board (IRB) of Indiana University.

Procedures

To provide information about cone packing density, we resampled the
data from cone photoreceptors that were imaged in vivo at high
resolution, along the horizontal and vertical meridians with the Indiana
AOSLO.72122 Cone packing densities then were computed across
eccentricities for local regions of 50 x 50 um with a custom Matlab
program (MathWorks, Natick, MA), as described previously.”-1%2° Only
cones capable of guiding light and with clear boundaries can be imaged
and counted, and this is nearly every cone in the macula with the
present instrumentation for subjects with relatively clear media.?!23
Cones beneath blood vessels can be more difficult to quantify due to
being dim. Tear film fluctuations in older subjects led to a small amount
of missing data in these large data sets. In the few cases of missing data,
we interpolated between nearby image data sets. Visual inspection of
the entire data set of Song et al.” indicated that there were no patches
>30 p within clear images and not underneath blood vessels that were
missing cones or lacking quantifiable cones when other retinal features
were of good contrast. Thus, our interpolation provides a conservative
estimate of the decrease in cone counts with aging, but the estimate if
every cone were counted is likely not to be significantly lower than the
averages reported here. Two subjects in each group from the 20 total
contained in the previous data set’” did not have contemporaneous
OCT measurements, and were omitted from these analyses.

To obtain information about the ONL, infrared fundus imaging and
SDOCT imaging were performed, providing both en face fundus images
and high resolution, cross-sectional measurements of the posterior
pole (Spectralis OCT; Heidelberg Engineering, Heidelberg, Germany,
Figs. 1-3). SDOCT images used a super luminescent diode with a
wavelength of 870 nm as a light source. The axial and lateral resolution
of the SDOCT is approximately 7 and 14 um, respectively. Horizontal
and vertical SDOCT scans centered at the fovea were obtained for each
subject, using the manufacturer’s eye tracking feature (automatic real
time, ART). To reduce speckle noise, each b-scan was created by
averaging 20 frames. All b-scan images were exported as “.tiff” files for
further image processing, as described previously.>* We analyzed the
central 15-degree data, obtained from the separate horizontal and
vertical scans. Although we imaged more eccentrically with the AOLSO
and the SDOCT, including 30-degree vertical scans with SDOCT, we
omitted these additional conditions because the number of missing
data points near the optic nerve head would have presented a
statistical problem in our parametric design.

To segment the cross-sectional images obtained from SDOCT, the
posterior boundary of the RPE layer was identified manually and read
into Matlab. The program then applied a polynomial algorithm to
flatten the RPE layer based on individual SDOCT images by moving
each pixel column vertically. Next, the external limiting membrane
(ELM), and the border between the ONL and the outer plexiform layer
(ONL/OPL) were traced manually on the flattened image. A spline
algorithm was used to interpolate between sample points marked on
the ELM and ONL/OPL separately. Thus, global thickness was
measured, while the small focal changes that have a minimal effect
on average thickness over a large region of macula were not analyzed.

ONL + HFL thickness was defined as the distance between the light
to dark change that occurs at the junction of the OPL and ONL to the
bright signal attributed to the ELM, as discussed recently with
histologic comparisons.!>2> We included the very subtle, lighter
portions just beneath this border, when they were present, which
had diminished reflectivity and that continues into the periphery
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Ficure 1. (A) A horizontal SDOCT image without segmentation lines for a young subject. (B) SDOCT segmentation for the ONL/OPL, showing the
best reproducibility of manual segmentation 6 months apart. SD = 0.3 pixels for the same SDOCT image in (A). (C) A horizontal SDOCT image
without segmentation lines for another young subject. (D) SDOCT segmentation for the ONL/OPL, showing the worst reproducibility of manual
segmentation. SD = 2 pixels for the same SDOCT image in (C). First segmentation, yellow lines; second segmentation, red lines.

across the entire scan, even though the border appeared discontinuous
near to the fovea (Fig. 1). We were conservative when we defined the
segmentation line. We selected the location as indicated by the yellow
line (Fig. 2). First, the layer is not a well-delineated straight line; we
chose the upper margin instead of the lower margin so that the HFL
components were included within the ONL rather than the OPL.

We examined reproducibility of the segmentation using the results
of two segmentation sessions performed 6 months apart. We examined
two aspects of this repeat segmentation. First, we performed a Bland-
Altman analysis?® on the raw pixel values of the OPL to ONL boundary
in horizontal scans to determine whether the pixel location on the scan
influenced the reproducibility. We examined whether reproducibility
was influenced by vertical position in the image, since in SDOCT the
data points that fall closer to the top versus bottom of the image are in
different frequency bins and, thus, have different signal-to-noise
properties. There was no positive or negative slope trend with vertical
position of the OPL to ONL boundary in 11 different Bland-Altman
analyses, spaced left-to-right across the retinal scan, indicating no effect
of vertical pixel position. Further, the standard deviations at the 11
positions, left-to-right in the scan, of the 16 measurements of Sessions
1-2 ranged from 0.7-1.43 pixels. There was no monotonic trend
between the sessions for left-to-right or center-to-periphery analyses.
Second, we determined whether the thicknesses from the Session 1
versus Session 2 sessions for segmentation had sufficient variability to
explain the size of effects that we encountered for aging or meridian,
discussed in Results. If reproducibility is poor with respect to the size
of the effect of age, eccentricity, or meridian, then obtaining consistent
and significant differences between age groups or meridians is unlikely
due to the variability.

Near the fovea, structures of the Henle fiber are visualized in
SDOCT as directly anterior to the ONL, but the HFL as opposed to the
ONL can be demarcated poorly. While tilting the SDOCT image during
data acquisition better delineates the unwanted HFL, nevertheless
there are no results from a large sample providing repeatability or
quantitative comparisons of ONL thickness.!”'® We examined each
image for the eccentricity nearest to the fovea where the Henle fiber
contribution to thickness is no longer visible, which was found to be
<5 degrees for 15 of 16 subjects. This agrees with histological data.'>
Thus, we separated the ONL + HFL thickness statistics into a central
region, analyzing these data separately from those 5 degrees outward to
7.5 degrees.

We separated the cone packing density, as well as the ONL + HLF
thickness data into an inner region of interest between 500 p and 1.5
mm (5 degrees) eccentricity, and an outer one of 1.5 mm (5 degrees)
eccentricity and outwards, corresponding to the parafoveal and

perifoveal regions used in OCT macular thickness scans. This analysis
emphasizes differences in topography as well as the HFL changes with
eccentricity, and also separated cones in the cone-rich area from those
surrounded by equal or greater number of rods. To investigate whether
the thickness of the ONL changes with the lower number of cones
measured in older subjects, along with the lower numbers of rods
expected from histology, the ratio of the cone packing density-to-
thickness? (ONL?) was computed as a function of eccentricity. We
assumed a unit area for the cone packing density, and the same unit
area for the volume of cell bodies in the ONL, resulting in this ratio.

Statistical Analysis

We analyzed the cone packing density, thickness, and ratio with a 3-
way ANOVA for each of the inner and outer regions of interests, for the
factors of age, eccentricity, and meridian. To emphasize the horizontal
versus vertical differences in the data, which were prominent in the
central cones in our previous studies,”!? we also performed a separate
ANOVA for the outer and inner regions of interest. In an additional
ANOVA, we treated nasal and temporal data as repeat measures for the
horizontal meridian, and superior and inferior as repeat measures for
the vertical meridian. To illustrate graphically the differences in
horizontal versus vertical meridian for the ONL, and examine the data
for non-monotonic changes with eccentricity, we performed an
analysis similar to a Bland-Altman,?° using the following equation:

(aveN + aveT)/2 — (aveS + avel ) /2
(aveN + aveT)/2 + (aveS + avel) /2

where N = nasal, T= temporal, S = superior, and 7 = inferior meridian.

RESULTS

Variations with Age, Eccentricity, and Meridian for
the Outer Region of Interest

For the region of interest, there was a significant difference
between the younger and older groups for cone packing
density (Fig. 4) and ONL+ HFL thickness (Figs. 5, 6), with older
subjects having on average lower cone packing densities but
larger ONL + HFL thickness (P < 0.0001 for each analysis). The
summary statistic of these two measurements, the ratio of cone
packing density-to-ONL? is fairly consistent across subjects
while reflecting aging trends as discussed below (Figs. 7, 8).
The individual differences were sufficiently large so that the
data from the two age groups overlapped. There was not
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(A) SDOCT image, a vertical scan along the superior retina of the same subject in Figures 1A and 1B, without segmentation lines. (B)

SDOCT (top) and AOSLO (bottom) images along the superior retina. On the SDOCT image, the distance between the ONL/OPL and ELM was taken
as the ONL+ HFL thickness. The white arrows indicate the hyperreflectivity of HFL. The lower panel shows a series of cone photoreceptor images
with a sampling window of 50 x 50 pm at the corresponding retinal eccentricities along the SDOCT scan. ONL/OPL (dashed yellow line); ELM

(dashed red line); posterior boundary of the RPE (white line).

significantly more variability for the older subjects for our
sample for cone packing density, ONL + HFL thickness, or the
ratio measure (P > 0.05).

The mean cone packing density was 13.0 x 103 cones/mm?
and 12.5 x 103 cones/mm? within the outer region of interest for
younger versus older subjects, respectively. The mean ONL +
HFL thickness was 66.7 and 70.1 pm within the outer region of
interest for younger versus older subjects, respectively. Taking
into account the greater retinal area with increasing eccentricity,
the average cone packing density would be lower and the
average ONL + HFL thickness would be higher on average.

As expected, cone packing density decreased with increas-
ing eccentricity (P < 0.0001, Fig. 4) and ONL + HFL thickness
decreased significantly with increasing retinal eccentricity (P <

0.0001; Figs. 4, 5). At this outer region of interest, the total
number of photoreceptors is not necessarily decreasing, but
rather cones are decreasing while rods are increasing, so that
little change in outer retina thickness with eccentricity was
expected based solely on cell numbers.

As expected, cone packing density also depended upon
meridian (P < 0.003), with younger subjects having an average
of 16.0 x 103 cones/mm? in the horizontal meridian but only
12.8 x 103 cones/mm? in the vertical meridian, compared to
15.7 x 103 and 12.3 x 103 cones/mm?, respectively, in older
subjects (Fig. 4). The full data set has been reported previously
for each eccentricity from 0.18 to 2.16 mm in tabular form.”
The average numbers of cones along this section of the
meridian, when weighted by the more eccentric areas having a
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Ficure 3. Examples of the horizontal SDOCT scans in the younger (A, C) and older (B, D) age groups. A relatively thicker ONL + HFL thickness
along the temporal retina is observed in the older subjects. Both images are displayed at the same magnification.

larger area, is smaller than the above average across the 50 X
50 pum samples. The ANOVA with nasal and temporal data
combined to contrast with inferior and superior indicated that
cone packing density was higher along the horizontal meridian
(P < 0.022). ONL + HFL thickness depended on meridian as
well (P < 0.0001), with the greatest thickness on average in
the nasal retina (74.6 pm) and thinnest in the inferior retina
(66.4 um). None of the interactions in either ANOVA reached
significance, but note the appreciable individual differences in
each age group, the small sample, and the potential for focal
defects in aging eyes.

The ratio of the cone packing density-to-ONL? was larger on
average for the younger than for the older group, 3.08 versus
2.89, respectively (P < 0.0001; Figs. 7, 8). While there were
individual differences, the range of the ratios overlapped for
the younger and older subjects. The ratio decreased with
increasing eccentricity (P < 0.0001), which is expected
because the number of cones is decreasing while the numbers
of cones + rods is not necessarily changing appreciably at this
location. The ratio also differed with meridian (P < 0.041).

In our analysis, in which the horizontal data were
contrasted against the vertical data as a function of eccentricity,
similar to a Bland-Altman analysis, we found that the difference
was non-monotonic with retinal eccentricity for the older
group, but more systematic for the younger group (Fig. 9). This
subtle change is at an eccentricity similar to the patchy loss of
rods found previously by histology.®

Variations with Age, Eccentricity, and Meridian for
the Inner Region of Interest

For the data nearer the fovea, the results are similar (Figs. 4-8).
There were significant differences between the younger and
older groups for cone packing density (Fig. 4) and ONL + HFL
thickness (Figs. 5, 6), with older subjects having on average
lower cone packing densities but thicker ONL 4+ HFL (P <
0.0001 for each analysis). Again, the individual differences led
to overlap of the data for the two age groups. The mean cone
packing densities were 43.9, 25.7, and 13.7 X 103 cones/mm?
at 1.2, 2.1, and 4.5 degrees retinal eccentricity, respectively.
The mean ONL + HFL thicknesses were 98.4, 84.6, and 74.3
pm at 1.2, 2.1, and 4.5 degrees retinal eccentricity, respectively,
and include a significant contribution from the HFL thickness.

As expected, cone packing density decreased with increas-
ing eccentricity (P < 0.0001; Figs. 1, 3, 4). ONL + HFL
thickness, which includes the Henle fibers and supporting
structures, such as portions of the Muller cells, decreased
significantly with increasing retinal eccentricity (P < 0.026;
Figs. 4, 5). At this more central retinal location, the number of
cone photoreceptors decreases rapidly with eccentricity. This
decrease is greater in the younger subjects, who have higher
foveal cone densities than the older subjects, so there is a
significant interaction of age and eccentricity for cone packing
density (P < 0.0001). The topographic mapping demonstrates
the differences in cone packing density and ONL + HFL
thickness between the two age groups, including the steeper
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Ficure 4. Individual plots of cone density (blue asterisks) and ONL +
HFL thickness? (green circles) as a function of retinal eccentricity along
the temporal meridian. The top two rows represent plots from younger
subjects. The bottom two rows represent plots from older subjects.

fall-off and meridional differences for cone packing density of
the younger subjects in the central region but higher values
and smaller meridional differences for ONL + HFL thickness for
the older subjects. The finding of fewer cones in the center for
older subjects along with a different distribution of cones and
their axons for the two age groups is in agreement with
previous studies exploring cone density, cone photopigment,
macular pigment, and foveal birefringence 3%

Cone packing density also depended upon meridian (P <
0.001) as expected from the data set of Song et al.” The ANOVA
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with nasal and temporal combined to contrast with inferior
and superior indicated that cone packing density was higher
along the horizontal meridian (P < 0.001). Younger subjects
had an average over all samples of 27.1 x 10% cones/mm? in
the horizontal meridian, but 22.9 x 10° cones/mm? in the
vertical meridian, while older subjects had 23.5 x 103 cones/
mm? in the horizontal meridian but only 20.8 x 103 cones/
mm? in the vertical meridian (Fig. 4). This asymmetry is so
great that older subjects had greater numbers of cones on
average in the horizontal meridian than younger subjects had
in the vertical meridian. Note that the actual average cone
density across these regions of rapid decrease is lower than the
average of the samples, since the more eccentric samples with
lower values represent relatively larger regions.

ONL + HFL thickness depended on meridian as well (P <
0.005), with the ONL + HFL thickest on average in the nasal
retina (88.1 um) and thinnest in the inferior retina (78.1 pm).
None of the interaction analyses for ONL + HFL reached
significance.

The ratio of the cone packing density-to-ONL? was larger on
average for the younger than for the older group 3.75 vs. 3.01
(P < 0.0001; Figs. 7, 8). As with more eccentric locations, the
range of the ratios overlapped for the younger and older
subjects (Fig. 7), however to a lesser degree. The ratio did not
decrease significantly with increasing eccentricity (P < 0.08).
The ratio, however, differed with meridian (P < 0.028). For
older subjects the ratio of cone packing density-to-ONL? was
2.96 for the vertical and 3.06 for the horizontal meridians,
compared to 3.48 and 4.01, respectively, for younger subjects.
The HFL accounts for appreciable amounts of ONL + HFL
thickness in this central region, yet nevertheless the central
and more peripheral regions had similar ONL + HFL
thicknesses for younger compared to older subjects.

A comparison of Figures 4 and 9 illustrates that younger
subjects have cone density peaked near the fovea and density
dropped off rapidly, but more rapidly for the vertical meridian
than the horizontal. Surprisingly, the horizontal versus vertical
contrast of the ONL + HFL thickness (Fig. 9) indicates a fairly
radially symmetric ONL despite the asymmetry of the cone
packing density. The data for older subjects show a different
pattern, in that there is a lower peak of cone packing density
near the fovea and there still is some asymmetry for horizontal
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versus vertical meridian. Again, the horizontal versus vertical
contrast of the ONL + HFL thickness indicates fairly symmetric
data.

The previously reported cone packing data and reproduc-
ibility measurements indicate that age, meridian, and eccen-
tricity vary across individuals, but that there is considerable
variation within an age group and overlap across younger
versus older age groups.” The reproducibility data for the ONL
+ HFL thickness indicate that the pixel-to-pixel variation is not
likely an important factor, although the criterion used for
segmentation has some impact on the size of trends in the data.
For the inner macular region, there was no significant
difference in the ONL + HFL thickness for Sessions 1-2
measurements (P = 0.485), while there were significant effects
of age and eccentricity (P = 0.001, 0.003, respectively). Since
we limited the reproducibility analysis to horizontal measure-

ments, there was less statistical power, and also no analysis for
horizontal versus vertical meridian. For the outer macular
region, there was no significant difference in the ONL + HFL
thickness for Sessions 1-2 measurements (P = 0.660). The
effect of age was not large enough to overcome the loss of the
contribution from the thinnest meridian (inferior) and the
decrease in statistical power (P =0.055). ONL + HFL thickness
was varied significantly with eccentricity, and there was an
interaction of age and eccentricity (P = 0.002 and 0.012,
respectively). The individual variations within each age group
were large. Failing to control for eccentricity or meridian could
result in the lack of an effect of age. The reproducibility data
supported our finding that the thickened ONL + HFL with age
is not due to segmentation errors, since these were small
relative to the effect.
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Error bars represent SD.
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DiscussION

The lower cone packing densities in older eyes found for
regions near (inner region of interest) and more peripheral
(outer region of interest) to the fovea indicate the potential for
cone damage with aging, whether the cones are long, narrow,
and near the fovea, or shorter, wider, and nearer to retinal
capillaries. Similarly, cones in the cone-rich inner area and the
rod-rich outer area were fewer in number in the older eyes.
This finding, along with individual differences across subjects,
indicated that careful comparison to a normative group is
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Ficure 9. The ratio of the horizontal versus vertical difference,
expressed as meridional difference to total meridional ONL + HFL
thickness, as a function of retinal eccentricity. In general, the ratio is
higher in the older age group beyond the eccentricity of 500 um. A
nonmonotonic change of the ratio occurs in the older age group,
which is a sudden decrease near the eccentricity of 1700 um, and then
an increase.

necessary for studies of early detection of damage to the cones
or for measuring treatment effects. Our ONL + HFL data, as
seen for older subjects in Figure 9, also indicated the potential
for focal or regional variations, in agreement with histologic
findings that show patchy losses of photoreceptors, including
rods when outside the foveal center.® Such patchy losses might
be undetectable in particular samples given that there are
individual differences within younger and older subject groups,
and that changes within the older group can be subtle.

Subtle increases in cones numbers due to disease or
increases due to treatment, or changes to the ONL, may be
detectible more readily when regional variations within eyes
are understood better. The differences in cone packing density
and ONL + HFL thickness according to meridian further
underscored the need for understanding variations within an
eye. Individual differences in the thickness of the ONL + HFL
for several older subjects with healthy eyes were seen readily
on visual inspection. Given that the numbers of functioning
cones decreased, if the ONL 4+ HFL thickness were a sensitive
marker for decreased cones, then it would have decreased
correspondingly with age. While cones visualized with AOSLO
were seen only if they guided light back to the instrument, we
did not observe large patches of missing cones. Instead, there
were fewer cones on average for older subjects. While the ONL
+ HFL thickness near the fovea was augmented by Henle fibers,
the thickness parameters might be expected to remain
constant per cone cell body + cone axon + supporting Miiller
cell with aging. Thus, another explanation is needed for why
the ONL + HFL thickness increased with age rather than
decreased in proportion to the decrease in cones.

The increase in ONL + HFL in older eyes is unlikely to be
due to the addition of cone cell bodies or their axons. Using
AOSLO, we found fewer functioning cones, on average, in the
older eyes. The foveal remodeling seen in previous studies with
an outward shift of cone photopigment, macular pigment, and
birefringence of the HFL,3>% is more central than our outer
region of interest, which began at 5 degrees. Yet most of the
trends in the data are similar for the central and more
peripheral areas. An increase in rod cell bodies to the ONL is
unlikely to be contributing to the increased ONL + HFL
thickness in older subjects, since rods decrease with age even
more than cones.®? A greater thickness of the ONL + HFL has
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been reported near the fovea due to the increased thickness of
the aging HFL.!> In addition to the hypothesis that thickness in
aging can be due to the hypertrophy of Miiller cells, we add the
potential for additional forms of gliosis and retinal remodeling
leading to the small but significant increases in the ONL + HFL
thickness found in our older subjects. Several types of changes
to photoreceptors and neighboring tissues have been demon-
strated recently with SDOCT on a sub-cellular level.?”~2° While
the sprouting of neurites may be related to a significant
decrease of photoreceptors in retinal degenerations, the
increase of the ONL + HFL thickness also could be related to
the age-related sprouting of bipolar or horizontal cells.3°-32 The
ONL is not of uniform reflectivity on OCT, with variations also
occurring outside the foveal region where a signal from the
Henle fibers can be obtained when there is misalignment of the
eye to the device (Figs. 1-3).1718 A global ONL + HFL
thickness measure, while providing useful quantification
concerning individual differences and large changes that occur
in retinal degenerations, does not demonstrate clearly the small
losses of photoreceptors in aging.
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