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Purpose: The purpose of this study was to compare rates of change of various macular
thickness measures and evaluate the influence of baseline damage on macular rates of
change.

Methods: One hundred twelve eyes (112 patients) with ≥ 2 years of follow-up and
≥ 5macular optical coherence tomography (OCT) images and 10-2 visual field (VF) tests
were included. OCT measures of interests were full macular thickness (FMT), ganglion
cell complex (GCC), ganglion cell/inner plexiform layer (GCIPL), ganglion cell layer (GCL),
and outer retinal layer (ORL) thickness in 3° × 3° superpixels. Rates of change were
estimatedwith linear regressionandnormalizedbydividing ratesby theaveragenorma-
tive superpixel thickness. We compared rates of change and proportion of significantly
worsening superpixels (detection rate) and improving superpixels (false discovery rate
[FDR]) among macular measures as a function of baseline thickness and 10-2 VF status.

Results:Median (interquartile range [IQR]) baseline VF mean deviation, follow-up time,
and number of VFs/OCTs were−7.6 dB (−11.8 to−3.8 dB), 4.5 years (4.0–5.0 years), and
9 (8–10), respectively. Normalized FMT and GCC rates of change were faster and detec-
tion rates were higher than GCIPL and GCL (P < 0.001), but FMT had lower FDR than
GCC (P = 0.02); faster FMT rates were partially explained by ORL rates of change. GCC
detection rates were less likely than GCIPL and GCL rates to decrease with diminishing
baseline thickness or worse VF damage. In eyes with 10-2 VF worsening, GCC and GCL
demonstrated the fastest rates of change.

Conclusions: GCC measurements are most likely to detect structural worsening along
the spectrum of glaucoma severity. Although FMT rates of change are least influenced
by baseline thickness, they partially reflect likely age-related ORL changes.

Translational Relevance: GCC thickness measurements seem to be the optimal
macular outcome measure for detection of glaucoma deterioration.

Introduction

Timely identification of disease progression in
moderately to severely advanced glaucoma is a critical
but challenging task because both functional and struc-
tural measures become less informative than in early
disease.1 Although visual field (VF) testing remains
the main method for detection of glaucoma progres-
sion, higher long-term fluctuation with progressing
glaucomatous damage is a major confounding factor

for identifying disease deterioration, particularly at
advanced stages of the disease.2 Detection of progres-
sion with optic disc photographs has poor interob-
server reproducibility andmay be of uncertain utility in
advanced disease where the neuroretinal rim is severely
thinned.3,4 Spectral-domain optical coherence tomog-
raphy (SD-OCT) is a commonly used technique for
measuring structural progression. The peripapillary
retinal nerve fiber layer (RNFL) thickness reaches its
measurement floorwhen themean deviation or sectoral
total deviation, defined as the average of the total
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deviation values within a sector, reaches about −8 to
−10 dB.5,6 Recent studies have shown that macular
measures tend to reach their measurement floor later
than RNFL and may be able to detect change in later
stages of the disease.7–10

Measurement of the ganglion cell layer (GCL)
has been considered the ultimate outcome measure
to gauge and monitor glaucomatous damage in the
macula, but the utility of measuring the GCL proper
remains questionable with current optical coherence
tomography (OCT) technology.11 We have previ-
ously shown that thickness variability is low and
uniform for all macular outcome measures and, there-
fore, the relative measurement variability is inversely
related to the average thickness of a given macular
outcome measure.12 The same study found that
thickness variability increased at very low thick-
ness levels for GCL and ganglion cell/inner plexi-
form layer (GCIPL), likely due to more challenging
segmentation with diminishing thickness and density
gradients. Segmentation errors are more frequent
with thinner retinal nerve fiber layer, which may
confound the identification of structural progres-
sion.13,14 We hypothesized that full macular thick-
ness (FMT) or ganglion cell complex (GCC) thick-
ness measurements would perform better than GCIPL
or GCL measures to detect glaucoma progression in
eyes with moderately to severely advanced glaucoma,
given the lower measurement noise and more reliable
segmentation.

The outer half of the retina beyond the inner
plexiform layer (outer retinal layers [ORLs]) is not
affected by glaucoma, and ORL measurements do
not distinguish between healthy and diseased eyes
or identify glaucomatous progression.15–18 A cross-
sectional study estimated that the entire retina thinned
out at a rate of −0.24 μm/year and that the
outer nuclear layer had the fastest rate among
the individual layers (−0.1 μm/year).19 Although
glaucoma leads to thinning of the inner retinal
layers, ORL thinning is not expected to occur in
glaucoma.15–18

The goals of the current study are: (1) to compare
the magnitude of rates of change at the level of
superpixels and empirically defined macular sectors
for four macular outcome measures consisting of
FMT, GCC, GCIPL, and GCL thickness and compare
those to ORL rates of change; (2) to define empiri-
cal macular sectors based on correlation of structural
rates of change; (3) to estimate the influence of baseline
glaucoma damage on the performance of the above
measures to detect progression; and (4) to compare
structural rates of progression in stable and progress-
ing eyes according to central VFs.

Methods

Study Sample

Eyes from the Advanced Glaucoma Progression
Study (AGPS), an ongoing longitudinal study at the
University of California Los Angeles (UCLA), with
a minimum of five 10-2 VF and macular OCT
images, ≥ 2 years of follow-up, and no other ocular
pathology at baseline and during follow-up were
recruited. The study adhered to the tenets of the
Declaration of Helsinki, was approved by UCLA’s
Human Research Protection Program, and conformed
to the Health Insurance Portability and Accountabil-
ity Act (HIPAA) policies. All patients provided written
informed consent at the time of enrollment in the study.
The enrolled eyes met the following inclusion criteria:
(i) clinical diagnosis of primary open-angle glaucoma,
pseudoexfoliative glaucoma, pigmentary glaucoma, or
primary angle-closure glaucoma; (ii) evidence of either
central VF damage on 24-2 VFs, defined as two or
more points within the central 10° with P < 0.05
on the pattern deviation plot or VF mean deviation
(MD) worse than −6 dB. Exclusion criteria were:
baseline age < 40 or > 80 years; best-corrected visual
acuity < 20/50; refractive error exceeding 8 diopters
(D) of sphere or 3 D of cylinder; and any signifi-
cant retinal or neurological disease potentially affecting
OCT measurements.

Imaging and VF Procedures

Macular imaging was carried out with the Poste-
rior Pole Algorithm of Spectralis SD-OCT (Heidel-
berg Engineering, Heidelberg, Germany). The Poste-
rior Pole algorithm acquires 30° × 25° volume scans
of the macula (61 B-scans spaced approximately
120 μm) centered on the fovea. The software segments
the central 24° × 24° of the measurement cube and
presents data in an 8 × 8 array of 3° × 3° superpix-
els (Supplementary Fig. S1). Each B-scan was repeated
9 to 11 times to improve image quality. The follow-
ing layers were included in the study: (i) FMT, which
is limited by the inner limiting membrane (ILM)
and the retinal pigment epithelium/Bruch’s membrane
complex, and includes all the retinal layers; (ii) GCC,
delimited by the ILM and the inner plexiform layer
(IPL)/inner nuclear layer (INL) boundary, and includes
the macular retinal nerve fiber layer (mRNFL), GCL,
and IPL; (iii) GCIPL, which is delimited by the
mRNFL/GCL boundary and the IPL/INL boundary,
and includes the GCL and the IPL; (iv) GCL, and (v)
ORL, which extends from the outer border of the IPL
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to the retinal pigment epithelium/Bruch’s membrane
complex.

Automated segmentation of individual retinal
layers was performed with the Glaucoma Module
Premium Edition software before data export. Images
were reviewed for segmentation errors and image
artifacts. Any obvious segmentation errors were
manually corrected with the SD-OCT device’s built-in
software. If more than two B-scans within the central
24° of any individual volume scan were of inadequate
quality or showed poor segmentation, that session was
excluded from analyses. A low-quality B-scan image
was defined as quality factor < 15, presence of more
than 10% missing data or inadequate segmentation, or
any artifacts such as mirror artifacts.

Central 10-2 VFs with false positive rates of
15% or less were included. Perimetric progres-
sion was evaluated with pointwise linear regression
(PLR) of threshold sensitivities over time. Each test
location was described as deteriorating (rate of change
≤ −1 dB/year at P < 0.01), improving (rate of change
≥ 1 dB/year at P < 0.01), or otherwise stable. A VF
series was defined as progressing if there were more
than or equal to three deteriorating test locations
after accounting for improving locations. Because
VF progression greatly depends on the method
used to define progression,20,21 we also repeated all
the analyses using another pointwise PLR criterion
(≥ 4 deteriorating test locations with a rate of change
≤ −1 dB/year at P < 0.05) as well as the regression of
the global index MD against time (progression defined
as negative rate of change at P < 0.05).

Statistical Analyses

Rates of change were estimated with univariate
linear regression analysis of thickness against time.
A separate regression was carried out for each eye’s
superpixels and sectors, and for each macular outcome
measure (FMT, GCC, GCIPL, GCL, and ORL). As
various macular measures have different average thick-
nesses, raw rates of progression are not directly compa-
rable; we normalized the rates of change by dividing
them by the average thickness at corresponding super-
pixels/sectors using the normative database provided
by Heidelberg Engineering.

We graphically compared the mean and SD of raw
rates of change at 64 superpixels for various macular
outcome measures. Given the nongaussian distribu-
tion of rates of change, we compared normalized
rates of change with nonparametric tests. As there
is no true external standard to which structural rates
of change can be compared, we compared detection
rates and false discovery rates (FDRs) among macular

measures. The former was described as the percent-
age of superpixels (or sectors) demonstrating a “signif-
icant”negative rate of change defined as a negative rate
with a P value < 0.05. Conversely, FDRs consisted of
the percentage of superpixels (or sectors) showing a
positive rate with corresponding P < 0.05. The detec-
tion rates and FDRs were compared among the differ-
ent measures of interest with a logistic mixed model,
where the detection rate or the FDR were the outcome
variables, the macular measure of interest the fixed
factor, and the eye ID the random effect to account for
within-eye correlations due to the inclusion of multiple
observations (various SPs) from the same eye. Pairwise
differences among the measures of interest were tested
with Tukey test.

Cluster analysis of raw rates of change at super-
pixels for FMT, GCC, GCIPL, and GCL was used
to define macular sectors. To adjust for the differ-
ent normal thickness among the various SPs and
measures of interest, we carried out partial correla-
tion analyses for the raw rates of change of all pairs
of SPs adjusted for their pooled normal thickness.
Pairwise partial correlations were performed between
SPs belonging to the same measure of interest (i.e.
different outcomes were not mixed). The dendrogram
from cluster analysis was examined, and superpixels
whose raw rates of change demonstrated correlation
above an optimal thresholdwere combined into a single
sector. The optimal number of clusters was chosen by
means of an elbow plot. The magnitude of the rates of
change within sectors and sectoral detection rates and
FDR were compared among macular layers. We also
compared rates of change at superpixels and sectors
and detection rates and FDR in stable and progress-
ing eyes based on 10-2 VF progression with linear
mixed and logistic mixed models, respectively. In all the
models, the eye ID was included as the random effect
to account for within-eye correlation. The same analy-
ses were repeated including only the central 24 super-
pixels.10

We divided baseline thickness measurements at
superpixels into 10 deciles for each macular outcome
measure and compared the rates of change and
the proportion of worsening and improving rates of
change for all these measures across the range of thick-
ness measurements at baseline. We also compared the
normalized rates of change, detection rates, and FDRs
of various macular measures as a function of the
baseline total deviation (TD) values at corresponding
10-2 VF locations. Baseline 10-2 VF TD values were
flipped vertically and matched to individual macular
superpixels after correcting for the retinal ganglion
cell displacement (Supplementary Fig. S1).22,23 Some
superpixels did not have corresponding test locations
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Table 1. Detection and False Discovery Rates for Individual Superpixels for Various Macular Measures

Macular Measure Region of Interests Detection Rate False Discovery Rate

FMT Superpixels 26.0% 3.5%
Sectors 31.4% 2.6%

GCC Superpixels 15.3% 4.5%
Sectors 23.8% 4.1%

GCIPL Superpixels 10.6% 4.3%
Sectors 16.7% 3.9%

GCL Superpixels 8.3% 3.9%
Sectors 13.1% 3.0%

ORL Superpixels 14.7% 3.0%
Sectors 18.7% 3.1%

FMT, fullmacular thickness; GCC, ganglion cell complex; GCIPL, ganglion cell/inner plexiform layers; GCL, ganglion cell layer;
ORL, outer retinal layers.

Detection rate was described as the percentage of superpixels demonstrating a negative slope (rate of change) with a P
value of < 0.05. Conversely, the false discovery rate was defined as the percentage of superpixels demonstrating a positive
slope (rate of change) along with a P value < 0.05.

and were excluded from this analysis; eventually 40
superpixels were included. In case more than one VF
test location matched the same superpixel, TD values
were averaged to obtain a single TD value. Total devia-
tion values were categorized in three bins accord-
ing to the severity of pointwise damage at baseline:
> −6 dB, between −6 dB and −12 dB, and worse than
−12 dB. Differences in continuous (i.e. normalized
rates of change) and dichotomous (i.e. detection rates,
FDRs) variables as a function of the baseline thickness
and VF TD values were tested with linear and logistic
mixedmodels, respectively. In all the models, the eye ID
was used as the random effect to account for within-eye
correlations. Pairwise differences among the measures
of interest, baseline decile thickness, and baseline VF
TD values were investigated with Tukey test.

Results

One hundred twelve eyes of 112 patients with
a median (interquartile range [IQR]) age of 68.1
years (62.7-74.0 years) were included in this study.
Most patients were Caucasian (n = 59), followed by
Asian (n = 24), African American (n = 15), and
Hispanic (n = 14) ethnicities. The majority of patients
had a diagnosis of primary open-angle glaucoma
(n= 100), followed by primary angle-closure glaucoma
(n = 7), pseudoexfoliative glaucoma (n = 4), and
pigmentary glaucoma (n = 1). Median (IQR) baseline
10-2 VF mean deviation, follow-up time, and number
of VFs/OCTs were −7.6 dB (−11.8 to −3.8 dB),

4.5 years (4.0-5.0 years), and 9 (8-10), respec-
tively. Figure 1 demonstrates the average mean and
SD of raw rates of change at individual superpixels
across the macula. The raw rates of change increased
as a function of the thickness of the macular measure
in normal eyes, with FMT demonstrating the fastest
change rates. Figure 2 illustrates the topography of
raw rates of change. Except for ORL, the fastest
changing superpixels were observed in the pericentral
macular region. The most nasal column of superpixels
was excluded from all subsequent analyses as they
demonstrated the highest variability. Detection rates
and FDR for pooled individual superpixels according
to outcome measure are displayed in Table 1. The
FMT had the highest detection rate, followed by GCC,
ORL, GCIPL, and GCL; the difference in detection
rates was significant (P < 0.001, Tukey test) for all
the pairwise comparisons, except for GCC and ORL
(P = 0.84, Tukey test). Among the measures of inter-
ests, ORL and FMT had the lowest FDR but were not
statistically different from each other (P = 0.53, Tukey
test). Outer retinal layers had a significantly lower
FDR compared to all the other measures (P <0.001,
Tukey test), whereas the FDR for FMT was similar
to those for GCIPL (P = 0.07, Tukey test) or GCL
(P = 0.68, Tukey test) but was significantly lower
compared to GCC (P = 0.02, Tukey test).

Results of cluster analysis for defining macular
sectors are presented in Figure 3. As shown in Supple-
mentary Figure S2, the 56 macular superpixels (after
exclusion of 8 nasal superpixels) were categorized into
9 sectors using a clustering criterion of correlation
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Figure 1. Average and standard deviation of the raw rates of change at individual superpixels. (A) The raw (non-normalized) mean rates
of change at 64 superpixels across the macular 8 × 8 grid from the Posterior Pole Algorithm of Spectralis SD-OCT for macular outcome
measures. (B) The standard deviation for the raw rates of change at 64 superpixels across the macular 8 × 8 grid for the same macular
outcome measures. FMT, full macular thickness; GCC, ganglion cell complex; GCIPL, ganglion cell/inner plexiform layers; GCL, ganglion cell
layer; ORL, outer retinal layers.

coefficient ≥ 0.315 (distance of 0.685 or closer). The
detection rates and FDRs for the macular sectors are
reported in Table 1. The results were similar to those
for superpixels with the FMT displaying the highest
detection rates (P < 0.001), followed by GCC, ORL,
GCIPL, and GCL. The FDR was lowest for FMT
(P < 0.001) followed by ORL.

Fifteen eyes (13.0%) were determined to be
progressing based on PLR criteria. Normalized
rates of change as a function of VF progression
status are presented in Table 2. Nineteen (17.0%) and
34 (30.4%) eyes progressed according to the alternative
PLR and MD criteria, respectively. When all the SPs

were included, the rates of change did not significantly
differ between progressing and nonprogressing eyes for
any of the measures of interest (P > 0.05). When only
the central 24 superpixels were considered, the rates
of change in eyes with perimetric progression were
faster than nonprogressing eyes for all the macular
measures (P = 0.01 for FMT, and P <0.001 for GCC,
GCIPL, and GCIPL) except for ORL (P = 0.88);
differences in structural change rates between eyes
with and without perimetric progression were larger in
magnitude when only the central 24 superpixels were
considered. Detection rates and FDRs for superpixels
according to presence or lack of VF progression are
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Figure2. Heatmapof the raw rates of change at the 64 superpixels for the variousmacular outcomemeasures. Gray-scale representationof
raw (non-normalized) rates of change at the 64 superpixels from the Posterior Pole Algorithm of Spectralis SD-OCT for themacular outcome
measures explored in the current study. FMT, full macular thickness; GCC, ganglion cell complex; GCIPL, ganglion cell/inner plexiform layers;
GCL, ganglion cell layer; ORL, outer retinal layers. Darker shade indicates faster rates of progression.

Table 2. Normalized Rates of Change (Expressed as %/Year) at Macular Superpixels for all Macular Outcome
Measures

Visual Field Status FMT GCC GCIPL GCL ORL

All superpixelsa Stable −0.231 −0.275 −0.199 −0.150 −0.205
Progressing −0.416 −0.701 −0.317 −0.678 −0.215
P value 0.11 0.06 0.58 0.06 0.93

Central 24 superpixels Stable −0.264 −0.409 −0.357 −0.238 −0.193
Progressing −0.552 −1.306 −1.263 −1.467 −0.176
P value 0.01 <0.001 <0.001 <0.001 0.88

FMT, fullmacular thickness; GCC, ganglion cell complex; GCIPL, ganglion cell/inner plexiform layers; GCL, ganglion cell layer;
ORL: outer retinal layers.

Top, all superpixels; bottom, central 24 superpixels.
aExcluding the most nasal column of superpixels.

displayed in Table 3. Detection rates were higher in
eyes with perimetric progression than in stable eyes
for GCC (P = 0.008), GCIPL (P = 0.018), and GCL
(P < 0.001), but not for FMT (P = 0.43) and ORL
(P = 0.91). There were no significant differences in
FDRs between perimetrically progressing and stable
eyes regardless of the macular measure of interest. The
subanalyses conducted on the central 24 superpixels
yielded similar results. Differences in detection rates
between the two groups increasedwhen only the central
24 superpixels were included except for ORL (P= 0.77)
and FMT (P = 0.20) thickness. Conversely, differences

in FDRs remained nonsignificant for all the measures
of interest. Similar results were obtained when VF
progression was based on the MD rate of change;
whereas the difference in normalized rates of change,
detection rates, and FDRs between perimetrically
stable and progressing patients was less evident when
using the less restrictive PLR criteria (Supplementary
Tables S1, S2).

Baseline thickness measurements of macular
outcomes are not directly comparable as they
have different average normative values; there-
fore, we divided the baseline superpixel thickness
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Figure 3. Definition of macular sectors. Macular sectors were defined based on cluster analysis of raw rates of change for full macular
thickness, ganglion cell complex, ganglion cell/inner plexiform layers, and ganglion cell layer. A cutoff point of 0.315 for the correlation was
used to prune off the resulting dendrogram and create the final 9 macular sectors.

Table 3. Detection Rates and False Discovery Rates at Superpixel Level for Various Macular Measures According
to the Visual Field Outcome at the End of Follow-Up

Detection Rate False Discovery Rate

Macular Measure VF Stable VF Progressing P Value VF Stable VF Progressing P Value

All superpixelsa FMT 25.2% 31.0% 0.43 3.4% 4.2% 0.66
GCC 13.3% 28.1% 0.008 4.0% 7.3% 0.80
GCIPL 10.3% 19.6% 0.018 3.9% 6.9% 0.44
GCL 6.8% 18.0% <0.001 3.5% 6.8% 0.47
ORL 14.2% 17.4% 0.91 2.8% 4.3% 0.36

Central 24 superpixels FMT 27.4% 37.5% 0.20 2.5% 2.2% 0.99
GCC 18.9% 41.1% <0.001 3.5% 4.4% 0.72
GCIPL 14.2% 35.0% 0.001 3.8% 4.4% 0.89
GCL 9.5% 30.3% <0.001 3.4% 7.5% 0.23
ORL 13.6% 15.6% 0.77 3.2% 5.8% 0.33

aSuperpixels belonging to the most nasal column were excluded. FMT, full macular thickness; GCC, ganglion cell complex;
GCIPL, ganglion cell/inner plexiform layers; GCL, ganglion cell layer; ORL, outer retinal layers; VF, visual field.

Detection rate was described as the percentage of superpixels demonstrating a negative slope (rate of change) with a P
value of < 0.05. Conversely, the false discovery rate was defined as the percentage of superpixels demonstrating a positive
slope (rate of change) along with a P value < 0.05.
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Figure 4. Detection rates and false discovery rates of variousmacular outcomes stratified for baseline superpixel thicknessmeasurements.
The proportion of superpixels demonstrating a negative rate of change (presumed progression: detection rate) (A) and positive rate of
change (presumed improvement: false discovery rate) (B) with P value < 0.05 as a function of baseline thickness. The macular thickness at
superpixels at baseline for all outcomemeasures of interest was expressed in deciles tomake them comparable. FMT, full macular thickness;
GCC, ganglion cell complex; GCIPL, ganglion cell/inner plexiform layers; GCL, ganglion cell layer; ORL, outer retinal layers.

measurements into ten deciles for each
measure. Figure 4 shows the proportion of worsening
and improving superpixels demonstrating P < 0.05
(i.e. detection rates and FDRs) for the five macular
measures as a function of baseline thickness. The
GCL, GCIPL, and to a lesser extent GCC demon-
strated diminishing detection rates with decreasing
baseline thickness (P < 0.001, Tukey test). This decline
was much smaller with FMT (P < 0.001, Tukey test)

and was not observed with ORL, whose rate of change
between deciles 1 to 5 and 6 to 10 did not significantly
differ (P = 0.43). In addition, FMT detected the
highest proportion of worsening superpixels across
all macular thickness deciles (P < 0.01, Tukey test),
except when compared to GCC for the five thickest
deciles (P ≥ 0.14, Tukey test) and to ORL for deciles
2 (P = 0.26, Tukey test), 4 (P = 0.64, Tukey test),
5 (P = 0.42, Tukey test), and 6 (P = 0.10, Tukey
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Figure 5. Normalized rates of change of variousmacular outcomes stratified for baseline superpixel thicknessmeasurements. The boxplot
compares normalized rates of change (expressed as percent per year) of superpixels for the five macular outcome measures as a function
of the baseline thickness expressed in deciles. FMT, full macular thickness; GCC, ganglion cell complex; GCIPL, ganglion cell/inner plexiform
layers; GCL, ganglion cell layer; ORL, outer retinal layers.

test). The FDR was uniformly low for all the macular
measures and only slightly increased as the baseline
thickness decreased (P < 0.001, Tukey test) except
for ORL (P = 0.25, Tukey test). Figure 5 provides a
comparison of macular superpixel rates of change as a
function of baseline thickness. Below the third decile,
FMT showed faster normalized rates of progression
compared to both GCIPL (P = 0.03 or below, Tukey
test) and GCL (P < 0.001, Tukey test), whereas it had
significantly faster rates only within the first decile
when compared to GCC (P < 0.001, Tukey test). On
the other hand, FMT rates were significantly slower
than GCC for the thickest four deciles (P = 0.001 or
below, Tukey test). Around the third decile of thick-
ness, the average rates of change for GCC, GCIPL,
and GCL reached 0%/year. The variability of rates
of change was highest for GCL regardless of baseline
thickness. The FMT and ORL normalized rates of
change did not significantly differ at any deciles (P ≥
0.83, Tukey test).

To further explore the impact of the severity of
baseline damage on detection of structural worsen-
ing, we stratified the pooled superpixels as a function
of their corresponding baseline TD values (Fig. 6).
The detection rates decreased with increasing baseline
glaucoma damage for GCL, GCIPL, and GCC.
Among these three measures, GCC had the highest
detection rates along the spectrum of glaucoma sever-
ity, and the difference was significant regardless the
severity when compared to GCL (Tukey test: P <

0.001,P= 0.004, andP= 0.034 for TD values of > −6,

−6 to −12, and <−12 dB, respectively); in contrast,
there was no significant difference between GCC and
GCIPL along the entire spectrum of 10-2 VF severity
(P≥ 0.38, Tukey est). There was a significant difference
between GCL and GCIPL only in superpixels with the
least severe baseline VF damage (Tukey test:P< 0.001,
P = 0.25, and P = 0.97 for TD values of >−6, −6
to −12, and <−12 dB, respectively). Among all five
macular measures of interest, FMT had the highest
detection rate (P < 0.001 for all comparisons, except
versus ORL at SPs corresponding to VF test locations
with moderate [P = 0.019] and severe [P = 0.25]
baseline damage, Tukey test), and its detection rates did
not exhibit any significant trend as a function of disease
severity. The proportion of superpixels with worsen-
ing of ORL increased with glaucoma severity (P <

0.001, Tukey test). FDRs were uniformly low for all
macular measures, and there was no significant differ-
ence within the same macular measure along the entire
spectrum of disease severity (P = 0.08 or above, Tukey
test), except when comparing GCC FDRs for the least
and most severe TD severity groups (P = 0.003, Tukey
test). Figure 7 shows the normalized rates of change of
each macular measurement stratified for the baseline
TD values. The normalized rates of change for GCL,
GCIPL, and GCC became slower (less negative) as the
severity of damage increased (P < 0.001) and reached
0%/year in locations where the baseline TD was worse
than −12 dB. The variability of rates of change was
highest for GCL regardless of the baseline TD values.
The normalized rates of change of FMT and ORL
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Figure 6. Detection rates and false discovery rates for various macular thickness measures stratified according to baseline total deviation
values at 10-2 visual field (VF) locations. The proportion of superpixels demonstrating a negative rate of change (presumed worsening:
detection rate) (A) and positive rate of change (presumed improvement: false discovery rate) (B) with P value< 0.05 as a function of baseline
10-2 VF pointwise total deviation. The baseline total deviation values were categorized in three bins according to glaucoma damage at
baseline: > −6 dB, between −6 dB and −12 dB, and worse than −12 dB. FMT, full macular thickness; GCC, ganglion cell complex; GCIPL,
ganglion cell/inner plexiform layer; GCL, ganglion cell layer; ORL, outer retinal layers.

were similar at the locations with moderate and severe
TD damage (P = 1.0 and P = 0.9, Tukey test), whereas
the ORL had significantly slower rates of change for
locations with a mild baseline VF damage (P < 0.001,
Tukey test). The normalized rates of change did not
considerably change with disease severity for FMT

(P = 0.99), whereas they became slightly faster with
advancing disease severity for ORL (P < 0.001).

Figure 8 provides an UpSet plot for sectoral detec-
tion rates according to various macular measures. The
highest concordance was observed between FMT and
ORL.
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Figure 7. Normalized rates of change of variousmacular outcomes stratified based on baseline 10-2 visual field (VF) total deviation values.
The boxplot compares normalized rates of change at superpixels (expressed as percent per year) for the 5 macular outcomes of interest as
a function of baseline 10-2 VF total deviation values. The baseline total deviation values were categorized in three bins (> −6 dB, between
−6 dB and −12 dB, and worse than −12 dB). FMT, full macular thickness; GCC, ganglion cell complex; GCIPL, ganglion cell/inner plexiform
layer; GCL, ganglion cell layer; ORL, outer retinal layers.

Figure 8. UpSet plot of progressing sectors. UpSet plot of sectors judged as progressing according to each macular measure based on
a negative slope with a P value of < 0.05. The horizontal histogram (bottom left) displays the total number of progressing sectors for each
macular measure. The matrix (bottom) shows selected measures as black dots. When an intersection between two or more measures is
displayed, those measures are marked as black dots and connected by a solid black line. The vertical histogram represents the number of
sectors progressing according to a single measure or the intersections between two or more measures. FMT, full macular thickness; GCC,
ganglion cell complex; GCIPL, ganglion cell/inner plexiform layers; GCL, ganglion cell layer; ORL, outer retinal layers.
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Discussion

Macular OCT imaging has become an accepted
approach to detect early glaucoma and provides infor-
mation about retinal ganglion cells (RGCs) in the
central retina. Macular RGCs relay central visual
information to the brain and are functionally the
most crucial among RGCs. With improved resolu-
tion of OCT devices, measurement of individual inner
retinal layers including GCL is now clinically possible
although none of the studies comparing GCL thick-
ness to other measures have demonstrated its superior-
ity for detecting early glaucoma damage.10,24,25

Detection of disease progression is affected by
the reproducibility of the outcome measure used.
Reproducibility of global, sectoral, and local macular
measurements has been demonstrated to be high.26–28
Miraftabi et al.12 recently showed that regardless
of the outcome measured (including FMT, GCC,
GCIPL, and GCL), intra-session variability at super-
pixels is low and uniform across the macula. With
advancing glaucoma and decreased inner layer thick-
ness measurements, GCL and GCIPL measurement’s
variability increases as they approach their measure-
ment floor.12 We hypothesized that measuring thicker
slabs of macular tissue (GCC or FMT) would pose
a less challenging segmentation task and result in less
noisy measurements as glaucoma worsens to advanced
stages and, therefore, such measures would perform
better for detection of change compared to GCL or
GCIPL.

We found that FMTmeasurements were more likely
to detect statistically significant trends at superpix-
els or sectors over time, followed by GCC measure-
ments. This was despite similar FDRs for all macular
measures. However, the ORL rates also showed
a similar trend. Two findings suggest that ORL’s
downward trends represent possible aging effect rather
than glaucoma worsening. First, the distribution of
superpixel rates of change was mostly diffuse and
did not follow the pattern seen with other macular
measures (see Fig. 2). In addition, rates of ORL change
were not different in perimetrically progressing eyes
compared to stable ones. This is consistent with conclu-
sions of previous studies that ORLs are not affected by
glaucoma and that ORL thickness decreases with age
rather than disease severity.16,17,29

Due to the relatively short-term follow-up, the
overall magnitude of trends was small, and we did
not expect to detect large changes in the central VF.
The average worsening of MD on the 10-2 fields was
about 1 dB in the entire group over the course of the
follow-up. The variability of macular rates of change

decreased with increasing thickness. Normalized FMT
rates demonstrated lower variability and tended to be
larger. Given our approach for normalization, normal-
ized FMT rates would be expected to be slower than
GCC rates as tissue thinning in glaucoma occurs in the
inner retina. FMT rates of change are partially driven
byORL change rates, which likely represent age-related
decay. Although there is no evidence that the outer
retina is affected in glaucoma,16 age-related changes
do occur in the outer retina, which could explain the
faster FMT rates of change compared to GCC.19,29
This is also supported by the fact that FMT and
ORL showed the highest agreement on the UpSet plot
(see Fig. 8).

Correlation of adjacent VF test locations or neigh-
boring superpixels in the macula is a well-known issue
with regard to detection of change. We addressed this
issue in two different ways. First, we usedmixedmodels
with the eye considered as a random effect to account
for within-eye correlations. Second, we grouped super-
pixels into distinct macular sectors based on partial
correlations of raw rates of change adjusted for the
pooled normative thickness of each pair of SPs. The
remaining correlation between sectors was small and
unlikely to be of clinical significance since we used a
lenient cutoff of 0.315 for clustering of rates of change.
The results of sectoral analyses were similar to and
corroborated those for superpixels.

The faster rates of change detected by FMT and
GCCmay be confounded by aging effects. The FMT or
GCC had the highest ability for detection of thickness
changes over time regardless of the underlying mecha-
nism; at least some of the detected change likely repre-
sents real progression. We compared rates of change
in eyes progressing based on pointwise linear regres-
sion of 10-2 VF series to stable eyes. When all SPs were
included in the comparison, the difference in structural
rates of change were not different between perimetri-
cally progressing and stable; when the analyses were
repeated including only the central 24 superpixels,
all macular outcome measures except ORL displayed
faster rates of progression in functionally deteriorat-
ing eyes. The central 24 superpixels sample the central
18° of the macula where the bulk of macular RGCs are
located and where stronger structure-function relation-
ships are observed.10 This further confirms the validity
of our findings. In addition, GCC detection rates were
higher compared to GCIPL and GCL at comparable
FDR in the central macula. Normalized GCC rates of
changewere also equal or lower (more negative) regard-
less of the baseline thickness or 10-2 VF total devia-
tion values at corresponding test locations compared
to GCIPL and GCL. These two findings imply that
GCC may be the optimal outcome measure to be used
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for detection of glaucoma progression regardless of
disease severity.

One limitation of our study is the lack of a normal
control group so that the specificity of our progression
criteria could be formally compared. Aging-related
rates of change have been reported to vary between
−0.10 and −0.5 μm/year for GCC and GCIPL.30–35
The fact that functionally progressing eyes demon-
strated a higher proportion of worsening superpixels
validates the notion that the observed rates of change
at least partially reflect real disease deterioration. The
follow-up length was fairly short in this cohort and,
therefore, age-related decay would be expected to be
small. We continue to monitor this cohort and will
be revisiting this issue after the study eyes have been
followed for a minimum of 5 years.

In summary, our findings strongly suggest that
GCC thickness measurements are likely the optimal
macular outcome measure for detection of glaucoma
deterioration in patients along the spectrum of disease
severity. Increasing measurement noise with advanc-
ing glaucoma diminishes the efficiency of macular
measures for detection of change. Relying on FMT
measures may lead to an overdiagnosis of progression.
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