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Abstract

Purpose—To investigate the use of Asymmetry Analysis to reduce between-subject variability
of macular thickness measurements using SD-OCT.

Methods—63 volunteers free of eye disease were recruited: 33 young subjects (ages 21 to 35
years), and 30 older subjects (ages 45 to 85 years). Macular images were gathered with the
Spectralis OCT. An overlay 24°x 24° grid was divided into five zones per hemifield, and
Asymmetry Analysis was computed as the difference between superior and inferior zone
thicknesses. We hypothesized that the lowest variation and the highest density of ganglion cells
will be found ~3° to 6° from the foveola, corresponding to zones 1 and 2. For each zone and age
group, between-subject standard deviations (SDs) were compared for retinal thickness (RT) versus
Asymmetry Analysis using an F-test. To account for repeated comparisons, a probability of p <
0.0125 was required for statistical significance. Axial length (AL) and corneal curvature (CC)
were measured with an IOLMaster.

Results—For OD, Asymmetry Analysis reduced between-subject variability in zones 1 and 2 in
both groups (F > 3.2, p < 0.001). SD for zone 1 dropped from 12.0 to 3.0um in the young group
and from 11.7 to 2.6um in the older group. SD for zone 2 dropped from 13.6 to 5.3um (young) and
from 11.1 to 5.8um (older). Combining all subjects, neither RT nor Asymmetry Analysis showed a
strong correlation with AL or CC (R? < 0.01). Analysis for OS yielded the same pattern of results,
as did Asymmetry Analyses between eyes (F > 3.8, p < 0.0001).

Conclusions—Asymmetry Analysis reduced between-subject variability in zones 1 and 2.
Combining the five zones together produced a higher between-subject variation of the RT
Asymmetry Analysis, thus we encourage clinicians to be cautious when interpreting the
Asymmetry Analysis printouts.
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Structural changes in patients with glaucoma have a crucial role in clinical diagnosis and
management. Optical Coherence Tomography (OCT) has been widely used to image
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structural features of glaucoma with a variety of imaging options. Retinal Nerve Fiber Layer
(RNFL) thickness has been extensively investigated using OCT, but RNFL measurements
have limitations that introduce substantial challenges in clinical decision-making. In this
study we investigated a method intended to overcome some of these limitations using
macular thickness measurements.

RNFL thickness has high between-individual variability=3 and can be affected by
magnification factors such as axial length#-6 and corneal curvature.” Optic disc and rim area
measurements also exhibit high between-subject variability among control subjects.8-10
Moreover, blood vessels can contribute to measured average RNFL thickness,! as can glial
cells,12 with substantial variability among individuals. In histological studies of human eyes,
between-subject variability in the total number of ganglion cells and their axons showed a
two-fold range.13-15 The lowest between-subject variability in ganglion cell density was
observed within 0.5 to 1 mm eccentricity from the foveal center3: 14 which may be related
to active control processes during embryological development. The number of ganglion cells
is substantially reduced during development, and is a source of variability among
individuals.16: 17

Recently, OCT has been used to measure retinal thickness of the macula in patients with
glaucoma.18-22 Although OCT can provide precise retinal thickness measurements, there are
limitations such as the low reflectivity of the ganglion cell layer. Moreover, differences in
magnification factors such as axial length and refractive error among individuals can
influence the accuracy of retinal thickness measurements.18: 23-25 These factors can
contribute to between-subject variability. It has been estimated that around 50% of ganglion
cells are found within +8.0° eccentricity from the foveola,12 therefore, between-subject
variation in ganglion cell density in this region may be an important factor in analysis of
macular thickness. Posterior Pole Asymmetry Analysis has been recently introduced with
Spectralis OCT (Heidelberg Engineering, V 5.4, Heidelberg, Germany), to compare macular
thickness within and between eyes of an individual.28 The within-eye Asymmetry Analysis
calculates the difference in retinal thickness between superior and inferior cells in 64-cell
square grid superimposed on a 24°x24° retinal region centered on the foveola. In this new
protocol, a gray scale has been used to indicate asymmetries in retinal thickness within and
between eyes. On this scale, white is used to represent no asymmetry in retinal thickness,
light gray to dark gray represent asymmetries from approximately 5 to 25 microns, and
black represents greater asymmetries of more than 25 microns. However, black cells in the
Asymmetry Analysis may not be uncommon in subjects free of eye disease.2” Therefore
more investigation is warranted to better understand the gray scale for the Asymmetry
Analysis grid. In this study, we assessed Asymmetry Analysis as a method for reducing
between-subject variability.

METHODS

Participants

Two groups of volunteers free of eye disease were recruited: thirty-three young subjects
were recruited from students at the Indiana University School of Optometry (ages 21 to 35
with mean and SD of 25.0 £ 1.7 years). Thirty older subjects were recruited from control
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subjects in an ongoing study of patients with glaucoma (ages 45 to 85 with mean and SD of
66.7 + 9.0 years) at the optometry clinic of Indiana University Bloomington. All subjects
were considered free of eye disease after a comprehensive ophthalmic examination: normal
visual field, IOP < 21mm Hg, normal optic cup-disc ratio, open anterior chamber angles and
best corrected visual acuity of 20/20 or better. Subjects with a history of ocular disease or
eye surgery were excluded except those who had uncomplicated cataract surgery more than
six months prior to testing.

Macular images were gathered with the Spectralis OCT, using the Posterior Pole Protocol
from the Pretest for the Glaucoma Application. For both groups, macular images of both
eyes were acquired by one of the authors (MA). Axial length and corneal curvature were
measured using an I0OLMaster (Carl Zeiss Meditec, V. 5.02, Jena, Germany) by the same
operator during the same session. In order to ensure accurate corneal curvature
measurements, subjects who wore contact lenses were instructed to remove their lenses at
least 12 hours before their appointment. The study goals and procedures were explained to
the participants, and informed consent was obtained from each participant prior to testing.
This study followed the tenets of Declaration of Helsinki and was approved by the Indiana
University institutional review board (IRB).

Spectralis OCT

Analysis

The Posterior pole protocol was applied to image both eyes in all subjects, providing 61 B-
scans 120 microns apart for each scan, with optical resolution of 7 um axially and 14 pm
laterally. Subjects were asked to fixate on an internal blue fixation target in the Spectralis
camera. The camera was centered on the fovea with even illumination within a 6x6 mm
area. For some subjects the fellow eye was occluded to help maintain fixation. Lubricating
eye drops were used as needed. The OCT image quality score was required to be 25 or
greater, any image with score below that limit was excluded. Dr. Malinovsky, a specialist in
ocular disease, reviewed each B-scan to determine that there was no evidence of retinal
abnormality. Two subjects in the older group were excluded due to poor image quality.

As shown in Figure 1, the retinal thickness grid overlays a 24°x 24° retinal region centered
on the measured area of 30°x 25°. This grid is composed of 64 cells; each cell represents the
average measured retinal thickness of a 3°x3° area. The operator realigned and centered the
grid on the fovea when needed, and rotated the central line of the grid to align with the
foveal-optic disc axis. The Spectralis performs automated segmentation from the Inner
Limiting Membrane (ILM) to the Bruch’s Membrane (BM). For two subjects the automated
segmentation failed for six B-scans, which were re-segmented manually by the operator.

For the primary analysis, our goal was to determine whether within-eye Asymmetry
Analysis reduced between-subject variability for averages across cells in five zones per
hemifield, using the approach developed by Um et al,28 as shown in Figure 1. The within-
eye Asymmetry was computed as the difference between retinal thicknesses of superior and
inferior grids (superior minus inferior, so that a negative number means that the inferior cell
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had greater thickness). The computation was only for subtracting the inferior from
corresponding superior locations of retinal thicknesses (S 1) to avoid zero values when
averaging the superior and inferior asymmetries of the grid. We hypothesized that the lowest
variability would be in the region 0.5 to 1 mm from the foveola,3: 14 because the
histological data of Curcio and Allen3 had the lowest between-subject variability in this
region, and the greatest superior/inferior symmetry. In order to maintain sufficient statistical
power, we focused on zones 1 and 2 (approximately 3° to 6° from the central line of the
grid) for evaluating the ability of the within-eye Asymmetry Analysis to reduce between-
subject variability. For each age group and zone, an F-test was used to compare the variance
for the averaged superior and inferior retinal thicknesses with the variance for the within-eye
Asymmetry Analyses. A significance level of p < 0.0125 was required for interpretation as
statistically significant, after Bonferroni correction for use of 4 tests. For descriptive
statistics, bivariate Gaussian ellipses were plotted?® to indicate 95% of the distribution for
within-eye Asymmetry Analyses versus retinal thicknesses in zones 1 and 2 as compared
with the sum across all five zones. To allow comparisons with other studies, Analysis of
Variance (ANOVA) was used to evaluate the effect of age group on the retinal thickness
measurements and the within the eye Asymmetry Analysis (right eye).

In the secondary analysis, we evaluated a gray scale that we created for retinal thickness as
difference from mean normal, and the gray scale for within-eye Asymmetry Analysis with
the intent to gain a better understanding of the clinical usefulness of printouts provided by
the Spectralis OCT. For each cell we, computed the 5th percentile as 1.64 SDs for one-tailed
limits (retinal thickness grid), because clinical decision-making identifies defects by asking
whether thickness is below mean normal. We computed the 2.5th percentile as 1.96 SDs for
two-tailed limits (within-eye Asymmetry Analysis grid from our data results) because either
direction can indicate a defect.

In order to compare our data with histological data, we estimated the ganglion cell
contribution to the retinal thickness by analyzing data from patients with non-seeing
locations in their macular visual fields. We then subtracted the lowest measured retinal
thicknesses from the mean measured retinal thickness of our subjects free of eye disease in
the corresponding cell and hemifield, and estimated that the ganglion cells represent
approximately 25% of the retinal thickness within 3° to 6° from the foveola. This estimate is
consistent with estimates of the ganglion cell layer thickness in histological studies®? and in
OCT studies with manual segmentation.31: 32

Across the 14 individual cells of zones 1 and 2, SDs for retinal thickness measurements
ranged from 11.4 um to 14.9 pm with a mean of 13.5 um in the young group, and from 9.6
to 15.8 um with a mean of 12.6 pm in the older group. Means and SDs for retinal thickness
were 331.5 + 12.0 ym in zone 1 and 333.0 £ 13.7 um in zone 2 in the young group. In the
older group, means and SDs were 326.6 £ 11.7 um in zone 1 and 320.7 = 11.1 pym in zone 2.
Within-eye Asymmetry Analysis significantly reduced the between-subject variability in
zones 1 and 2 in both groups (F > 3.2, p < 0.001). In the young group, SD declined from
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12.0 to 3.0 pm in zone 1, and from 13.7 to 5.3 um in zone 2. In the older group, SD declined
from 11.7 to 2.6 um in zone 1 and from 11.1 to 5.8 um in zone 2.

Figure 2 shows data for within-eye Asymmetry Analysis results versus retinal thickness
along with ellipses that represent 95% of between-subject variability based on SDs. The left
panel shows data when all five zones were combined: for both groups the between-subject
variability was higher for Asymmetry Analysis than for retinal thickness. The right panel
shows data for zones 1 and 2 combined: for both groups the between-subject variability in
the retinal thickness was similar to the left panel, while between-subject variability in
within-eye Asymmetry Analysis results was substantially reduced.

The between-eye Asymmetry Analysis for zones 1 and 2 also showed a significant reduction
in variability (F > 3.8, p < 0.0001). The highest between-subject variability was found in
zone 5 for both groups; means and SDs were 301.5+15.4 um in the young group and
293.1+£14.6 um in the older group. For both groups, means, SDs and coefficients of variation
(CoVs) for all five zones are given in Table 1. Retinal thickness was significantly reduced in
the older group (F = 16.01, p < 0.0001). However, within-eye Asymmetry Analysis did not
show a significant difference between the young and older groups (F = 2.36, p = 0.13).

Figure 3 shows the retinal thickness and within-eye Asymmetry Analysis grids from right
eyes of the young group. We found that the normal range in the current study included
values shown as gray to black in the Asymmetry Analysis printout (Figure 3, right panel).
The greatest reduction in variability from retinal thickness to Asymmetry Analysis grids was
in zones 1 and 2, on which we focused for hypothesis-testing. The locations with the highest
between-subject variability reflect blood vessel patterns in both grids. Similar results were
also found for the older subjects in our analysis.

Based on our estimate of the ganglion cell contribution to retinal thickness, within-eye
Asymmetry Analysis showed a significant reduction in the between-subject variability of the
ganglion cell component. For the estimated ganglion cell contribution to zone 1 thickness,
SD was reduced from 0.15 to 0.04 um in young group and from 0.14 to 0.03 ym in the older
group. This reduction was also observed in the estimated ganglion cell contribution in zone
2; SD declined from 0.17 to 0.06 um in the young group, and from 0.14 to 0.07 um in the
older group (F > 3.1, p < 0.001). Axial length and corneal curvature did not show a strong
correlation with either retinal thickness or Asymmetry Analysis (R2 < 0.01). For the younger
group, means and SDs were 24.59 + 0.95 mm for axial length and 7.77 + 0.29 mm for
corneal curvature. The means and SDs for the older subjects were 24.03 + 1.08 mm for axial
length in and 7.70 + 0.30 mm for corneal curvature.

DISCUSSION

In this study we focused on zones 1 and 2 of Um et al, 28 which as shown in Figure 1 include
retinal thicknesses from 3° to 6° from the center of the fovea. This region has been reported
to have the highest density and the lowest between-subject variability of retinal ganglion
cells.13 Averaging the retinal thickness using these zones did not reduce between-subject
variability below that for individual cells. By comparison, the difference in retinal thickness

Optom Vis Sci. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Alluwimi et al.

Page 6

between corresponding locations in the superior and inferior hemifields (within-eye
Asymmetry Analysis) successfully reduced between-subject variability in zones 1 and 2 as
compared to Asymmetry Analyses for all five zones added together (figure 2). Results of
Asymmetry Analysis in our study (shown in table 1) were similar to those in Um et al for all
five zones except zone 1.

In figure 3, it can be observed that between-subject variability decreased in zones 1 and 2 in
the within-eye asymmetry grid, while in other zones variability was still high and flagged as
dark gray to black. This implies that the current gray scale for the asymmetry grid could
present a misleading impression of macular damage in eyes free of disease. Therefore, we
encourage clinicians to be cautious when interpreting the Asymmetry Analysis grid. Seo et
al.2’ reported that about 19% of their subjects free of disease had two or more consecutive
black cells in the asymmetry grid. For instance, blood vessels are included in the superior
and inferior arcades, which may cause consecutive black cells to be seen in healthy control
subjects.

Zeimer, Asrani and colleagues were the first to measure human retinal thickness with laser
technology.33 34 They focused on a 2x2 mm? area of the posterior pole excluding the
foveola, which is similar to the area that we included in our study. In their analysis, they
calculated the deviation from the normal retinal thicknesses for each hemifield, and then
differences in that deviation between the superior and inferior hemifields. In a control study,
Asrani et al.3* reported that the SD of the retinal thickness was +15 pm for 29 normal
subjects aged from 19 to 76, which is similar to ours (£12 pm); age did not show a
significant effect on the measured retinal thickness in their data. The design of the current
study included two age groups, and retinal thickness was found to be significantly reduced
in the older group.

In 20 normal subjects and 20 patients with glaucoma, Bagga et al.22 found a low CoV
(3.81%) for the retinal thickness of their control subjects using Stratus OCT, which is
similar to what we found in our study (3.57%). They applied two radial scans and focused
on 8° temporal to the fovea. In the current study we focused on both 6° temporal and 6°
nasal to the fovea. In addition, the mean and SDs of the Asymmetry Analysis of our data
were extended to two different locations (zones 1 and 2) in each hemifield with separate
groups of young and older subjects.

Zeimer and colleagues3? estimated that ganglion cells may represent 30 to 35% of the retinal
thickness in the posterior pole. Spectralis OCT measures the entire thickness of the retina,
but does not measure the ganglion cell layer thickness. Previous studies attempted to
segment out both the Retinal Ganglion Cell layer and the Inner Plexiform Layer (GCL +
IPL) using other SD-OCTs either by manual segmentation3!: 32 or automated
segmentation.32: 36 SDs for these studies (5.1 pm for Wang et al.; 6.2 um for Mwanza; and
7.0 um for Koh) were lower than those we found for the retinal thickness in zones 1 and 2
(11.9 um and 13.6 um respectively) in both groups. This difference may be due to more non-
ganglion cell components in retinal thickness than in segmented GCL. It is important to note
that the Spectralis automated segmentation spans the region from the ILM to Bruch’s
membrane. Thus, Henle fibers can contribute some of the between subject-variability. It has
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been found that Henle fibers have their highest variability within 0.3 to 1.2 mm eccentricity
from the foveola.3® GCL segmentation, on the other hand, is extended beyond +6° (zones 1
and 2) and includes the IPL layer. Knighton et al.37 also used manual segmentation of GCL
+ILP in SD-OCT, and suggested that the variance of the normal population (23 subjects)
could be decreased by transforming the reference normal GCL+ILP thickness maps to a
standard form, better allowing abnormal GCL+ILP thickness maps to be distinguished.

We estimated that ganglion cell components compose 25% of normal reference means for
retinal thickness in zones 1 and 2 in our sample, which is consistent with other previous
studies using histology3° and imaging techniques.31-33 Within-eye Asymmetry Analysis
was still able to reduce between-subject variability of our estimates of ganglion cell
components in these zones.

However, our estimate of the ganglion cell component should be investigated more closely
since there are sources of variability that can cause an inaccurate estimation of the ganglion
cell components of retinal thickness measured with the Spectralis OCT. Retinal thickness
reduced significantly with age in the current study, and this reduction is in agreement with
the previously reported reduction in ganglion cells in histological studies.14 30.38 An age-
related reduction in retinal thickness was also reported in other imaging studies.3% 40 It has
been suggested that non-neural components of the RNFL increase with age in response to
the death of ganglion cells.*! Therefore, age is a factor that should be considered when
estimating the ganglion cell component of the retinal thickness. Our results showed that
asymmetry of retinal thickness did not differ significantly between the young and older
groups. This indicates the potential of within-eye Asymmetry Analysis of the retinal
thickness in zones 1 and 2 to successfully reduce between-subject variability due to age.

By choosing zones 1 and 2 in particular, we also tried to reduce the effect of the blood
vessels on retinal thickness, which is another source of between-subject variability.11
However, there were still some small blood vessels in these two zones. Blood vessels may
also have variable patterns and sizes among individuals that make them have a notable effect
on between-subject variability in retinal thickness. Segmenting out the blood vessels, as has
already been done in the retinal nerve fiber layer (RNFL) in some studies,*? may decrease
between-subject variability. In the GCL+ILP manual segmentation using SD-OCT where
blood vessels were removed,32 a lower SD was reported (5.1 um) than what we found in our
studies (11.9 um in zone 1 and 13.6 um in zone 2). Therefore, it may be worthwhile to apply
these segmentation methods to the retinal thickness in order to look at the zones that have
larger blood vessels than zones 1 and 2.

Ganglion cells represent a small proportion of macular thickness: this proportion has high
between-subject variability that can lead to difficulties in diagnosing ganglion cell loss. One
approach is to estimate GCL thickness by segmenting out GCL + IPL. However, Raza3!
estimated that non-ganglion cell components comprise approximately 50% of the initial
control median RGC + IPL thickness at 3.4° from the foveola, and 80% of the initial control
median RGC + IPL thickness at 8.8°from the foveola. The within-eye Asymmetry Analysis
results in the current study showed a potential reduction in between-subject variability of the
macular thickness. Our data showed that within-individual variability of retinal thickness
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measurements is relatively small in comparison to between-subject variability. These results
are consistent with histological findings of Curcio and Allen!3 and with findings of other
OCT studies.*3: 44 Asymmetry Analysis should be helpful in reducing the impact of the non-
ganglion cell components, particularly in our zones 1 and 2.

Within-eye Asymmetry Analysis reduced between-subject variability in our study,
indicating a potential diagnostic technique for glaucomatous damage. Further investigation
is needed to confirm the capability of the within-eye Asymmetry Analysis in reducing
between-subject variability, including a larger sample of subjects free of eye disease.
Sources of variability such as age, blood vessels and magnification factors should be
considered when obtaining retinal thickness measurements. By using the zones of Um et
al, 28 retinal thicknesses in the superior and inferior zones 1 and 2 were found to be almost
identical. This result might be helpful in detecting defects in macular ganglion cells, which
have been reported to most likely occur as an asymmetric defect.*® It would be valuable to
compare within-eye Asymmetry Analysis of macular thickness to visual field loss, which
may lead to a better understanding of the structure-function relations.
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Figure 1.
Spectralis printout (right eye) showing the measurements of the average retinal thickness in

each cell of the posterior pole grid. We drew lines that demarcate the five zones using the
method of Um et al.28 Superior and inferior hemifields of zones 1 and 2 are outlined by the
gray rectangles with black edges. A color version of this figure is available online at
Www.optvissci.com.
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Asymmetry Analyses between superior and inferior retinal thicknesses as a function of the
averaged retinal thicknesses for the two age groups (young and older). Circles (young) and
triangles (older) represent values for individual subjects; Ellipses represent 95% of the
normal distribution. The left panel shows results when all five zones were combined and the
right panel shows a substantial reduction in between subject variability when only zones 1
and 2 were combined. A color version of this figure is available online at
www.optvissci.com.
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Figure 3.
Gray scale grids for the right eyes of young subjects free of eye disease. Left panel is for the

one-tailed 5t percentile for our retinal thickness grid. Right panel shows the two-tailed 2.5™
percentile for the within-eye Asymmetry Analysis grid, and mimics the Spectralis OCT
printouts for within-eye Asymmetry Analysis. A color version of this figure is available
online at www.optvissci.com.
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