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Purpose: We tested the hypothesis that variations in foveal morphology can account
for artifacts seen on optical coherence tomography (OCT) retinal ganglion cell (RGC)
layer probability maps.

Methods: A total of 126 healthy subjects were tested with spectral domain (sd) OCT.
Thickness and probability maps of the macular RGC plus inner plexiform layer (RGCþ)
were obtained with customized software. Macular b-scans were analyzed to derive
three foveal anatomic parameters: width, depth, and slope. The distribution of these
parameters was compared between eyes with and without circumfoveal artifacts seen
in the central 48 of macular RGCþ probability maps.

Results: Of 126 healthy subjects, 12 (9.5%) had an abnormal circumfoveal region
(artifact) on RGCþ probability maps. Based upon the normal distribution of the three
anatomic parameters, only three of the 12 eyes (25%) fell outside the 95% confidence
interval of one or more of the three foveal morphologic parameters. Multivariable
logistic regression revealed that the parameter slope was significantly associated with
the presence of these artifacts (odds ratio¼ 0.26; P¼ 0.019). However, the combination
of these parameters and age explained only 11% of the total variance of these artifacts.

Conclusions: Fovea morphology, as measured based upon width, depth, and slope,
has a minor role in explaining artifacts seen on macular scans. Variations in the
distribution of RGCþ thickness that are not reflected in our measures warrant further
investigation as potential sources of artifacts.

Translational Relevance: A small proportion of circumfoveal artifacts seen on RGCþ
probability maps can be explained by variations in foveal anatomy.

Introduction

Traditionally, glaucomatous damage to the macula
(herewith defined as the central 688 around the
fovea) has been thought to be relatively rare in the
early stages of the glaucoma continuum. As such,
scrutinized structural and functional assessment of
the macula was warranted only in advanced stages.1

However, the macula recently has gained increasing
attention as a site of early glaucomatous damage,2,3

which should be monitored for diagnosis4–8 and
progression of glaucoma.9–11

One main reason that glaucomatous damage to the
macula long has been overlooked is that conventional
techniques to detect functional and structural damage,
namely 24-2 standard automated perimetry (SAP)
and, more recently, circumpapillary retinal nerve fiber
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layer (cpRNFL) thickness measured with spectral-
domain optical coherence tomography (sdOCT), often
miss macular damage.4–7,12–14 For instance, 24-2 SAP
misses 1612 to 73%7 of central field defects detected
with 10-2 SAP, which tests the central field with higher
density of points (16 points at 68 distance vs. 68 points
at 28, respectively). In addition, sdOCT-derived
cpRNFL misses 36% to 77% of macular damage
detected with 10-2 sdOCT cube scans of macula.5

While sdOCT scans of the macula may show better
accuracy than conventional cpRNFL, scans, intersub-
ject variability can affect the diagnostic performance of
both methods. In the optic disc, for example, disc size
and shape,15 aswell as thepositionof bloodvessels,16 are
important covariates to be considered when diagnosing
glaucomatous optic neuropathy. In the macula, howev-
er, little is known about the sources of variability and
how they can influence diagnostic performance.17–19

In healthy subjects, apparent circumfoveal abnor-
malities can be seen on retinal ganglion cell plus inner
plexiform (RGCþ) probability maps derived from cube
scans obtained with sdOCT (Fig. 1) In addition,
Sepulveda et al.20 described differences in foveal shape
among healthy subjects that should be taken into
account when investigating glaucomatous damage in
the macular region. Moreover, the macular RGCþ
displacement (relative to the photoreceptors) must be
considered when comparing 10-2 data to OCT RGCþ
measures,14,21 and Turpin et al.22 reported that this
displacement can vary among individuals.

We tested the hypothesis that variations in foveal
pit morphology can account for artifacts seen around
the fovea on RGCþ probability maps. In particular,
we evaluated how much of the variance of abnormal
RGCþ probability maps is explained by a set of
morphologic parameters and age.

Methods

This prospective, cross-sectional study was ap-
proved by the institutional review boards of Columbia
University Medical Center and followed the tenets of
the Declaration of Helsinki and the Health Insurance
Portability and Accountability Act. Written informed
consent was obtained from all eligible subjects.

A total of 126 healthy individuals were selected
based upon the following inclusion criteria: age 18
years or older (mean ¼ 38.5; SD ¼ 14), a correction
between þ3.0 and �6.0 diopters (D) spherical,
intraocular pressure (IOP) � 21 mmHg, axial length
between 22 and 26 mm, a normal clinical examina-
tion, including normal optic discs upon review by a
glaucoma specialist, and normal visual fields (SITA
Standard 24-2 test procedure; Carl Zeiss Meditec,
Inc., Dublin, CA). A visual field was defined based
upon a Glaucoma Hemifield Test (GHT) within
normal limits and a pattern standard deviation
(PSD) at P . 5%. Reliable visual field required false
negative responses and fixation losses �33% and false
positives �15%. Exclusion criteria included a history
of ocular disease or a family history of glaucoma. If
both eyes of the same individual were eligible, one eye
was selected randomly for the study procedures.
These 126 eyes had 6 3 6 mm sdOCT macular cube
scans (3D-OCT2000; Topcon, Inc., McAllen, TX)
that were free of eye movement and other artifacts.

RGCþ Probability Map

All participants were scanned using an sdOCT
including optic disc- and macula-centered cube scan
protocol (6 3 6 mm, 128 horizontal B-scans with 512
A-scans). For our study, only the macula-centered

Figure 1. RGCþ layer derived from sdOCT cube scans of the macula of healthy subjects without (left) and with (right) circumfoveal artifacts.
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scans were analyzed. The details of this technique
have been described previously.23 In brief, the
thicknesses of the RGCþ layer were determined using
the sdOCT instrument’s software (Topcon, Inc.).
Based upon the software’s segmentation of the outer
border of the RNFL and outer border of the inner
plexiform layer, RGCþ thickness maps were created
using a custom program in MATLAB (MathWorks,
Inc., Natick, MA).24 Finally, probability maps were
generated based upon the 126 healthy individuals
using a per-pixel z-score. Examples of the resulting
RGCþ probability map for two healthy individuals
are shown in Figure 1. The probabilities correspond-
ing to the pseudo-colors are shown on the calibration
bars in Figure 1. The circumfoveal region (648 blue
circle) was considered abnormal if there were regions
falling below the 1% confidence limit (red area) in
both hemi-retinas.

Deriving Foveal Morphologic Parameters

We used a modified version of the methodology
described by Dubis et al.19 to derive objective metrics

of the fovea. In brief, their analysis was based upon
the work of Williams,25 who described that the
contour of the foveal pit is well represented by a
Gaussian function. However, while this function
approximates the shape of the foveal pit, it does not
completely capture the rim contour. Identification of
the rim contour provides access to the automated
measure of pit depth and diameter. Dubis et al.19

tested several functions for their ability to fit foveal
pit contour, and found that a difference of Gaussians
(DoG) function provides the best fit to the foveal
OCT scans.

First, b-scans corresponding to the horizontal
meridian were identified after manually marking the
center of the fovea. These scans then were rotated by
manually fitting a linear line reference line across the
surface of the retina in the b-scan and rotating until
angle of incidence was 0. The yellow line in Figure 2A
represents the line used for rotation. To extract the
various foveal pit metrics (diameter, depth, and slope)
automatically, a fourth-order negative Gaussian was
fitted to the border between the inner limiting
membrane and vitreous (Fig. 2B). This border was

Figure 2. Fitting a Gaussian to foveal shape. (A) A fourth-order negative Gaussian was fitted to the border between the inner limiting
membrane and vitreous (B). (C) Locations of the foveal center and perifoveal peaks were taken as the locations of the two local maxima
(points A and C) and one local minimum (B), respectively, on the first derivative of the Gaussian.
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defined as a segmentation line produced by the
sdOCT software. Further, this border was hand
corrected using previously validated methods.26 Lo-
cations of the foveal center and perifoveal peaks were
taken as the locations of the two local maxima (Fig.
2C, points A and C) and one local minimum (point
B), respectively, on the first derivative of the
Gaussian. The following morphologic parameters
were defined:

1. Width (W): Horizontal distance from peak to
peak (points A–C, Fig. 2B).

2. Depth (D): Average vertical distances from
foveal pit to each peak (B–A and B–C).

3. Slope (S): Steepest slope of each foveal edge.

These parameters have been used previously in
studies evaluating foveal morphology in retinal
conditions.27–29

Main Outcome Measures

To obtain outcome measures, we: (1) identified
how many eyes had an abnormal circumfoveal region
in both hemiretinas as defined above; (2) defined 95%
confidence limits (CI) of the normative database for
each of the three foveal morphologic parameters; (3)
evaluated how many of those eyes with an abnormal
circumfoveal region had at least one of the three
foveal morphologic parameters falling outside the
95% CI limits; and (4) finally, conducted a binary
logistic regression analysis testing the relationship
between the three foveal parameters, in addition to
age, and the odds of having an abnormal circum-
foveal region. Statistical analyses were performed
using commercially available software (STATA,
version 14; StataCorp LP, College Station, TX).
Statistical significance was defined at P , 0.05.

Results

Consider the RGCþ probability maps for the two
healthy eyes in Figure 1. In one case (A), the
probability map had no abnormal regions, while in
the other eye (B) there was a ring of abnormally thin
RGCþ around the foveal center. Of 126 eyes, 12
(9.5%) had an abnormal circumfoveal RGCþ proba-
bility map as defined above.

Figure 3 shows the histograms with the distribu-
tion of the three anatomic parameters and age for all
126 eyes. In each Figure, the number above the bar
refers to the patient number of one of the 12
‘‘abnormal’’ eyes. For example, in Figure 3A, there

were three eyes (#5, #7, and #12) falling in the bin with
the center at 2.65 lm. In general, these 12 eyes were
not outliers for the three foveal morphologic param-
eters (W, D, S), all of which displayed normal
distributions for the entire sample of 126. That is,
the 12 had parameter values that spanned most of the
range. Similarly, eyes with abnormal circumfoveal
RGCþ thickness were found throughout the age
distribution for the entire sample.

Figure 4 shows the RGCþ probability maps of all
12 eyes with abnormal circumfoveal RGCþ thickness.
Only three of the 12 eyes fell outside the 95% CI on
one or more of the three foveal morphologic
parameters (all three for S and two for W and D).
Those three eyes are shown in the bottom row, the
values in red depicting outliers for the three param-
eters. Only two of the 12 eyes fell outside the 95% CI
for age. Those two eyes (maps 4 and 5 in Fig. 4) fell
above the 95th percentile.

Figure 5 shows the RGCþ probability map (left)
and horizontal b-scans (middle) for eyes with normal
or abnormal RGCþ thickness and morphologic foveal
measurements (right) based upon the 95% CI of the
distribution of parameters investigated. Map A shows
an eye with normal parameters while Maps B to E
show eyes that are outliers for width (B), depth (C),
slope (D), and age (E) despite having normal RGCþ
maps.

The three parameters were correlated significantly
with each other (Pearson’s correlation coefficients, r;
depth versus width, r ¼ 0.3143, P ¼ 0.0003; slope
versus width, r ¼�0.4865, P , 0.0001; depth versus
slope, r¼ 0.5141, P , 0.0001. However, age was not
significantly associated with any of the three param-
eters (all P . 0.175).

A binary logistic regression model was created to
determine whether the three predefined parameters
were associated with an abnormal RGCþ map. The
parameters included foveal width, depth, slope, and
the individual’s age. Each parameter was tested
individually in univariable models and then com-
bined in a multivariable, stepwise backward-selec-
tion model. The results of the univariable and
multivariable models are shown in the Table. Note
that the coefficients were in the expected direction,
that is, abnormal RGCþmaps were more likely with
increased width, decreased depth, and decreased
slope. Based on the univariable and multivariable
models, the slope was the only parameter with a
significant impact on the probability of obtaining an
abnormal RGCþmap (odds ratio [OR] ¼ 0.26; 95%
CI ¼ 0.08–0.80; P ¼ 0.019). Also, the multivariable
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Figure 3. Distribution of (A) foveal width, (B) foveal depth, (C) foveal slope, and (D) age of the entire sample (N¼ 126), showing where
the values from the 12 eyes with circumfoveal artifacts fall.

Figure 4. Macular RGCþ layer probability maps, b-scans, foveal parameters, and age of the 12 eyes with circumfoveal artifacts. Note that
three of the 12 eyes fell outside the 95% CI on one or more of the three foveal morphologic parameters (all three for slope [S] and two for
width [W] and depth [D]). Those three eyes are shown in the bottom row, the values in red depicting outliers for the three parameters.
Only two of the 12 eyes fell outside the 95% CI for age. Those two eyes (maps 4 and 5) fell above the 95th percentile.
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model did significantly better than a null model (i.e.,
intercept only, P ¼ 0.0108, Likelihood Ratio Test).
However, the four parameters only accounted for
11% of the total variability (McFadden’s pseudo-
R2).

Discussion

We tested the hypothesis that variations in foveal
morphology can account for artifacts seen on RGCþ
probability maps in healthy subjects. First, we found

that 12 of the 126 (9.5%) healthy eyes tested with
sdOCT macular cube scans had an abnormal circum-
foveal RGCþ thickness map within the central 48.
However, only three of 12 (25%) eyes were outliers for
at least one of the three predefined foveal morpho-
logic parameters (width, depth, and slope). Finally, a
regression model revealed that, despite a statistically
significant effect of one parameter (slope), the full
model explained only 11% total variability of having
an abnormal circumfoveal RGCþ probability map.
Therefore, despite suggesting a statistically-significant
role of fovea morphology (i.e., slope) on the
likelihood of having an abnormal macular scan, our
findings do not support the premise that fovea
morphology, as measured in this study, has a
clinically-significant role explaining artifacts seen on
macular scans. It is likely that variations in the
distribution of RGCþ thickness are not reflected in
our measures of foveal morphology.

To better interpret the result of macular scans for
glaucoma diagnosis, it is important to understand the
sources of variability and artifacts. In addition, we
strongly recommend evaluating magnified b-scans to
rule out retinal abnormalities, as well as to help
distinguish between glaucoma versus other optic
neuropathies.2,3 With growing interest in the struc-
ture and function of the macula in glaucoma,
clinicians are confronted more frequently with
situations where the OCT results are confusing or
inconsistent with other tests, such as visual fields or
optic disc imaging. Despite new evidence that
glaucomatous damage to the macula is more com-
mon than previously thought, overcalling macular
damage due to artifacts seen on OCT can lead to
misdiagnosis and unnecessary initiation or escalation
of therapy.

Similar to what has been learned regarding the
optic disc and its sources of variability (e.g., size and

Figure 5. Macular RGCþ layer probability maps, b-scans, foveal
parameters, and age for eyes with normal RGCþ plots (normal
circumfoveal thickness). Plot (A) shows an eye with normal
parameters while plots (B) to (E) show eyes that are outliers for
width (W), depth (D), slope (S), and age despite having normal
RGCþ plots.

Table. Results of the Binary Logistic Regression Testing the Association Between the Outcome Variable
(Circumfoveal Artifacts: Yes vs. No) and the Set of Predictors (Foveal Width, Depth, Slope, and Subject’s Age)

Parameter

Univariable Multivariable

OR 95% CI P Value OR 95% CI P Value

Width (per 10 lm) 1.096 0.913 1.315 0.325
Depth (per 10 lm) 0.391 0.146 1.042 0.060
Slope (per 0.1 lm) 0.274 0.094 0.798 0.018* 0.265 0.087 0.804 0.019*
Age (per decade) 1.390 0.921 2.097 0.117 1.380 0.899 2.117 0.140

The multivariable model was performed using a backward selection approach with the significance level of 0.20 for
removal from the model.

* Significant at P , 0.05.
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shape), the macular anatomy also differs among
subjects regarding newly identified parameters.
Among these parameters, the width, depth, and slope
of the foveal pit has a substantial range of values
among healthy subjects (Fig. 3). The variation in these
parameters could be the result, for example, of the
density of RGCs within the macula. For a given area
(e.g., 6 48) some eyes may have a greater number of
RGCs. This could explain differences in slope
between the foveal pit and maxima of the internal
limiting membrane. In fact, this was the only
parameter associated statistically with an abnormal
macular map. To assess the role of the density of
RGCs within the macula on structure–function
relationships, Turpin et al.22 used a model based on
the ratio of an individual’s RGCþ thickness to the
population average. Their model revealed some
asymmetry relative to the center of the fovea, which
was fairly small in the nasal/temporal meridian, but
greater in the superior/inferior meridian. Their results
also demonstrated that although the average individ-
ual RGC displacement did not deviate from the
population displacement, the variation among indi-
viduals was substantial. Based upon this work,
Sepulveda et al.20 showed that individually custom-
ized structure–function maps of the macula using
predefined parameters (central thickness, maximum
thickness, and radius) can predict individual differ-
ences and could help the investigation of glaucoma-
tous damage in the macular region. Future studies
ought to evaluate whether differences in slopes in the
macula can influence structure–function relationships
in that area.

Another important variable tested in our study was
age, and this was based on the knowledge that neu-
ronal density decreases with age in the population.
Notwithstanding, it also is known that such decrease
is less pronounced in the macula than in other parts of
the retina (0.29%/y vs. 0.53%/y).30 We found no
significant effect of age on the likelihood of presenting
an abnormal macular map. Studies have shown a very
small effect of aging (measured longitudinally) on
OCT-measured cpRNFL (�0.54 lm/y)20 and macular
ganglion cell complex (RNFL þ RGCþ, �0.92 lm/
y).31 Based upon our study, age alone or in
combination with other fovea anatomy parameters
did not do well in explaining artifacts seen on sdOCT
macular maps.

One limitation of our study is that it may be
difficult to differentiate artifacts seen on RGCþ
probability maps from true RGCþ loss, especially
when they overlap. Nonetheless, it is important first

to understand what these artifacts look like in
healthy subjects so that they are not confused with
patterns more typical of glaucoma (i.e., arcuate
defects in areas of vulnerability).2 Future studies
investigating the role of the foveal anatomy on the
diagnostic performance (sensitivity and specificity)
of macular maps as well as its influence on detecting
progression are warranted.
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