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Abstract
This study quantified normal age-related changes to the photoreceptor axons in the central macula
using the birefringent properties of the Henle fiber layer. A scanning laser polarimeter was used to
acquire 15 × 15 deg macular images in 120 clinically normal subjects, ranging in age from the
third decade to the eighth. Raw image data of the macular cross were used to compute phase
retardation maps associated with Henle fiber layer. Annular regions of interest ranging from 0.25
to 3 deg eccentricity and centered on the fovea were used to generate intensity profiles from the
phase retardation data, which were then analyzed using sine curve fitting and Fast Fourier
Transform (FFT). The amplitude of a 2f sine curve was used as a measure of macular phase
retardation magnitude. For FFT analysis, the 2f amplitude, as well as the 4f, were normalized by
the remaining FFT components. The amplitude component of the 2f curve fit and the normalized
2f FFT component decreased as a function of age, while the eccentricity of the maximum value for
the normalized 2f FFT component increased. The phase retardation changes in the central macula
indicate structural alterations in the cone photoreceptor axons near the fovea as a function of age.
These changes result in either fewer cone photoreceptors in the central macula, or a change in the
orientation of their axons. This large sample size demonstrates systematic changes to the central
cone photoreceptor morphology using scanning laser polarimetry.
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1. Introduction
As the population ages, and as individuals have greater life expectancies, the importance of
understanding aging changes in the retina is increasingly important. Differentiating between
normal aging changes and disease processes is fundamentally important for the purposes of
separating pathology from normal morphology and in staging disease for management and
treatment.

The normal retina has a high degree of structural regularity, and this regularity causes the
retina to possess form birefringence (van Blokland, 1985; Brink & van Blokland, 1988;
Huang, & Knighton, 2003), a measure of phase retardation per unit distance. Thus,
polarization sensitive imaging can use the presence or absence of phase retardation as a
biomarker for particular types of tissue specific changes. This approach has allowed retinal
structures to be more accurately characterized and visualized with improved contrast both in
en face imaging (Weber et al., 2004; Bueno & Vohnsen, 2005; Tweitmeyer et al., 2008;
Song et al., 2008) and in cross sectional imaging using polarization sensitive optical
coherence tomography (PSOCT) (Cense et al., 2004; Yamanari et al., 2008; Götzinger et al.,
2008; Götzinger et al., 2009; Ahlers et al., 2010). Improved contrast has also improved the
ability to delineate pathological features in diseases such as epiretinal membranes (Miura et
al., 2007); drusen (Burns et. al., 2003); changes near the optic nerve head (Mellem-Kairala
et al., 2005); exudative age-related macular degeneration (Elsner et al., 2007; Miura et al.,
2008; Weber et al., 2007); and central serous chorioretinopathy (Miura et al., 2005).

One of the most striking components emphasized by polarization sensitive imaging is the
macular cross seen at the fovea, which is the result of the interaction of the corneal phase
retardation with the phase retardation from the Henle fiber layer (Brink & van Blokland,
1988; Elsner at al., 2008; Knighton, Huang & Cavuto, 2008). The photoreceptor outer
segments in the fovea are perpendicular to the retinal surface, but their axons are oriented in
a radially symmetric pattern nearly parallel to the retinal surface. Known as the Henle fiber
layer, these axons reach up to nearly 700 μm in length (Drasdo et al., 2007) and exhibit
behavior analogous to a uniaxial crystal with a slow axis radially oriented with respect to the
fovea (van Blokland, 1985). The interaction of the phase retardation of the Henle fiber layer
with polarized light has been modeled (Brink & van Blokland, 1988). This macular cross
pattern has been used qualitatively to localize the fovea in normal subjects (VanNasdale et
al., 2009); monitor fixation and eye tracking in infants and young subjects (Gramatikov et
al., 2006; Gramatikov et al., 2007; Hunter et al., 2004; Hunter et al., 1999; Hunter et al.,
2003; Nassif et al., 2003); and characterize damage due to age-related macular degeneration
(Elsner et al., 2007; Weber et al., 2007); and central serous chorioretinopathy (Miura et al.,
2005).

The intensity distribution of the macular cross pattern can also be used to quantitatively
model the foveal structure, providing specific information about the cone photoreceptor
density and distribution in the central macula (Elsner et al., 2008). The radially symmetric
pattern of the axons leads to the systematic variation of phase retardation along a ring
concentric with the fovea with modulation that is described by a sine function, but with
twice the frequency of the ring. As a result, curve fitting using a 2f sine function has been
used for quantitative analysis of pixel intensity profiles of these rings. Within regions of
interest that are concentric rings at increasing eccentricities from the fovea, the Henle fiber
layer contains a cumulatively larger numbers of cone photoreceptor axons that are relatively
perpendicular to the incident light. The increasing number of birefringent photoreceptor
axons leads to a thickness-dependent increase in phase retardation. One exception is the very
central fovea, where little phase retardation is expected, due to the photoreceptor cell bodies
being displaced eccentrically. At a few degrees eccentricity from the fovea, the retinal cells
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are no longer displaced laterally and the photoreceptor axons become oriented more parallel
to the incident light. At this location, the orientation of the photoreceptors does not generate
phase retardation along the optical path of incident light and any phase retardation at these
eccentricities becomes dominated by other features, such as the retinal nerve fiber layer.

The phase retardation of the Henle fiber layer is seen with polarized light; however
depolarization is also an important characteristic of light tissue interactions in the retina. A
proportion of the incident light will not retain its polarization characteristics as it interacts
with normal and diseased tissue. This light becomes randomly polarized and does not
modulate with changes in the input polarization conditions, i.e. the degree of polarization in
the measured light decreases. A decrease with increasing age for the degree of polarization
has been reported for annular regions surrounding the optic nerve head and the fovea
(Naoun, et al., 2005; Bueno et al., 2009; Bueno, 2004). The amount of light that has become
randomly polarized can be used to quantify scattering related to not only aging changes in
the anterior segment, but also to altered or irregular structures and deeper retinal layers.
Additionally, changes associated with diseases like age-related macular degeneration
(AMD) can introduce phase retardation associated with pathological features that disrupt the
radial symmetry of the phase retardation in the central macula (Elsner et al., 2007; Weber et
al., 2007).

Quantification of the Henle fiber layer may provide a global measure of cone photoreceptor
density and distribution in the central macula, by using phase retardation as measured with
scanning laser polarimetry (SLP). The Henle fiber layer phase retardation could potentially
act as a surrogate marker for cone photoreceptor axon density in the fovea. The amount and
distribution of phase retardation in and around the fovea should be directly proportional to
the density and thickness of the photoreceptor axons constituting the Henle fiber layer, as
well as the orientation of the Henle fibers with respect to the measurement beam. The shape
of the foveal pit also depends upon these factors. The phase retardation measure differs from
an increase of thickness with aging of a combined outer plexiform layer and Henle fiber
layer, reported recently (Curcio et al., 2011), since to date only the phase retardation of
axons, rather than the additional neural elements and support cells, has been hypothesized as
the source of the phase retardation. In this study, we examined the distribution of the
macular cross pattern as a surrogate marker for photoreceptor density or orientation and
modeled this characteristic pattern using two analysis methods for concentric rings as
regions of interest centered on the macula: the previously used 2f sine analysis (Elsner et al.,
2008) and a normalized metric from the 2f and 4f components of the Fast Fourier Transform
(FFT) by the other frequency components above 2f to remove the influence of corneal
polarization. Based on previous findings using imaging techniques of an average decrease of
cone photopigment and macular pigment in the central fovea of older subjects (Elsner et al.,
1998), along with complementary findings with psychophysical techniques (Eisner et al.,
1987; Burns & Elsner, 1989; Swanson & Fish, 1996), we hypothesize that we will find an
age-dependent decrease for the magnitude of these two metrics at a fixed distance from the
center of the fovea. Similarly, we hypothesize an increase in the eccentricity of the
maximum relative phase retardation if the cones in the central macula are disproportionately
affected.

2. Methods
2.1 Subjects

Images were evaluated for 120 eyes (63 right eyes, 57 left eyes) in 120 subjects,
incorporating 10 males and 10 females from each decade from the third decade through the
eighth. This careful age-matching allowed us to uncover any potential gender effects. Study
participants were considered eligible for enrollment if a complete ophthalmologic
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examination had been completed within the past year including dilated fundus examination
and refraction, with no signs of ocular pathology. Subjects with systemic diseases that carry
a high likelihood of ocular manifestations were excluded. Subjects were included if they
exhibited normal lens opacification that did not result in visual acuities worse than 20/25.
There was no difference in refractive error among the age groups categorized by decade
(ANOVA, p = 0.431). The mean refractive error spherical equivalent was −1.59 diopters
with a standard deviation of 2.46, so that the effects of high refractive error or axial length
would be sufficiently limited to allow us to study aging effects. All but 2 subjects had
refractive error spherical equivalents within +/− 6 diopters. One subject, age 41, had a
refractive error spherical equivalent of −6.25, the other, age 67, had a refractive error
spherical equivalent of −8.125. Additionally, there were 4 subjects that were pseudophakic
in the tested eye, all in the 8th decade (70, 72, 75, and 78 years old). All procedures
conformed to the Declaration of Helsinki and subjects were recruited following an approved
human subjects protocol from Indiana University.

2.2 Instrumentation and Imaging
A confocal scanning laser polarimeter (GDx, Laser Diagnostic Technologies/Carl Zeiss
Meditec; Dublin, CA) was used to acquire images of the central macula using the acquisition
and analysis method described previously (Burns et al., 2003; Elsner et al., 2007; Mellem-
Kairala et al., 2005; VanNasdale et al., 2009; Weber et al., 2004; Weber et al., 2007). The
GDx uses a 780-nm linearly polarized near infrared light source to scan a 15 × 15 deg raster
pattern on the retina. For this study, the element used to compensate for corneal phase
retardation was removed enabling a full interaction between the phase retardation of the
cornea and that of the Henle fiber layer, resulting in a distinct macular cross pattern. The
modulation of phase retardation in the macular cross pattern is influenced by the retardation
introduced by the cornea, however the age of subjects is not correlated with either the
corneal axis or retardance (Knighton & Huang, 2002).

The GDx has a linearly polarized illumination beam that passes though a rotating half wave
plate to vary input polarization to the eye. The GDx has 2 detectors collecting data
simultaneously, a parallel detector collecting light with the same polarization as the input
polarization; and a crossed detector, collecting light with polarization that is 90 deg from the
input polarization. Each detector produces an image at each of 20 input polarization
conditions, for a total of 40 images per image series. Each image has 256 × 256 resolution
with 8-bit grayscale. The image series has an acquisition time of approximately 0.9 seconds
and is performed non-invasively without mydriasis. Three data sets per eye were acquired
for each subject, and the best one chosen for analysis, to ensure images that were well-
focused, adequately and evenly illuminated, and without movement artifacts.

2.3 Image Processing and Analysis
Raw image data were processed using custom Matlab routines (Matlab, Mathworks, Natick,
MA) (Burns et al., 2003; Mellem-Kairalla et al., 2005; Elsner et al., 2007; Elsner et al.,
2008). For each pixel, the intensity modulation across the 20 input polarization conditions in
the crossed detector was used to determine phase retardation for that pixel location. Intensity
changes at each pixel were low pass filtered using a Fast Fourier Transform (FFT). The
amplitude of that smoothed curve was plotted pixel by pixel to produce a 256 × 256
grayscale phase retardation map. The GDx has a high intensity central reflection artifact
inherent in the system. This artifact was manually removed, and replaced column-by-
column, with the average of the first pixel above the reflection artifact and the first pixel
below the reflection artifact. During image acquisition, subjects were instructed to fixate so
the fovea was not obscured by the reflection artifact, and to ensure the artifact was not
located within the region of interest used for analysis.
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2.4 Data Analysis and Modeling
The center of the macular cross pattern was designated as the foveal center and used as the
center of regions of interest for further processing. The processing was performed in
concentric rings ranging continuously in 1 pixel radius increments from 0.25 to 3.0 deg
eccentricity from the fovea. To reduce noise, each region of interest was the average of pixel
intensities of the specific eccentricity averaged with the pixel intensities of immediately
adjoining inner and outer rings. We used two complementary techniques to model the phase
retardation associated with the Henle fiber layer. One method was to fit a 2f sine curve to
the intensity profiles, or changes in pixel intensity in the phase retardation maps along the
circular regions of interest (Elsner et al., 2008). The amplitude of the 2f phase retardation, y,
was modeled with the following equation:

(1)

where coefficient a is the scalar constant representing the amplitude of the intensity profile,
b is the phase offset, and c is the generalized offset term. Coefficient a is an indicator of
systematic phase retardation magnitude corresponding to the Henle fiber layer distribution at
different eccentricities. An additional variable of interest was a goodness of fit parameter,
the RMS error.

Additionally, we assessed each region of interest using a Fast Fourier Transform (FFT) and
evaluated the individual frequency components. Several normal subjects demonstrate a 4f
macular cross pattern, instead of the more typical 2f pattern, which we took into
consideration for any evaluations of the Henle fiber radial symmetry. FFT analysis of
concentric regions of interest at increasing eccentricities from the fovea can be used to
evaluate different sinusoidal components independently or in specific combinations. This
analysis can be used to find locations where the 2f and 4f FFT components dominate,
indicating a high degree of radial symmetry and highest density of photoreceptor axons
associated with the Henle fiber layer.

We computed a normalized 2f component as the sum of the 2f and 4f components that
corresponds to interaction of the cornea and the Henle fiber layer to the sum of the 1f, 3f, 5f
and higher components that corresponds to phase retardation from other sources.

(2)

where N 2f Component is the Normalized 2f Component and ai is the amplitude of each
frequency component. This method minimizes variations in amplitude due to
instrumentation fluctuation, corneal phase retardation, ocular filters, and light lost due to
intraocular scatter. This normalization reduces artifact from the DC level, which could be
affected by inter-subject characteristics like retinal pigmentation and pupil size.

2.5 Polarization Modeling Parameters
2.5.1 Coefficient a at 1.25 deg—For each subject, we determined the coefficient a and
the RMS for the 2f curve fitting at 1.25 deg eccentricity. This specific eccentricity was
chosen because the 2f component remains twice as large as the 1f component for the
majority of normal individuals at this eccentricity, and the 2f component dominates the 1f
component for all eccentricities around 1 deg (Elsner et al., 2008). To examine whether
foveal phase retardation decreased with age, we performed linear regression as a function of
age on the coefficient a.
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2.5.2 Eccentricity of the maximum of the normalized 2f component—We
examined the hypothesis that foveal structure changes with age, resulting in a decreased
cone density or configuration change in the central fovea compared to the parafovea in older
subjects. This implies that the maximum phase retardation would occur at greater
eccentricities in older subjects. For each subject, we determined the eccentricity
corresponding to the maximum of the normalized 2f component from the FFT, indicating
the location of maximum phase retardation attributed to the Henle fiber layer. To examine
whether the eccentricity of the phase retardation increased with age, we performed linear
regression on the eccentricity of the maximum of the normalized 2f as a function of age.

2.5.3 RMS error at 1.25 deg compared to RMS at eccentricity of the maximum
of the normalized 2f—To determine whether age or eccentricity affected the goodness of
fit for the 2f sine curve fitting, we obtained the RMS error for each subject from the fit of
the data to equation 1 at 1.25 deg eccentricity. Similarly, we obtained the RMS error for
each subject at their eccentricity of the maximum of the normalized 2f. We categorized
subjects by decade and performed a 2-way analysis of variance (ANOVA), testing the main
effects of decade, RMS at the two eccentricities, and the interaction of the two.

2.5.4 Normalized 2f component averaged between 1 and 1.25 deg eccentricity
—To reduce the unwanted influence of variables not corresponding to the Henle fiber layer,
and also the random variations in the data, we plotted the normalized 2f component
averaged from 1 to 1.25 deg eccentricity as a function of age and performed a linear
regression.

2.5.5 Area under curve of the normalized 2f FFT component—To develop a
comparative measure of overall phase retardation between individuals within the central 0.5
to 2.5 deg of the macula, we took the area under the curve (AUC) for of the normalized 2f
component of the FFT analysis to perform a linear regression as a function of age. We
selected this region because eccentricities less than 0.5 deg provide low phase retardation
signals and are thus noisy, and eccentricities over 2.5 deg begin to incorporate increasing
amounts of phase retardation from other retinal structures such as the nerve fiber layer.

3. Results
3.1 Image Processing and Analysis

All subjects demonstrated an intact macular cross pattern with measurable phase retardation
for the 2f component, ranging from 0.25 to 3 deg eccentricity. Gender effects were not
evident in any of our primary analyses. There was considerable overlap between males and
females in the data, for instance for the mean slope of coefficient a at 1.25 deg was the same
for both males and females, the RMS of the 2f curve fitting at 1.25 deg (p = 0.352), and the
AUC of the normalized 2f from 0.50 to 2.50 deg eccentricity (p = 0.427). Figure 1 illustrates
the overall results by showing 3 individual data sets, comparing results for subjects from the
third, sixth, and eighth decade age groups. For the phase retardation maps for each subject, a
green ring indicates the region of interest at 1.25 deg eccentricity. A blue ring indicates the
maximum of the normalized 2f component eccentricity. The pixel intensities associated with
these regions of interest demonstrate that modulation is well-modeled by a 2f sine function.
This figure illustrates the systematic changes seen with aging. First, the amplitude of the 2f
component as measured at 1.25 deg eccentricity decreases with increasing age. Second, a
greater eccentricity for the maximum of the normalized 2f component is seen for the older
subject, compared with the two younger subjects.
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3.2 Results of Polarization Modeling Parameters
3.2.1 Coefficient a at 1.25 deg—When the entire sample was analyzed, the amplitude of
the phase retardation decreased as a function of age at 1.25 deg eccentricity (Fig 2). Linear
regression indicated an average decrease of 0.086 gray scale units per year, (p<0.001, R2 =
0.121). A similar trend was also seen at this eccentricity with the normalized 2f component.

3.2.2 Eccentricity of the maximum of the normalized 2f component—The
eccentricity of the maximum of the normalized 2f component increased slightly as a
function of age (Fig 3). Linear regression indicated an increased eccentricity of 0.005
degrees per year (p = 0.005, R2 = 0.066). The mean eccentricity of the maximum of the
normalized 2fcomponent was 1.09 deg for subjects from the third decade and increasing to
1.41 for subjects from the eighth.

3.2.3 RMS error at 1.25 deg compared to RMS at the maximum of the
normalized 2f eccentricity—The RMS error at 1.25 deg was greater than the RMS error
at the eccentricity of the maximum normalized 2f component (Fig. 4), indicating poorer 2f
curve fitting when limited to just the 1.25 deg eccentricity. For all subjects, the mean RMS
error for the 2f curve fitting at 1.25 deg, and the eccentricity of the maximum of the
normalized 2f component were 2.60 and 2.26 grayscale units, respectively.

In the 2 way ANOVA comparing the RMS error values from the 2f fits, the RMS error was
significantly higher at the 1.25 deg eccentricity than at the eccentricity of the maximum of
the normalized 2f component (p < 0.001). The combined RMS error at the two eccentricities
was not significantly different among the different age groups categorized by decade (p =
0.05). The interaction of RMS error difference*decade was significant (p = 0.045), with
older subjects having a lower RMS error at the eccentricity of the maximum of 2f
component than at 1.25 deg eccentricity, and younger subjects having more similar RMS
errors at the two eccentricities. There was one subject with significantly higher RMS values
at both the 1.25 deg eccentricity and at the eccentricity of the maximum of the normalized 2f
component. This subject also had the highest coefficient a at both eccentricities. The
statistics were re-evaluated after excluding this subject. The only resulting statistical change
was a significant difference in the combined RMS error at the two eccentricities among the
different age groups categorized by decade (p=0.032 instead of p=0.05), with older subjects
having smaller RMS errors, on average.

3.2.4 Normalized 2f averaged between 1 and 1.25 deg eccentricity—Consistent
with the aging effect for coefficient a at 1.25 deg eccentricity, the normalized 2f FFT
component averaged between 1 and 1.25 deg eccentricity decreased as a function of age
(Fig. 5). Linear regression indicated an overall decrease of 0.003 gray scale units per year (p
< 0.001, R2 = 0.213). We found similar results without the averaging, which are not shown.

3.2.5 AUC of the normalized 2f FFT component—The AUC of the normalized 2f
FFT component from 0.25 to 2.5 deg eccentricity, used as an overall indication of phase
retardation, also decreased as a function of age (Fig. 6). Linear regression indicated an
overall decrease of 0.004 gray scale units per year (p < 0.001, R2 = 0.179).

4. Discussion
4.1 Aging changes in foveal phase retardation

Using polarization sensitive imaging, we found systematic and systematic age-related
changes to the structural properties of the central macula. This imaging technique is
particularly sensitive to the Henle fiber layer, which produces the dominant phase
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retardation signal at that location. We found that phase retardation profiles, when sampled
from concentric rings centered on the fovea, change with age for both 2f curve fitting and
FFT analysis. All subjects demonstrated a strong 2f or 4f macular cross pattern, consistent
with the location and radial structure of the Henle fiber layer. Our findings support and
further the previous modeling that was restricted to a young age group, demonstrating a
systematic phase retardation pattern with a maximum 2f component within 3 deg
eccentricity from the fovea (Elsner et al., 2008). The excellent agreement between the curve
fitting and FFT models is consistent with a retention of the radial symmetry of the Henle
fiber layer over a wide age range. The increase in phase retardation as a function of
eccentricity from the central fovea outward demonstrates the thickness-dependent nature of
accumulating photoreceptor axons

Constraints on modeling the changes with age in foveal phase retardation are placed by the
age-dependence of all of the following: the amplitude of coefficient a of the sine curve
fitting function, the normalized 2f signal from the FFT analysis, the eccentricity of the
maximum normalized 2f component, the AUC of the normalized 2f FFT component, and the
RMS errors of our curve fitting method. Specifically, the amplitude of the normalized 2f
component, the coefficient a at 1.25 deg eccentricity, and the AUC of the normalized 2f FFT
component all decreased with age, while the eccentricity of the maximum of the normalized
2f component increased with age. In addition to the decrease in phase retardation at the
foveal center, the area under the curve data implies an overall decrease with age in phase
retardation across the foveal region that is related to the radially symmetric Henle fibers.
These results can be distinguished from mere tissue disruption leading to increased noise in
the curve fitting. First, both an increase in random noise or a decrease in radial symmetry
due to selective loss of cones in one location are inconsistent with lower RMS errors in older
subjects than in young. For example, increased scatter, although expected in the older eyes,
would lead to worse fits to the model, and larger RMS errors, but we found less phase
retardation in older eyes without worse fits. Further, a random loss or rearrangement of
cones, or a loss in one radial segment compared with another, would not have led to the
finding for older subjects of greater phase retardation at greater eccentricities compared with
locations nearer to the fovea that were associated with the highest phase retardation in
younger eyes. Similarly, a systematic decrease in corneal phase retardation, depending on
the phase, would lead to less overall phase retardation. There would be no change for our
findings with either of the normalized metrics: the greater eccentricity for older subjects of
in the peak phase retardation, nor the better fits to the model. A model incorporating only
linear birefringence could potentially have no impact of corneal birefringence on the
amplitude of coefficient a, but would have an effect on the phase parameter b and the offset
parameter c in equation 1 (Bueno, 2004). This model cannot be fully tested using our data
because we do not have an independent measure of corneal birefringence, but our previous
measurements agree with the magnitude of diattenuation being relatively small (Tweitmeyer
et al., 2008). Thus, regardless of the source of noise, the RMS curve fitting finding at both
eccentricities, 1.25 deg and the eccentricity producing the maximum normalized 2f
component, help establish that the decrease in phase retardation with age is not solely due to
intrusion from other model components or noise from scattered light.

The age-dependent alterations to the birefringent properties of the central macula likely
occur through two mechanisms: morphological alterations to the foveal architecture,
changes in the cone photoreceptor density, or some combination of the two. Our finding
could be explained by an alteration in the orientation of photoreceptor axons in the center of
the macula. A more parallel alignment of the photoreceptor axons with respect to the
imaging light would result in a reduction of phase retardation along that axis. A reduction in
the lateral displacement of these central photoreceptor axons would cause an age-associated
shallowing of the foveal pit, as demonstrated with reflectivity maps of the foveal depression
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(Gorrand & Delori, 1999). Changes of this nature would also be expected to cause a
decrease in the centerpoint macular thickness, also consistent with recent findings of
macular thinning with age (Song et al., 2010), although changes with age in macular
thickness are inconsistent among laboratories. There is, on average, less photopigment in the
central region of older eyes, as compared to a sharper peak found in younger ones (Eisner et
al., 1987; Burns & Elsner, 1989; Swanson & Fish, 1996; Marcos et al., 1997; Elsner et al.,
1998). In older subjects macular pigment, as well as cone photopigment, can decrease in
density in the central fovea, as compared with adjacent but more eccentric locations. Some
older subjects have annular distributions, with the central decrease consistent with the
photopigment distribution, that is the decreased central area of macular pigment being
slightly larger in diameter or more eccentric (Elsner et al., 1998). Macular pigment
distributions can also be annular, or have a decrease in the foveal center (Elsner et al., 1998;
Berendschot & van Norren, 2006; Delori et al, 2006; Kirby et al., 2010). These changes are
consistent with axons being displaced outward from the fovea. These combined results
imply that a disproportionate decrease in the photoreceptors in the central fovea occurs with
normal aging. A reconfiguration of the fovea with aging must be consistent with not only a
shallower pit but also a decrease in the photopigment and macular pigment in the central
fovea and less fovea phase retardation.

This density change could occur through photoreceptor loss or through migration of the
central cone photoreceptors to a slightly more peripheral location. Previous histological
findings with donor tissue have concluded that there is a stable cone photoreceptor density
in the central macula as a function of age, (Gao & Hollyfield, 1992; Curcio et al., 1993).
However, there is a high degree of inter-individual variability in these studies, along with
small sample sizes. Further, the histology data mapped the cone density with a coarser scale,
compared with the retinal densitometry data for photopigment and macular pigment optical
density.

The histological studies do not take into consideration axial length, which has been shown to
correlate with photoreceptor density in high-resolution imaging studies, such as when using
an Adaptive Optics Scanning Laser Ophthalmoscope (AOSLO) (Chui, Song, & Burns,
2008b; Li, Tiruveedhula, & Roorda, 2010). Our subject sample was not expected to have
extensive variability due to axial length, since nearly all subjects were within a restricted
range of refractive error, thereby allowing inter-individual differences from other sources to
become evident.

A recent paper with histologically determined thicknesses of retinal layers is consistent with
our finding of increasing thickness of the Henle fiber layer from the central fovea outward to
about 1 mm, although this study also included the outer plexiform layer (Curcio et al.,
2011). There is partial support for our finding of the Henle fiber layer having its greatest
thickness at a greater eccentricity than in young subjects, although the thicknesses of the
histological tissue includes neural and support elements that have to date not been assumed
to contribute to phase retardation.

Focal disruptions to the smooth distribution of photopigment are macular pigment are found
even in younger subjects (Elsner et al., 1998; Elsner et al., 2000). The decrease in optical
density in younger, healthy subjects is more subtle and occurs prior to the ages found for
early age-related macular degeneration (Elsner, Burns, & Weiter, 2002). Focal disruptions of
photoreceptors or photopigment in the younger eyes would lead to poorer fits to the
systematic components in the FFT analysis, consistent with our findings that younger
subjects had more phase retardation on average in the central fovea, but poorer fits.
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4.2 Implications of the comparison with other techniques for studying foveal cone
photoreceptors

Changes with age and disease processes of cone structure and function have been studied
with a variety of methods. Different techniques rely on different assumptions and probe
different portions of photoreceptors, such as cone outer segment or photopigment as
opposed to cell bodies or axons. In this paper, we used foveal phase retardation in the Henle
fiber layer to demonstrate changes in the cone axon distribution with age. The Henle fiber
layer has also been visualized in retinal cross sections in a limited number of individuals by
means of intensity images in Optical Coherence Tomography (Lujan et al., 2010; Otani,
Yamaguchi & Kishi, 2011), in an effort to improve layer segmentation for the outer nuclear
layer. The Henle fiber layer has further been visualized with Polarization Sensitive Optical
Coherence Tomography (Miura et al., 2008; Cense et al., 2009), but aging data are not yet
available with either technique. SLP uses the entire foveal region to improve signal-to-noise
ratio, reducing the potential to detect focal changes but providing a much larger signal than a
single cross section, thereby allow quantification.

Histological studies yield mixed photoreceptor density results associated with normal aging.
Two studies find no age-associated change in foveal cone density (Gao & Hollyfield, 1992;
Curcio et al., 1993), although these studies included a relatively small cohort, and variability
in photoreceptor density exhibits large inter-individual variability (Gao & Hollyfield, 1992;
Curcio et al., 1990). In contrast, one histological study examining extrafoveal cones in a
larger sample found an age-dependent loss of 0.18% per year (Panda-Jonas, Jonas, &
Jakobczyk-Zmija, 1995).

When the photopigment in the cone outer segments is quantified in healthy subjects, central
foveal cones of older subjects have reduced photopigment (Eisner et al., 1987; Burns &
Elsner, 1989; Swanson & Fish, 1996; Elsner et al., 1998). Photopigment quantified by
imaging techniques have sufficiently fine resolution to clearly demarcate focal defects and
foveal peaks or lack thereof. Cones at the foveal edge have photopigment similar in optical
density but different in bleaching and regeneration timecourse (Elsner et al., 1988).

In histological assessment of eyes from patients with age-related maculopathy, cone
densities were concluded to be similar to that of age-matched controls (Curcio, Medeiros, &
Millican, 1996; Curcio, 2001; Jackson, Owsley & Curcio, 2002). In contrast, the optical
density of cone photopigment measured in eyes of living patients with early age-related
macular degeneration is greatly reduced compared to that of age-matched controls (Elsner et
al., 1998; Elsner et al., 2002).

Cone outer segments are the target of measurements of photoreceptor density performed
with high resolution imaging techniques, such as with AOSLO. Cone outer and inner
segments must guide sufficient light to be visualized and then counted. It is challenging to
image the narrow central foveal cones (Chui, Song, & Burns, 2008a; Li, Tiruveedhula, &
Roorda, 2010; Zou, Qi & Burns, 2011), particularly since the optical correction necessary
for high resolution imaging can also be affected by aging changes that increase scattering
and ocular aberrations from both anterior and posterior ocular structures (McLellan, Marcos
& Burns, 2001).

Phase retardation measurements with SLO and cone density measures with AOSLO
typically use near infrared light, which minimized the effects of absorption of the aging lens.
Despite the use of near infrared light, AOSLO methods may still require pupil dilation to
take advantage of reducing aberrations over a wide pupil to reduce the illumination level.
Similarly, cone photopigment measurements can be limited to the use of long wavelength
visible light, which is minimally impacted by changes to the aging lens when using
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measures based on differences between two eccentricities or bleached vs. fully regenerated
photopigment concentrations (Elsner et al., 1988; Elsner et al., 1998). However,
measurements of macular pigment or rod photoreceptors that use short wavelength light are
impacted by large individual differences in the absorption of aging human lens.

While idiosyncratic differences in foveal architecture may alter the measured foveal phase
retardation, SLP is unaffected by several factors that vary over time and that can be outside
of experimental control and not necessarily related to aging or disease mechanisms. For
instance, macular pigment density can vary with dietary supplementation (Connolly et al.,
2010). Photopigment density varies with individual differences in photopigment action
spectra (Elsner, Burns, & Webb, 1993; Elsner, Burns, & Weiter, 2002). AOSLO cone
density measurements may be negatively impacted by media problems such as tear film and
cataract that may have less effect on other techniques.

The data in our study showed inter-individual variability, as demonstrated in the linear
regression models. This is consistent with both histology and high resolution imaging, which
have demonstrated large inter-individual variability in cone photoreceptor density (Gao &
Hollyfield, 1992; Curcio et al., 1990; Curcio et al., 1993; Li, Tiruveedhula, & Roorda,
2010). Further, the differences among aging studies and normative values in macular
thickness as measured with OCT may be related to these individual differences (Song et al.,
2010). The changes with aging found in foveal morphology from foveal phase retardation,
cone photopigment optical density, and macular pigment all point towards differences in
macular thickness or light sensitivity with aging that depend upon the exact eccentricities
measured.

Foveal phase retardation may be particularly useful in separating normal aging changes in
the macula from sub-clinical changes and has the potential to be particularly useful in
patients with cone photoreceptor dystrophies and degenerations, where symptoms may
precede early clinical signs in the central macula. However, with the decrease with
normative aging in the central most fovea indicates that studies should include a somewhat
larger or more eccentric region of interest to avoid confounding aging changes with those
due to disease.
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Foveal phase retardation was modeled using curve fitting and FFT analysis

There are normal, polarization sensitive, age-dependent changes in the macula

Overall phase retardation in the central macula decreases as a function of age

Maximum foveal phase retardation becomes more peripheral as a function of age

We have developed a normative database of polarization sensitive macular changes
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Fig. 1.
Examples of grayscale phase retardation maps and accompanying intensity profiles at the 2
eccentricities used for analysis. Left Column- Phase retardation maps marked with sampled
locations for the center and right columns in a 24 year old subject (A), 52 year old subject
(B), and 72 year old subject (C). Eccentricities are marked on the images corresponding to
1.25 deg (green circle) as well as the location of the maximum of the normalized 2f
component (blue circles). Center Column- Intensity profiles at 1.25 deg eccentricity shown
in green (A,B,C). Right Column- Intensity profiles at the eccentricity of the maximum of the
normalized 2f component shown in blue (A,B,C). The sharp peaks seen in the intensity
profiles in the 52 and 72 year old subjects are not typical of increasing age.
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Fig. 2.
Individual and grouped data showing the decrease with age of phase retardation at 1.25 deg.
Top Left Panel- Foveal phase retardation at 1.25 deg eccentricity quantified as Coefficient a,
which is the amplitude of the 2f phase retardation, plotted as a function of age. Top Right
Panel- Data grouped by decade with mean and 1 standard deviation error bars. Bottom Left
Panel- Foveal phase retardation at 1.25 deg eccentricity quantified as the normalized 2f FFT
component. Bottom Right Panel- Data grouped by decade with mean and 1 standard
deviation error bars.
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Fig 3.
Individual and grouped data showing the effect of age on the eccentricity of the maximum
normalized 2f FFT component and the corresponding value. Top Left Panel- Location of
peak foveal phase retardation, quantified as the eccentricity of the maximum normalized 2f
FFT component, plotted as a function of age. Top Right Panel- Data grouped by decade with
mean and 1 standard deviation error bars. Bottom Left Panel- Maximum value of the
normalized 2f FFT component for each subject plotted as a function of age. Bottom Right
Panel- Data grouped by decade with mean and 1 standard deviation error bars. The peak
foveal phase retardation moves outward and the maximum value decreases with increasing
age.
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Fig. 4.
Regularity of macular phase retardation, as measured by the RMS of the 2f curve fitting at
1.25 deg (Left Panel) and at the eccentricity of the maximum normalized 2f component
(Right Panel). The RMS of the 2f bow tie pattern decreases with age, indicating a more
regular 2f pattern.
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Fig. 5.
Foveal phase retardation between 1 and 1.25 deg eccentricity, quantified by the normalized
2f amplitude averaged between 1 and 1.25 deg eccentricity. The data indicate an overall
decrease in phase retardation with increasing age.
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Fig. 6.
The total amount of phase retardation, quantified as the area under the curve (AUC) of the
normalized 2f component from 0.25 to 2.5 deg, plotted as a function of age. The data
indicate an overall decrease in total phase retardation between 0.25 and 2.5 deg with
increasing age.
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