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Abstract

With the advent of spectral-domain optical coherence tomography (SD-OCT), imaging of the
posterior segment of the eye can be carried out rapidly at multiple anatomical locations, including
the optic nerve head (ONH), circumpapillary retinal nerve fiber layer (cp-RNFL), and macula.
There is now ample evidence to support the role of SD-OCT imaging of the macula for detection
of early glaucoma. Macular SD-OCT measurements demonstrate high reproducibility, and
evidence on its utility for detection of glaucoma progression is accumulating. We present a
comprehensive review of macular SD-OCT imaging emerging as an essential diagnostic tool in
glaucoma.
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I. Background: history of macular imaging in glaucoma

1A. The early days: emergence of OCT as a new tool for ophthalmic diagnosis

Glaucoma is a leading cause of irreversible blindness worldwide.316 The hallmark of
glaucomatous neuropathy is loss of the retinal ganglion cells (RGC) and their axons that
leads to characteristic changes in the optic disc with concomitant visual field damage.317. 319
Early detection of glaucomatous damage and monitoring its progression are essential tasks
in glaucoma management.59: 398, 399 while structural damage in glaucoma can be assessed
subjectively by clinical examination of the optic nerve head (ONH) and the retinal nerve
fiber layer (RNFL),318. 331, 351 sequential introduction of various ocular imaging modalities
revolutionized structural assessment in glaucoma eyes.86: 121

Several imaging tools were explored over the last 3 decades and found to be potentially
useful for the diagnosis and management of glaucoma.

8,9, 15,38, 74, 127, 244, 254, 286, 340, 349, 363 Optical coherence tomography (OCT) has become
the structural imaging technology of choice for glaucoma diagnostics due to the speed of
acquisition, high resolution, and excellent reproducibility.88 342 |t generates cross-sectional
images of the posterior segment by measuring the echo time delay and the magnitude of
backscattered light reflected off the retina or the ONH through the principle of low-
coherence interferometry. Details of this technology have been well described.173 342 |n
brief, OCT uses a low-coherence infrared light source, which is directed through the ocular
media onto the retina to produce an interference pattern. The interference pattern is then
intercepted by a sensor and processed to create two-dimensional images of the retina that
resembles cross-sectional histologic sections.

Objective and quantitative measurements of the ocular structures with high reproducibility
have led to a new paradigm in glaucoma diagnostics.341: 342 Optical coherence tomography
has been widely adopted for detection and monitoring of structural damage from glaucoma.
86, 122 The two-dimensional configuration of the ONH and the circumpapillary RNFL (cp-
RNFL) thickness measurements were originally the primary OCT structural parameters of
interest.28. 121, 244 geveral studies established the capability of cp-RNFL and ONH

measurements to provide reproducible thickness measurements that could aid in glaucoma
management,46: 48, 119, 183, 343

Although macular involvement in early glaucoma had long been reported in histological
studies,# 294 jt was only after the introduction of OCT that it became a focus of interest. Up
to 50% of the total RGCs reside in a multilayered fashion in the macular region, and macular
measurements demonstrate similar or lower inter-subject measurement variability compared
to other OCT structural measurements.21: 70. 368,396 Also, evaluation of the macula targets
the most crucial RGCs affected in glaucoma in the region of their highest concentration and
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could allow early detection of RGC loss and its progression.368: 409 This premise was further
supported by animal studies that showed the susceptibility of macular RGCs to injury in
experimental primate models of glaucoma.84 97. 115,397, 413 \oreover, the number of RGCs
correlated with visual function in histologic studies in both monkeys!31: 132 and humans
with glaucoma.189. 317 Zeimer and coworkers were the first to propose quantitative detection
of glaucomatous damage in the posterior pole by mapping of the retinal thickness with the
Retinal Thickness Analyzer (Talia Technology Ltd.). The device projected an oblique
scanning laser slit beam onto the retina. A video camera recorded the reflected light and
measured the thickness between the vitreoretinal and the chorioretinal interfaces as the
retinal thickness.#26 Their finding of decreased macular thickness in glaucomatous eyes
provided an impetus for subsequent work with OCT.425

1B. Early experience with time-domain OCT

After the introduction of time-domain OCT (TD-OCT), studies reported the utility of
macular thickness parameters for glaucoma detection.

29,30, 112, 120, 124, 126, 141, 173, 182, 217, 237, 261, 302, 374, 407 Gjgvannini and coworkers12 used
an early version of the TD-OCT to measure the macular volume and found progressively
lower macular volume as a function of glaucoma severity. These findings were confirmed by
other studies that reported a significant correlation between macular measurements obtained
by TD-OCT and severity of the disease in adult glaucoma patients,

29,30, 120, 124, 182, 261, 302, 406 a5 \wel| as in children with glaucoma.14! Greenfield and
coworkers120 and Wollstein and collaborators#?? showed that macular thickness
measurements were correlated with RNFL thickness, a sign of concordance between loss of
RGCs and their axons; however, cp-RNFL thickness measurements outperformed macular
thickness measures as far as correlation with visual function was concerned.

Some studies with TD-OCT found that macular thickness measurements were capable of
discriminating between healthy and glaucomatous eyes even in the early stages of the
disease;120. 124, 406, 407261, 302 however, the diagnostic accuracy of cp-

RNFL120. 124, 406,261, 302, 407 gnd ONH261. 406 parameters were higher than macular
thickness measurements. Leung and colleagues?3’ evaluated the macular retinal nerve fiber
layer (MRNFL), in addition to total macular thickness and cp-RNFL, in a group of normal
subjects, glaucoma suspects, and glaucoma patients. They found a significant reduction in
mRNFL thickness in glaucoma compared with normal eyes. However, similar to previous
studies,120. 124, 406:29, 261, 302, 407 ¢ RNFL thickness outperformed both total macular and
mRNFL thickness in terms of detection of glaucoma and correlation with visual function.

Overall, studies performed with TD-OCT provided proof of concept for the potential utility
of macular thickness measurements in glaucoma; however, despite consistently lower
macular thickness corresponding to severity of glaucomatous damage, the diagnostic
accuracy of macular parameters was inferior to cp-RNFL thickness measurement.368. 409
This could be, at least in part, explained by the limited resolution of TD-OCT technology.
Most of these studies relied on total macular retinal thickness for the diagnosis of glaucoma

as a surrogate for thickness of the ganglion cell layer (GCL).
112, 120, 124, 217, 406;29, 30, 126, 141, 173, 182, 237, 261, 302, 374, 407 Glaucoma preferentially affects
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the innermost retinal layers, consisting of the mRNFL, GCL, and the inner plexiform layer
(IPL), the combination of which is collectively known as the macular ganglion cell complex
(GCC).188. 413 Gjven that the outer retinal layers, which are not affected by glaucoma,
constitute 65-70% of the total retinal thickness,*%9 it was proposed that use of macular GCC
to the exclusion of outer layers might improve the diagnostic accuracy of macular OCT
imaging in glaucoma.374. 409

Ishikawa and coworkers173 and Tan and colleagues3’4 used custom software algorithms that
enabled automated segmentation of retinal layers on images acquired with TD-OCT.
Ishikawa et al.173 found that the diagnostic accuracy of macular inner retinal layers (called
MIRL) was similar to cp-RNFL and better than the total macular thickness for
differentiating glaucoma from healthy eyes. Tan and coworkers3"4 were the first to
demonstrate that thinning of the macular inner retinal layers could be detected before visual
field changes occurred in a patients with glaucoma suspects and preperimetric glaucoma.
The findings of these two studies emphasized that analysis of the inner retinal layers might
improve the diagnostic ability of macular parameters; however, macular TD-OCT images
were limited by inadequate scan quality and difficulties in segmenting retinal layers due to
the low signal-to-noise ratio (SNR) and uneven tissue reflectivity across sampling lines
within scans.173. 374

1C. The advent of spectral-domain OCT (SD-OCT) imaging makes measurement of the
ganglion cell machinery possible: advantages of SD-OCT over TD-OCT for imaging of the
posterior pole

The advent of SD-OCT sparked interest in the use of macular imaging in glaucoma because
of its ability to rapidly acquire high-quality images of the retinal structures, facilitating
assessment of individual retinal layers.368: 409 The hardware and software developments of
SD-OCT technology provided many potential advantages for glaucoma detection and
monitoring. The older TD-OCT technology consisted of an interferometer with a low
coherence and broad bandwidth light source. This technology was limited by relying on
time-consuming movement of a reference mirror to relay a signal.88: 234 The SD-OCTs
similarly use a broadband light source, but the moveable reference mirror is replaced with a
stationary mirror and the OCT signal is detected with a spectrometer. This technology relies
on differences in the frequency spectrum of light reflected off different retinal layers where
frequency information from all depth levels in one A-scan is converted into an intensity
profile by Fourier transformation of the acquired signal. The implementation of a
spectrometer allows significantly faster image acquisition and a higher SNR, lowering the
prevalence of motion artifacts. The broadband light source of SD-OCT led a to significant
improvement in the axial resolution, since axial resolution is dependent on the central

wavelength and the half-maximum of the full length of the optical coherence system.
77,88, 224, 293, 403, 404

Compared to TD-OCT systems with an approximate scanning speed of 100-400 A-scans/
second and axial resolution of 10 um, SD-OCT systems are capable of obtaining images
with approximate scanning speeds of 27,000-100,000 A-scans/second and an axial
resolution approaching 3-5um with diminished motion artifacts.>® The enhancement in the
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quality of SD-OCT scans is in part due to the higher spatial resolution of images, but mainly
the result of significantly faster scan speeds that allows averaging of multiple images within
one B-scan. Faster scan rates enable raster scan patterns that provide a more comprehensive
coverage of the area of interest, and also reduce sampling errors and motion artifacts.#04
These improvements allow acquisition of three-dimensional data cubes around the ONH and
in the macula with much less interpolation between adjacent points resulting in enhanced
visualization of cp-RNFL or GCL defects within the 3D data set.338 404 Hence, SD-OCT
allows visualization of spatial details not easily seen on images acquired with earlier TD-
OCT devices.341

The combination of denser sampling and superior resolution led to a significantly higher
precision of SD-OCT measurements. Several studies showed that measurements obtained
with SD-OCT offered improved reproducibility over TD-OCT measurements.98: 116, 263, 264
By minimizing test-retest measurement variability, SD-OCT technology has improved the
ability to monitor glaucomatous change over time.238 New post-acquisitional software
algorithms provide automatic segmentation of multiple individual retinal layers. With
significantly improved scanning speed, image resolution, and SNR, SD-OCTSs not only
allow for more information from the biological tissues to be rapidly acquired and visualized,
but also provide an efficient platform to quantify individual retinal layers in the macular
region that are particularly affected by glaucoma, specifically, the mRNFL, GCL, ganglion
cell/inner plexiform layer (GCIPL) and GCC.

With increasing popularity of SD-OCTSs, many studies investigated the utility of SD-OCT
macular parameters in glaucoma. Some reports used the earlier TD-OCT devices as a
benchmark for comparison. Early studies conducted with SD-OCT technology used
algorithms that were developed to measure the GCC. Yang and coworkers*19 described a
segmentation approach based on gradient information in dual scales that demonstrated high
accuracy and reproducibility in normal subjects. Hood et al.151 later reported very good
intra- and inter-observer reproducibility in 10 normal and 10 glaucoma subjects. In a
landmark study, Tan and coworkers373 found similar diagnostic performance for macular
GCC thickness measured with an early SD-OCT device compared with cp-RNFL
measurements acquired with TD-OCT. Macular GCC measurements demonstrated high
reproducibility similar to cp-RNFL thickness. De Moraes and coworkers89 showed that
variations in foveal shape and anatomy did not contribute to artifacts seen in RGC
probability maps provided by SD-OCT.

II) Application of macular SD-OCT imaging for detection of glaucoma

2A. Factors influencing macular OCT measurements in normal subjects

Many factors can affect the macular thickness measurements in normal subjects.
Understanding the impact of these factors on full macular or inner retinal thickness is
essential in order to take into account the influence of such confounding factors on macular
measurements.

Age—Numerous investigations have demonstrated age as a strong and consistent predictor
of the macular thickness. Most studies showed a consistent reduction in cp-RNFL, full
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macular, GCC and GCIPL thickness with aging; however, the majority of these studies were
based on cross-sectional data.82 114,167, 198, 208, 278, 303, 324, 385 \jyyanza and associates?’8
studied normal eyes from different ethnic groups with Cirrus high-definition OCT (HD-
OCT) (Carl Zeiss Meditec, Dublin, CA, USA); they found that the GCIPL thickness was
stable between 18 and 49 years and then decreased progressively by about 0.10% per year.
They also demonstrated that the age-related GCIPL rate of thinning varied among macular
sectors with the inferonasal and superonasal sectors showing the fastest rates of thinning.
Mauschitz and coworkers2%® studied 1306 individuals ranging from 30 to 95 years with
Spectralis OCT. They found that rates of thinning per decade were —2.98%, —1.17%,
-0.14%, -0.91% and for the GCL, inner retina, outer retina, and total retina, respectively.
The results suggested a significant nonlinear effect of age on GCL. The aging influence on
the macular thickness was more prominent after the sixth decade. Girkin and coworkrs!14
reported a decrease of 0.1 um/year in GCC in a large cross-sectional sample of patients (632
eyes of 350 patients). In contrast, other studies failed to find a significant correlation
between age and GCC thickness; however, the enrolled subjects were mostly young adults in
those reports.177. 371 436 More recently, Chauhan and colleagues investigated age-related
loss of thickness in 6 individual macular layer (RNFL, GCL, IPL, inner nuclear layer, outer
plexiform layer, and outer nuclear layer) and compared those with age-related loss of Bruch
membrane-based minimum rim width (BMO-MRW) and cp-RNFL thickness.>® Their study
sample consisted of 246 white subjects with median age of 52.9 (age range: 19.8-87.3
years). The only factor that was significantly different among subjects of different ages was
the axial length. They found that among the 6 layers studied, only GCL, IPL and inner
nuclear layer displayed statistically significant thinning with advancing age at — 0.11 ym/
year, — 0.07 pm/year, and — 0.03 pm/year, which corresponds to 2.8%, 2.1%, and 0.8% loss
per decade, respectively. The age-related thinning of GCL was twice larger than that of
BMO-MRW and cp-RNFL.

Two longitudinal studies explored the effect of aging on macular thickness parameters.
Leung and coworkers240 reported that the proportion of eyes showing progression based on
GCIPL, inner retina (GCC), full macular thickness (FMT) and outer retina decreased after
age-related changes were taken into account. The mean age-related loss for GCIPL and
inner retina (GCC) were —0.31 pm/year and —0.24 um/year, respectively, after adjusting for
baseline macular thickness, spherical error, and signal strength. Zhang and colleagues*3?
also reported on the age-related decline in GCC thickness ina cohort of normal subjects from
the Advanced Glaucoma Imaging Study who were followed for 5 years. The rates of change
were greater in younger subjects in this study; GCC thickness decreased by —0.31, -0.34
and —0.11 um/year in subjects aged 40-55, 55-65 and >65 years, respectively. The average
yearly rate of thinning for all age groups was —0.25 pm/year, which is consistent with Leung
et al.’s findings.249 A reduction in RGC count of 0.55% to 0.59% per year has been reported
in histological studies.#2: 130 136 The reduction in RGC density tends to be lower in the
macular region at about 0.29% per year. This discrepancy between histological and OCT
age-related rates of RGC decay may be related to limitations of measuring the GCL with
OCT in the peripheral macula where it is reduced only to a single layer of cells as GCL
thickness and RGC density demonstrate high correlation.1%8
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Gender—Most reports regarding the influence of gender on macular thickness
measurements found significant differences in FMT with women having thinner retinal
thickness.89 187,246, 391, 401, 408 The findings on between-gender differences in inner retinal
thickness parameters are more controversial. Huo and coworkers!6” and Zhao and
colleagues*3% found no significant differences in GCC thickness between men and women;
however, Koh and coworkers2%8 found significantly thinner GCIPL thickness in females.
Mauschitz and coworkers2%® reported significantly lower GCL thickness, but similar IPL
thickness measurements, in women compared to men. Ooto and coworkers392 investigated
the influence of gender on individual retinal layer thickness measurements and found that
the inner nuclear layer and outer plexiform + outer nuclear layers were significantly thicker
in men, whereas the mMRNFL was thicker in women. Mwanza and associates?’” reported no
significant differences in average GCIPL thickness between male and female subjects after
adjusting for axial length and ethnicity; however, men had thicker superotemporal and
inferotemporal GCIPL compared to women. In addition, male gender was a significant
negative predictor of mean GCIPL thickness (p = —1.62) in multivariate regression analysis.
Therefore, models incorporating inner retinal measurements for discrimination of glaucoma
eyes from normal subjects may need to take gender into account, although mixed results
suggest small differences that may not be clinically relevant.

Axial length—An inverse correlation between axial length (AL) and total macular
thickness has been well documented.242: 249. 255, 362, 408, 410 \jore recent studies showed the
same trend for the inner retinal layers with thinning of the inner retina with longer AL or
more myopic refractive error.20. 194, 198, 277,348, 371, 436 Tateyama and associates3’?
evaluated the influence of axial length on GCC thickness in young adults with varying
degrees of myopia. They found that GCC thickness (r = —0.384), outer retinal thickness (r =
-0.444) and the total retinal thickness (r = —0.493) were all significantly correlated with AL.
Lam et al.213 evaluated the relationship between myopia and macular thickness at the fovea,
the inner macular 1-3 mm ring and the outer 3-6 mm ring in 143 subjects with high myopia,
low to moderate myopia and non-myopic eyes. The average foveal thickness had a
significant positive correlation with AL (r =0.374), i.e., longer AL was associated with
thicker central fovea; in contrast, the macular thickness within the outer 3-6 mm ring
demonstrated a significant negative association with AL (r = —0.471) and showed no
correlation with AL at the inner 1-3 mm ring. Kim and coworkers!®® reported that mean
GCC thickness decreased by approximately 1.6 um for each millimeter increase in AL and
by about 0.8 um per 1 D of worsening myopia. Mwanza and colleagues2’® found AL to be
inversely related to GCIPL thickness (p = —0.87 um/mm), with a 1.1% reduction in average
GCIPL thickness for every millimeter increase in AL as measured with Cirrus HD-OCT.
Another study failed to find a significant association between inner retinal thickness
parameters and AL or refractive error.167

The influence of AL or myopia has been attributed to both magnification error and true
retinal thinning in elongated globes. The inner retina undergoes progressive thinning as a
result of mechanical stretching of the sclera, although there is no clear histological evidence
supporting degeneration of RGCs with an increase in AL. The reduction in measured inner
retinal thickness parameters with longer AL could also be due to the effect of ocular
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magnification on the measured area of interest, however, none of the available OCT device
software fully correct for the magnification error. Higashide and coworkers42 studied the
effect of clinical factors and magnification correction on the total and inner macular
thickness. A modified Littmann’s formula (Bennett’s formula), which takes only AL into
account, was used to correct for ocular magnification. They reported that the significant
correlation between inner retinal thickness and AL became non-significant after
magnification correction.

Ethnicity—Most previous investigations found that African-American subjects had thinner
total retinal thickness measurements in comparison to Caucasian24 113,123,185, 187, 391 g
Hispanic subjects;113: 185 however, there are few studies on the influence of ethnicity on
inner retinal thickness measurements. Girkin and associates13 reported that African-
Americans had the thinnest GCC measurements compared to other ethnic groups including
subjects of European descent or Hispanic ethnicity, Indians, and Japanese. The diagnostic
ability of macular measurements for detection of glaucoma was, however, similar across
ethnic groups in another study.113

Miscellaneous—The role of systemic factors such as body mass index, diabetes and
systemic hypertension on macular parameters have been investigated with no significant
relationship found in one report.298 Another study evaluated the effect of diabetes and
diabetic retinopathy (DR) on FMT and found that moderate to severe DR was associated
with increased foveal and outer temporal macular thickness but there was no difference in
macular thickness in eyes with mild DR and in diabetic patients without DR.39 Presence of
systemic hypertension has been associated with a reduction in central macular thickness over
time.219

In summary, macular thickness measurements decrease with aging. Longer AL is also
consistently associated with thinner macular measurements. Subjects of African descent tend
to have thinner macular measurements compared to other ethnicities. Many studies reported
thinner macular thickness in women while some others found no differences between
genders.

2B. Review of macular imaging algorithms by various OCT software

Cirrus HD-OCT—The original time-domain OCT devices introduced by Carl Zeiss
Meditec had slow scanning speed and low resolution. Stratus OCT, the fastest commercially
available TD-OCT device, had a speed of 400 A-scans per second resulting in a resolution of
10 um. Cirrus HD-OCT (Carl Zeiss Meditec, Dublin, CA, USA) is an SD-OCT with a speed
of 68,000 scans per second in the latest version (Cirrus HD 6000). The faster speed enables
higher resolution scan acquisition and less image artifact compared to TD-OCT. Cirrus HD-
OCT provides the combined thickness of the GCL and IPL, called the GCIPL, in the
Ganglion Cell Analysis printout. The Cirrus HD-OCT macular volume scan (Macular Cube
200x200) measures a 6x6x2 mm cube in an emmetropic eye and consist of 200x200 or
512x128 A-scans centered on the fovea. The FMT is represented as an ETDRS grid with
thickness measurements in 8 sectors that cross the horizontal midline (Figure 1A). After
segmentation of the inner layers, a Ganglion Cell Analysis (GCA) map is also provided
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(Figure 1B). The GCIPL thickness is presented on the GCA printout within a horizontally
oval 4.8x4.0 mm area after exclusion of a central perifoveal ellipse 1.2x1.0 mm in size.
Global average GCIPL, minimum GCIPL (see below), and GCIPL thickness in 6 wedge-
shaped sectors are provided (Figure 1B).

The normative database for Cirrus’ macular OCT measurements is based on a multicenter (7
centers) prospective study. Two hundred eighty-two normal subjects (133 males and 149
females) with age ranging between 19-84 years (mean age: 46.5 years) were enrolled. Six
age categories were defined based on decades. Since there were only 28 subjects aged 70-79
years and only 3 subjects above age 80, results in these age groups should be interpreted
with caution. There is no normative database for subjects younger than 19 years. The ethnic
composition of the enrolled subjects was as follows in numerical order: Caucasian, Asian,
African American and Hispanic; however, the mean difference in average GCIPL thickness
between any pairs of ethnicities was 6 pm or less. The refractive error of the normative
group varies between —12 to +8 D. It must be noted that the results of Cirrus’ macular
measurements and printouts for individual subjects are adjusted only for age, not by
ethnicity or any other clinical factors such as axial length, refraction, optic disc area, or
signal strength.1 Mwanza and coworkers evaluated the profile and predictors of GCIPL
thickness in Cirrus’ normative database. They found that thinner RNFL, older age, longer
axial length, and male gender were independent factors associated with thinner GCIPL.
They concluded that the effect of age, axial length and gender should be taken into account
for interpretation of Cirrus HD-OCT’s GCIPL thickness measurements.27®

RTVue SD-OCT—The RTVue (Optovue Inc. Fremont, CA, USA) is an SD-OCT system
with a speed of 26,000 A-scans per second and depth resolution of 5 um (Figure 2). The
newer SD-OCT device from Optovue (Avanti) has a speed of 70,000 A-scan/second and
follows the same strategy for imaging the macula in glaucoma patients. A 3D scan of
macular GCC over a 7-mm square centered 0.75 mm temporal to the fovea is provided. Tan
and colleagues originally defined GCC as a new macular parameter on RTVue 1000 macular
cube for detection of glaucoma.3’2 They also introduced two new OCT parameters, the
global loss volume (GLV) and the focal loss volume (FLV) to distinguish glaucoma from
normal subjects. Global loss volume (GLV) is calculated by first measuring percent
thickness loss in each pixel in relation to the normative database and then dividing the
number of these pixels by the total number of pixels. Therefore, GLV represents the
percentage of global GCC loss in the entire GCC map. Focal loss volume (FLV) creates a
pattern map based on thickness values at each pixel and compares it to the normative
database average pattern map; the difference between these is then calculated as a difference
map. To calculate FLV percentage, the software divides pixels displaying a thickness
measurement less than 1 percentile probability cutoff on the difference map by the total
number of pixels. Therefore, FLV displays focal loss of GCC in the entire GCC map (Figure
2).

The RTVue device’s normative database consists of 861 normal subjects enrolled at 15
centers. A major advantage of RTVue’s normative database is that it allows users to choose a
specific ethnic group for comparison. Additional factors adjusted for are age and optic disc
size (for RNFL measurements). The age range of the database subjects varies from 19 to 82
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(mean age: 50 years).3%8 Girkin et al. evaluated the influence of race, age, disc size and
disease severity on diagnostic ability of ONH, RNFL and macular OCT thickness
measurements in group of 312 eyes of 167 normal subjects and 233 eyes of 163 glaucoma
patients.113 Subjects of African and European descent were included with a mean age of
47.4 and 54.8, respectively. The spherical equivalent for the enrolled eyes varied between -5
to +5 D. They found that RTVue OCT’s diagnostic performance did not significantly
improve when a race-specific normative dataset was used.

Topcon 3D-OCT—Topcon 3D-OCT (Topcon, Inc., Paramus, NJ, USA) has had multiple
generations including 3D-OCT 1000 and 3D-OCT 2000 and a newer swept-source (SS)
OCT (DRI OCT-1). Topcon 3D-OCT has the ability to acquire up to 50,000 A-scans per
second. The typical scan area is 6x6 mm and 128 horizontal linear B-scans consisting of 512
A-scans in each B-scan are carried out resulting in a depth resolution of 5 pm. In contrast,
DRI OCT-1 has the ability to acquire up to 100,000 A-scans per second and can acquire
widefield scans measuring up to 12x9 mm with 256 horizontal linear scans each comprised
512 A-scans with a depth resolution of 8 um. Macular RNFL, GCIPL and GCC are
presented in a single 3D wide-field report.

The Topcon OCT device’s normative database was collected at 6 centers in the United
States. The age range varies between 19-84 years with a female to male ratio of 122/67.
Most of the subjects were Caucasians (64 %) followed by African-American and Hispanic
ethnicities. Based on the inclusion criteria, the axial length and spherical equivalent of the
enrolled subjects were between 22 and 26 mm and -6 D and +3 D, respectively.37?

Spectralis SD-OCT—The macular imaging algorithm of the Spectralis SD-OCT
(Heidelberg Engineering GmbH), called the Posterior Pole Algorithm (PPA) or Posterior
Pole Asymmetry Analysis (PPAA), consists of 61 horizontal B-scans, each comprised of 768
A-scans, which are acquired along the Bruch’s membrane opening (BMO)-fovea axis. Each
B-scan is repeated 9-11 times to decrease speckle noise (Automatic Real Time or ART =9—
11). The data are then averaged and an 8x8 thickness grid (64 superpixels, 3° wide) for the
layer of interest is created (Figure 3 A and B). The output provides direct thickness
comparisons between corresponding superpixels of fellow eyes and between corresponding
superior and inferior superpixels of the same eye. However, no comparison to normative data
is available on the PPAA. The latest software (Glaucoma Module Premium Edition or
GMPE) is able to segment all the individual retinal layers.

The characteristics of the normative database for Spectralis have not been formally
published although some studies have reported data on small groups of normal subjects.
59,123, 295,296 Chauhan and coworkers®® evaluated 254 normal white subjects with equal
number of patients per decade up 90 years (median age: 52.9 years) to calculate age-related
loss of 6 individual macular layers. A decline in GCL thickness with advancing age was
reported.

2C. Detection of preperimetric and perimetric glaucoma with macular OCT imaging

A diagnosis of preperimetric glaucoma is made when there is evidence of glaucomatous
optic disc changes or RNFL loss on clinical examination or structural tests while no
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definitive sign of VF loss is present on standard automated perimetry (SAP); therefore, it
should be considered a form of early glaucoma. On the other hand, in eyes with perimetric
glaucoma, an established glaucomatous VVF defect is observed on SAP. Assessment and
comparison of various glaucoma diagnostic tests for detection of glaucoma has been
frequently based on measuring the area under receiver operating characteristics (ROC)
curves (AUC), sensitivity, and specificity; however, there are shortcomings to these
approaches such as dependence of the results on the dataset, challenges with definition of
glaucoma and normal eyes and results are often inflated by bootstrap techniques used to
calculate the 95% confidence intervals.171

Studies on detection of glaucoma based on Stratus OCT mainly focused on total macular
thickness measurements. The AUCs for discriminating between glaucoma patients and
normal subjects with total macular thickness ranged from 0.53 to 0.64 for glaucoma
suspects/preperimetric glaucoma eyes'24 237 and 0.68-0.88 in perimetric glaucoma.

124,237, 261, 406 The highest AUC was observed in the temporal outer macular region on the
EDTRS grid.261. 394 Ojima and coworkers3%2 and Wollstein and colleagues#® used the
macular volume for this purpose and reported AUCs of 0.800 and 0.919, respectively, for the
detection of perimetric glaucoma. Evaluation of inner retinal layers for detection of
glaucoma was proposed for the first time by Tan and coworkers,374 who reported an AUC of
0.8 for macular GCC with Stratus OCT measurements.

Utility of GCIPL thickness measurements from Cirrus HD-OCT for detecting glaucoma has
been evaluated in many studies. The AUCs for the average GCIPL thickness ranged between
0.67 and 0.94 for early to moderate glaucoma?3: 60. 179, 194, 214, 279, 287, 300, 420, 437 ¢
0.730 to 0.953 for advanced glaucoma.179 420. 437 Mwanza and coworkers2’? introduced a
new local thickness parameter known as minimum GCIPL thickness defined as the GCIPL
thickness on the meridian showing the lowest average measurement.2’® The minimum
GCIPL thickness was found to be the best GCIPL parameter for discriminating early
glaucoma (perimetric and preperimetric) from normal eyes by some investigators (AUCs
0.860-0.962).43. 179, 214, 276, 279, 300, 420 Among sectoral GCIPL thickness parameters, the
inferotemporal and inferior macular sectors perform best for distinguishing between normal
subjects and early glaucoma patients (AUC of 0.79-0.96 and 0.77-0.94, respectively).
43,179, 214, 276, 279, 287, 300, 322, 420 Hyang and coworkers showed that absence of a macular
GCIPL defect on the Ganglion Cell Analysis in eyes with glaucoma was associated with
increased angular distance of the peripapillary RNFL defect from the temporal region on the
TSNIT curve.169

Kim and coworkers demonstrated that a GCIPL hemifield test with Cirrus HD-OCT had an
AUC of 0.967 (sensitivity 94.9% and specificity of 98.5%) for differentiating preperimetric
glaucoma eyes from normal controls in Korean patients.24 The corresponding numbers for
early perimetric glaucoma were an AUC of 0.962 with a sensitivity of 94.0% and specificity
of 96.6%. In both comparisons, the AUCs for the GCIPL hemifield test were higher than that
of the best macular parameter, i.e., minimum GCIPL thickness (p =0.09). The GCIPL
hemifield test performed better than cp-RNFL thickness parameters in this study (p <0.01).

It must be noted that results in Asian patients with a high prevalence of normal-tension
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glaucoma may not be generalizable to other populations, given the sometimes localized
nature of the glaucomatous damage in such eyes.

Although more recent platforms, such as the Avanti OCT, are available from Optovue, most
studies used older versions of Optovue devices to assess its performance in glaucoma
detection. The reported AUCs for the average GCC thickness measurements for detection of
glaucoma in preperimetric and early perimetric glaucoma range between 0.72—

0.795,21: 245, 321, 332 g 0.79-0.977,21:145, 205, 273, 326, 339, 346 regpectively. The RTVue 100
software provides superior and inferior macular hemiretinal thickness measurements; in
most studies, the inferior macular GCC thickness demonstrated a higher AUC (0.75-0.98 for
all levels of glaucoma severity) compared to the superior GCC.

21,145, 245, 273, 321, 326, 332, 339, 346 A\|50, global loss volume (GLV) performed better than
focal loss volume (FLV) with AUCs of 0.59-0.76 and 0.78-0.92 for preperimetric and
perimetric glaucoma, respectively,21: 245. 321, 326, 332, 339, 372 5ome investigators reported
GLV to be the best GCC parameter to detect preperimetric and early glaucoma;

21,332,339, 373, 39 twg other studies, however, reported that the average and inferior macular
GCC thickness performed better,245: 321

Huang and coworkers assessed the ability of inner macular parameters for detecting
perimetric glaucoma from glaucoma suspects and compared it to cp-RNFL parameters.165
The average cp-RNFL thickness and inferior GCC thickness had the best performance (AUC
=0.919 and 0.871, respectively). They used stepwise linear discriminant analysis to
formulate a discriminant function for improving diagnostic capability by combining various
OCT parameters. The AUC for the final linear discriminant function was 0.970, which was
significantly larger than the best single RTVue OCT parameter (p =0.002).

There are relatively few studies reporting the performance of Topcon 3D-OCT inner retinal
layer measurements for detection of glaucoma. Nakatani and associates explored FMT
measurements to discriminate early glaucoma patients (including preperimetric eyes) from
normal subjects.2%2 The global FMT had an AUC of 0.53 with 16% sensitivity at 91%
specificity. The best regional thickness measurements were outer temporal, outer inferior
and inner inferior macular areas based on the EDTRS grid. Yoshida et al. investigated
GCIPL measurements derived from the Topcon 3D-OCT device for the same task.#2 The
global GCIPL thickness had an AUC of 0.894, while the superior and inferior hemiretinal
GCIPL thickness measures demonstrated AUCs of 0.794 and 0.918, respectively. Kotera and
coworkers evaluated Topcon 3D-OCT’s ability to differentiate eyes with suspected or
preperimetric glaucoma from normal eyes. The inferior temporal outer sector had the largest
AUC (0.86 £ 0.05) compared to other parameters. The AUC for this parameter was also
significantly larger than the best cp-RNFL parameters, namely RNFL thickness in the 6
o’clock sector and inferior quadrant (p =0.001 and 0.009, respectively). Most of the patients
in this cohort had evidence of glaucoma damage in the inferior optic disc region and
therefore, the findings might be a reflection of the characteristics of the selected sample.

Recent studies based on DRI OCT-1 are encouraging. Yang and coworkers*20 evaluated the
diagnostic ability of GCC and GCIPL for early glaucoma with DRI OCT-1 and compared
the results to Cirrus HD-OCT. The AUCs for the average and sectoral macular GCIPL and
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macular GCC varied between 0.65 and 0.81 and 0.71-0.84, respectively, for differentiating
between healthy and glaucomatous eyes. The diagnostic accuracy of OCT parameters was
generally similar between the two OCT modalities, as shown in two other studies.232: 233 |n
another study by Lee and associates232, inferior and inferotemporal macular ganglion cell
measures (GCIPL with or without mRNFL) showed the largest AUC for detection of
preperimetric and early perimetric glaucoma. Hood and colleagues recently showed that a
single, wide-field scan from DRI OCT-1 could detect glaucoma with very high sensitivity
and specificity when the judgment of two glaucoma specialists who had access to 24-2 and
10-2 VFs, fundus photos, patient chart information, and Hood’s single-page report was used
as the external reference.152 Hong and coworkers compared the ability of wide field swept-
source OCT scans providing macular and cp-RNFL data for discriminating glaucoma to
standard macular and RNFL scans and found no significant difference, although the former
has the advantage of providing data ina single image.14’

Sullivan-Mee and associates3%6 used FMT measurements from Spectralis PPA to detect early
glaucoma. The inferior macular thickness displayed the highest sensitivity: 65% and 48% at
80% and 95% specificities. Among the inter-eye macular asymmetry parameters, the AUC
was largest for the inter-eye macular thickness difference (0.913). Several other studies using
the same algorithm found similar results.”>: 76. 344, 416

The diagnostic ability of individual or combined layer measurements derived from Spectralis
OCT has been explored in recent investigations. The GCL31. 65,90, 243, 253,295 G 65 192
and mRNFL®8 thickness were found to be the single best parameter for detection of
glaucoma in different studies; however, no consistent difference has been observed between
macular outcomes of interest. Inner macular thickness measurements on larger grids®® or
outer sectors3l: 68, 243, 295 haye displayed better diagnostic capability for early and
preperimetric glaucoma. Also, temporal3L: 295 or temporal and inferior58: 90 macular sectors
have generally performed better for this task. Segmental macular analysis also showed good

diagnostic performance for detection of normal tension glaucoma and congenital glaucoma.
68, 90, 243, 272

Zha and colleagues*2” evaluated FMT measurements derived from PPA in primary angle
closure suspects; they reported thinner measurements and larger asymmetry in primary angle
closure suspects compared to normal eyes. Alluwimi and coworkers0 explored the FMT and
GCL thickness asymmetry for detection of glaucoma and found that variability in
asymmetry was lower than thickness measurements and, therefore, asymmetry measures
were superior for identifying early to moderate disease (average sample MD = -5.1 dB). It
should be noted that such asymmetry measures could miss glaucoma with symmetrical
damage, which is not uncommon.14° They also found that GCL asymmetry tended to
perform better than FMT asymmetry for the same purpose. Vercellin and associates38?
developed a custom-built software to calculate GCC and total macular thickness and volume
with Spectralis OCT. They found that GCC volume within a ring extending from 3 to 4 mm
from the fovea had the best diagnostic performance among 3-D parameters.

In summary, inner retinal thickness measurements of the central macula perform well for
detection of glaucoma, including early/preperimetric stage. The best-performing parameters
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among different devices include the minimum GCIPL thickness and GCIPL hemifield test
(Cirrus HD-OCT), and the inferior hemiretina GCC thickness and the GLV index (RTVue
OCT). Inter-eye asymmetry of full and inner macular thickness measurements with
Spectralis OCT have also been reported to have good discrimination ability.

2D. Comparison of macular parameters to ONH/RNFL measures for detection of

glaucoma

Diagnostic performance of any given parameter depends on many factors in a stud,y
including the inclusion and exclusion criteria, the mix of glaucoma severity, the ethnic
profile of patients, and the prevalence of myopia in the sample. Overall, cp-RNFL
parameters have been shown to have higher AUC and sensitivities/specificities for detection
of glaucoma than FMT parameters.237. 257, 261, 287,302, 406 |y contrast, when inner macular
layer parameters were compared to cp-RNFL measures for this purpose, most of the
available reports found no significant differences between the two types of measures.

60, 90, 147, 194, 232, 233, 243, 300, 321, 332, 339, 366, 374, 420 A few studies reported that macular
parameters performed better than those of cp-RNFL.71: 179, 205,256, 273, 387 A meta-analysis
by Kansal and associates of 150 studies that evaluated 16,104 glaucomatous and 11,543
normal eyes compared the ability of cp-RNFL and macular parameters for detection of
glaucoma.184 For preperimetric and mild glaucoma, the AUC of the average cp-RNFL
(0.831 and 0.912, respectively) was higher than the average macular GCC (0.797 and 0.861,
respectively). In more advanced stages of glaucoma and in myopic eyes, the performance of
the cp-RNFL and macular parameters were comparable. Results of a pooled AUC analysis
also revealed that the difference in diagnostic performance among various devices was not
significant. Morreno and colleagues?’3 found that the average and superior macular inner
layer thickness had significantly larger AUCs than average and superior cp-RNFL thickness,
respectively. Kita and coworkers2%° reported that the global average GCC to FMT ratio
performed better than mean cp-RNFL thickness and average FMT for discrimination
between normal and early glaucoma patients. In a study by Mayama and co-investigators2>®,
the most sensitive mMRNFL and GCC parameters demonstrated superior performance
compared to the best cp-RNFL parameter. A recent longitudinal study reported that the
macular GCIPL deviation map was superior to cp-RNFL for earlier detection of change in
glaucoma.292 This was attributed to early involvement of the macular vulnerability zone (see
below). This is in contradiction to histological studies that indicated that death of the RGC
soma occurs after axonal degeneration.#28 This finding may be related to the differences in
the respective layer thickness measurements in the macula and the peripapillary area.292 An
earlier study showed that although both cp-RNFL and macular GCL were thinned in
glaucoma, the GCL was substantially thinner, especially in eyes with parafoveal VVF loss.
204,279, 415 Fyrthermore, the GCL thickness overlap for normal and glaucomatous eyes was
minimal.279 414 A few other studies, however, found that cp-RNFL thickness performed

better than macular parameters for detecting early and preperimetric glaucoma.
37, 245, 265, 268, 309

The diagnostic ability of inner macular thickness measurements has been reported to be the

same as, or superior to, ONH parameters for the detection of perimetric glaucoma.279 339 A
recent population-based study in China showed that the best Cirrus HD-OCT ONH
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parameter (vertical cup to disc ratio) had a higher AUC than the best GCIPL parameter
(minimum GCIPL thickness). However, this study included patients with a wide range of
severity with an average MD of -8.9 dB.297 Inner macular thickness OCT measurements
also performed better than OCT angiography parameters (macular vessel density) for
detection of glaucoma in other studies.306: 392

Inner macular thickness measures may perform better than cp-RNFL thickness in highly
myopic patients,291: 355, 356, 395, 435 Akashi and coworkers found that cp-RNFL thickness
parameters performed significantly worse for detection of glaucoma in highly myopic eyes
compared to non-highly myopic eyes whereas GCC’s performance was not significantly
different.® The topographic distribution of cp-RNFL thickness is altered in myopia. In
addition, optic disc tilt and peripapillary atrophy, frequent findings in myopic eyes, may
affect the cp-RNFL thickness measurements. Reproducibility of macular OCT
measurements is good in myopic eyes. Lee and colleagues evaluated reproducibility of
GCIPL thickness with two macular SD-OCT images =1 year apart in 99 eyes of 99 patients
with high myopia without glaucoma and found that GCIPL thickness measurements were
highly reproducible in highly myopic eyes; however, chorioretinal atrophy and posterior
staphyloma affected measurement repreoduciblity.?23 Similar to studies reporting on sectoral
and regional macular OCT parameters (see section 2G; factors affecting the SF relationship),
studies in myopic patients have reported that the inferotemporal GCIPL was the best
discriminator between normal and glaucomatous eyes, especially for detection of
preperimetric glaucoma in highly myopia glaucoma patients.6: 166, 345

The topographic pattern of glaucoma damage also influences the diagnostic ability of OCT
imaging. Seong and coworkers demonstrated that GCC thickness performed as well as cp-
RNFL in eyes with normal tension glaucoma and early involvement of the central 10 degrees
of the VVF.346 Shin and associates showed higher diagnostic performance for minimum
GCIPL thickness in comparison with the average cp-RNFL thickness in eyes with parafoveal
VF loss. Kim and colleagues!®’ evaluated the influence of the profile of localized RNFL
defects on diagnostic performance of cp-RNFL and GCIPL thickness measures. The inner
directional angle of the RNFL defects rather than the angular width, affected diagnostic
sensitivity of macular GCIPL; sensitivity of the GCIPL measures was higher in eyes with an
inner directional angle of less than 30° (i.e., those closer to the temporal quadrant) compared
to those with a directional angle of 30°-59.9° or greater than 60°.

Hood and colleagues®® introduced the concept of the ‘macular zone of vulnerability’
(M2V), referring to a region extending from the inferior portion of the temporal quadrant of
the macula to the temporal portion of the inferior quadrant of the disc (Figure 4). The
inferior region of the macula (the MZV), mostly projects to the inferior pole of the disc, a
region that is particularly susceptible to glaucomatous damage. Kim and coworkers2%3
showed that all glaucoma patients with cp-RNFL defect in the MZV also showed inferior
macular GCIPL loss, but the reverse was not true; there were several eyes with inferior
macular GCIPL loss that did not display cp-RNFL defects in the MZV. A longitudinal
investigation by the same group further confirmed this finding;292 twenty percent of eyes
with initially inferior macular GCIPL loss without cp-RNFL defect in the MZV
subsequently showed an RNFL defect during a 3-year follow-up interval. Meanwhile, only
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2% of eyes without preexisting inferior macular GCIPL loss developed a cp-RNFL defect in
the MZV in the same period (p <0.001).

In summary, inner macular thickness measurements demonstrate similar diagnostic ability
for detection of glaucoma compared to cp-RNFL thickness; the former also perform as well
as or better than ONH parameters for this purpose; in addition, macular measurements may
be the best parameters for detection of glaucoma in myopic eyes.

2E. Combining various OCT parameters for detection of glaucoma

Several studies have investigated whether a combination of structural parameters (including
ONH, cp-RNFL, macular, and OCT angiography parameters) could perform better than any
individual measure. A variety of algorithms and statistical models, mainly based on logistic
regression248. 276, 300, 339,214, 281 or machine learning techniques,?2: 306. 421 have been used
for this purpose. With some exceptions, combined parameters generally performed better
than any individual parameter for detection of glaucoma.

Schulze and colleagues33° proposed a model combining the best ONH, cp-RNFL, and
macular OCT parameters (cup-to-disc ratio, average cp-RNFL thickness, GCC global loss
volume) along with age. The resulting model was better than any of the individual
parameters for discriminating early glaucoma patients from healthy subjects. This model did
not discriminate well, however, ocular hypertensive patients from healthy subjects. Nouri-
Mahdavi and coworkers found that a combination of the best macular parameter (minimum
GCIPL) and the best cp-RNFL parameter (inferior quadrant cp-RNFL thickness) performed
better than either modality for separating perimetric glaucoma eyes from normal subjects.3%0
The combined model had a higher AUC than either parameter (Figure 5). Mwanza and
collaborators introduced and validated the University of North Carolina Optical Coherence
Tomography (UNC OCT) index, which combines the ONH, cp-RNFL, and GCIPL
parameters.281: 283 These investigators showed that the AUC for the UNC OCT index was
larger than any single parameter for detecting glaucoma eyes with early VF loss. Another
study by the same group explored a combination of the best GCIPL with the best cp-RNFL
or ONH parameters using a binary or-logic, which requires at least one of the parameters in
consideration to be abnormal, and an ana-logic, which requires all parameters in the model
to be abnormal for glaucoma to be considered to be present. The or-logic approach
combining the minimum GCIPL thickness and average cp-RNFL thickness showed the best
diagnostic ability for detecting early perimetric glaucoma.2’8 Wu and colleagues*! reported
that qualitative assessment of all the information provided by 3D OCT-2000 had superior
ability for detection of glaucoma compared to global cp-RNFL thickness evaluation
(sensitivity of 95.5% vs 86.5% at 95% specificity, respectively, 9 < 0.001).

Loewen and associates?48 introduced a similar concept defining the glaucoma structural
diagnosis index (GSDI); it includes the composite overall thickness (NFL+GCC), composite
FLV (NFL+GCC) and vertical cup-to-disc ratio. The GSDI has a range of zero to one with
75% of glaucoma eyes demonstrating a GSDI of =0.8. The AUC for GSDI was 0.922 for
detecting perimetric glaucoma, and it performed better at high specificities when compared
to the single best OCT variables (p =0.047). The 99% specificity cut-off point for GSDI was
0.81 and GSDI showed 69% sensitivity at this specificity. The GSDI had better sensitivity
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than the best single macular OCT parameter at both cut-off points while maintaining high
specificity.

Larrosa and coworkers?14 developed and validated a multivariate predictive model to detect
glaucoma with a combination of cp-RNFL, ONH and GCIPL parameters. A combination of
qualitative and quantitative data displayed the highest AUC (0.937), which was significantly
higher than other individual parameters for both early and advanced glaucoma. Choi and
coworkers found that a linear discriminant function (LDF) combining macular and cp-RNFL
parameters performed better than the single best OCT parameter, i.e., inferior cp-RNFL
thickness.57

There is a growing interest in a diagnostic tool development based on supervised machine
learning techniques to detect early glaucoma based on a combination of imaging data. These
algorithms split of datasets into training/validation and testing subsets. The model is then
trained to discriminate between normal and glaucomatous eyes, and its accuracy is evaluated
with the testing dataset. The most commonly used machine learning techniques include
linear discriminant analysis, support vector machines, and decision and classification trees
(random forest).

Yoshida and coworkers*2! explored a random forest method to distinguish between
glaucoma and normal eyes with OCT measurements including cp-RNFL, mRNFL and
macular GCIPL. They found that the AUC of the Random Forest method (0.985) was
significantly larger than the AUC of any single parameter. Diagnostic performance of a
combination of GCIPL thickness and macular vessel density, based on an artificial neural
network, was evaluated by Park et al.3%® The estimated combined parameter showed
significantly enhanced diagnostic performance to detect early glaucoma than either macular
vessel density or GCIPL thickness alone. Asaoka and colleagues?? developed a deep
learning approach that combined macular GCC and macular RNFL thickness data. Deep
learning methods are similar to artificial neural networks, but have many more hidden layers.
They used a transfer learning method for training model’s hyperparameters and achieved an
AUC of 0.937, which was significantly larger than the random forests model.

In summary, combining various OCT parameters derived from the ONH, cp-RNFL, and
macula can help achieve higher diagnostic ability to discriminate glaucomatous from healthy
eyes. Deep learning approaches seem to be promising.

2F. Alternative macular outcome measures: Vertical macular asymmetry and microcystic
macular edema

Glaucoma is typically a bilateral disease; however, both inter- and intra-eye asymmetry are
commonly observed and have long been used for glaucoma detection. Inter-eye asymmetry
in cup/disc ratio,* intraocular pressure,>® 241 or central corneal thickness (CCT)170. 365 can
help with glaucoma diagnosis. The asymmetry between threshold sensitivities of the
superior and inferior hemifields on SAP is the basis for the Glaucoma Hemifield Test (GHT)
used for detection of early glaucomatous field loss.360 The central macula (central 16° or the
area within 4.5 mm of the foveal center) contains up to 50% of the RGC complement of the
eye.’0 Early macular thinning in glaucoma is usually greater on one side of the temporal
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horizontal meridian, or the horizontal raphe, with preferential early inferior loss being most
frequent;158 hence, macular thickness asymmetry across the temporal raphe or horizontal
meridian as measured with SD-OCT has been a topic of interest. As mentioned above,
GCIPL and GCC thickness measurements can detect glaucoma better than FMT measures.
326,373 Their diagnostic ability is close or equal to that of cp-RNFL thickness in early
glaucoma.200. 210,279,332, 373 1t has been proposed that vertical macular asymmetry
measures may provide additional diagnostic information in early glaucoma.!

Several studies have reported on presence of an afferent pupillary defect (APD) in
asymmetric glaucoma.40. 57. 64, 220, 297, 337, 376, 423 gome studies investigated the correlation
between macular OCT findings and presence of APD.40. 64. 220,297, 376, 423 Besada and
coworkers?0 evaluated the inter-eye difference for cp-RNFL thickness, GCC thickness, GLV
and FLV in a group of 43 patients, of which 33 had glaucoma and 8 were diagnosed with
non-glaucomatous optic neuropathies. They found that there was a significant correlation
between presence of APD and the difference in cp-RNFL and GCC thickness measurements
for all measures of interest. There was a significant correlation between APD and FLV
percent difference when FLV fell below normal limits in one eye according to RTVue’s
normative database. The mean percentage loss difference for average cp-RNFL thickness,
average GCC thickness, GLV and FLV was 23%, 15%, 12% and 6% at a 0.6 log unit APD,
respectively.

Zeimer and colleagues were the first to show that retinal thickness asymmetry in glaucoma
as measured with Retinal Thickness Analyzer was significantly correlated with asymmetry
in visual sensitivity loss.425 Using a similar approach, Salgarello and coworkers showed that
relative and absolute vertical (superior/inferior) and horizontal (nasal/temporal) retinal
thickness asymmetry (thickness difference) was increased in open-angle glaucoma (OAG)
and ocular hypertension (OHT).335 In OAG eyes, thickness asymmetry was associated with
corresponding threshold asymmetry. Bagga and coworkers reported that macular asymmetry
measurements with TD-OCT may help glaucoma detection.3 Utility of vertical macular
asymmetry for glaucoma detection has been the subject of a number of studies since then.
7,25,72, 76, 168, 186, 191, 226, 227, 344, 366, 386, 414, 416, 418 Lyo\ever, differences in study design
including sample size, type of glaucoma, refractive error, ethnicity, disease stage, layer(s) of
interest and method of asymmetry analysis should be considered when comparing the results
of these studies. Most current SD-OCT devices are able to measure GCC, GCIPL, mRNFL,
and FMT that could be used for hemispheric intra-eye or inter-eye asymmetry comparisons.

Studies in normal individuals have shown that the inferior macula is on average thinner than
the superior maculal®® and that retinal thickness asymmetry is influenced by older age,”- 174
gender (male more than female),”2 174 and increasing distance from the center of fovea
especially on the nasal side of the fovea where temporal vascular arcades cause physiologic
asymmetry.11: 266. 416 The influence of age and gender, however, should be interpreted with
caution because of the small number of studies and the small samples.”? 174 These findings
need to be considered when diagnosis of early glaucoma is attempted based on the retinal
thickness asymmetry. Additionally, sectoral retinal thickness is influenced by axial length,
which may affect the relationship between the superior and inferior retinal thickness.226 417
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Young first- and second-degree relatives of POAG patients show asymmetry patterns similar
to controls.311

Most studies have revealed that inner retinal layer (GCIPL or GCC) asymmetry measures
perform better than FMT asymmetry for glaucoma detection.210: 227, 414 Additionally,
within-eye asymmetry in mRNFL thickness has been reported to perform both worse*14 or
better?27 than vertical GCIPL or GCC asymmetry for glaucoma detection. An explanation
for worse performance is that part of the mRNFL is derived from peripheral RGCs, while
GCIPL thickness measurement only include macular RGCs.

Studies exploring vertical macular asymmetry in glaucoma have shown that it is more
prominent in mild and moderate glaucoma and less pronounced in advanced glaucoma
where generalized loss of RGCs decreases the magnitude of asymmetry.168. 414 This js
analogous to the visual field pattern standard deviation, which decreases in advanced
glaucoma and pseudo-normality of GHT and pattern deviation plot in end-stage glaucoma.*®
Therefore, although asymmetry measures remain abnormal throughout most of the glaucoma
severity spectrum, its utility to detect progression in advanced disease would seem limited.
This is in contrast to thickness measurements, which diminish as glaucoma progresses and
demonstrate significant correlations with VF thresholds.

Various methods have been used to estimate vertical asymmetry along the temporal raphe or
horizontal midline, including thickness difference,

25,76, 168, 186, 191, 227, 333, 335, 344, 366, 386, 416 inferjor to superior retinal thickness ratio,
30,186 and the absolute value of the logarithm of superior/inferior retinal thickness.168. 414

Spectralis SD-OCT (Heidelberg Engineering, Germany) was the first OCT device to
incorporate a macular asymmetry analysis within its macular imaging algorithm (PPA)
(Figure 6). The PPA shows the absolute difference in total macular thickness for each pair of
an 8x8 grid centered on the fovea and aligned along the fovea-disc axis (or fovea-BMO axis
in the newer software). Intra-eye and inter-eye superpixel-to-superpixel comparisons are
made with a cutoff value of equal to or greater than 30 um for the black color and the
difference is presented as a gray-scale grid. The number of black squares has been used to
determine sensitivity and specificity in different studies. This strategy was initially reported
by Asrani et al.25 and later used in a number of studies.”6: 191, 206, 332, 344, 366, 416
Reproducibility of PPA has been reported to exceed that of RNFL measurements.296 Um et
al. used total macular thickness differences between 5 corresponding superior and inferior
zones similar to the GHT sectors of the Humphrey Field Analyzer. This macular Hemifield
Test had higher sensitivity and similar specificity compared to average cp-RNFL thickness
in early glaucoma but showed sensitivities and specificities that were comparable to sectoral
cp-RNFL thickness measurements in glaucoma suspects and advanced glaucoma.386 Two
studies divided the PPA map into corresponding superior and inferior zones and showed that
the central zone had higher diagnostic performance compared to the peripheral zones or the
entire posterior pole map.163. 434 Kawaguchi et al. reported that macular full thickness
differences between the superior and inferior zones and between corresponding zones of
both eye were significantly higher in preperimetric glaucoma eyes than normal eyes. They
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used the ratio of the macular thickness in the inferior zone to that in the superior zone (x
100) for estimating vertical asymmetry.186

Yamada and coworkers introduced a global asymmetry index (Al) using 10 vertically
oriented B-scans on Spectralis SD-OCT according to the following formula (Figure 7):414

Asymmetry Index = |logq( (lower hemiretinal thickness/upper hemiretinal thickness) | .

They calculated the Al for the mRNFL, GCL, GCC, and FMT and showed that the macular
hemifield GCL thickness asymmetry had excellent diagnostic performance for all stages of
glaucoma including early glaucoma compared to FMT or GCC in Japanese patients.
Interestingly, the performance of this asymmetry index did not change with severity of
glaucoma. They also showed that a GCL-based asymmetry index yielded a better diagnostic
capability as compared to the one based on GCIPL thickness especially in preperimetric and
early glaucoma. While the thickness of all macular layers correlated well with visual field
mean deviation (MD) values, no or only weak correlations were observed between
asymmetry indices and MD. This may indicate that the asymmetry index may not be a
useful tool for detection of glaucoma progression. Additionally, since glaucomatous damage
usually starts as localized tissue loss, averaging thickness measurements or asymmetry
measures may actually hide localized changes.

Hwang and coworkers investigated macular asymmetry with a method similar to Yamada
and coworkers based on GCIPL thickness parameters and observed that asymmetry
parameters provided the highest AUC in early and moderate glaucoma and lower AUCs in
preperimetric and advanced glaucoma.1%® Glaucoma diagnostic ability of the Asymmetry
Index based on GCIPL was better than GCIPL thickness parameters only in early stage of
glaucoma while in other stages, these parameters had worse diagnostic ability than GCIPL
thickness parameters. Interestingly, for all stages of glaucoma, the reported AUCs for the
Asymmetry Index were higher than those for thickness difference, which indicates that the
Asymmetry Index may be a better measure of asymmetry than thickness difference. In a
study comparing different asymmetry methods, Sharifipour and colleagues observed that
Yamada and coworker’s asymmetry method displayed a better performance than the
absolute difference in all stages of glaucoma.3°0

Other studies found that local asymmetry measures may have a better diagnostic
performance as they can detect localized damage early in the course of the disease. Kim and
coworkers reported that a local asymmetry method called GCIPL Hemifield Test using
differences in GCIPL thickness within 10 pixels above and below the temporal horizontal
raphe with a cutoff value of 5 um; this GCIPL Hemifield Test performed better than sectoral
GCIPL and cp-RNFL thickness for detection of early glaucoma in Korean patients.204
Sharifipour and coworkers showed that local asymmetry measures along the temporal
horizontal meridian performed significantly better than a global asymmetry index based on
Yamada and coworker’s approach for glaucoma detection in a diverse group of patients in a
tertiary referral center in the United states indicating that averaging may hide local changes
characteristic of early glaucoma (Figure 8).3%0 A local asymmetry index, however, still
performed worse than GCIPL thickness measurements for this purpose. Horizontal macular
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asymmetry, i.e., temporal to nasal (TNM) thickness ratio, was found helpful for detection of
early glaucoma in eyes manifesting early paracentral VVF defects in one study.304

Variations in alignment of the horizontal raphe with regard to the horizontal meridian have
been well documented.35: 36. 58. 164 Bedggood and associates introduced methods for
measuring disc-fovea-raphe angle and found that with each algorithm, the least error was
found when vertical scans on en face OCT were used.38 The same group found that a
substantial amount of the variation in the temporal nerve fiber raphe orientation in normal
and glaucoma subjects could not be predicted despite considering age, axial length, optic
disc and foveal anatomy and data from the contralateral eye.3% The angle between the axis
connecting the centroid of the BMO to the foveal center and the horizontal axis of the SD-
OCT image is called the fovea-BMO (FoBMO) angle, which reflects anatomic variations
between the fovea and BMO locations. The FoBMO angle is currently used by the Spectralis
SD-OCT to adjust the cp-RNFL and the imaging tilt direction for the macular cube.
Ghassabi and coworkers10 showed that GCIPL symmetry across the horizontal meridian
was influenced by the FOBMO angle; a more (negatively) tilted FOBMO angle was
associated with relatively thinner inferior GCIPL thickness compared with the superior
region along the horizontal raphe (Figure 10).

Different cutoff values for intra-eye and inter-eye thickness differences and the asymmetry
index have been found for glaucoma detection. The reported cutoff values have been in the
range of 9 um,366 3.1-23.2 (up to 30 um in nasal-peripheral macular area),*16 and 30

um30: 172, 344 for intra-eye macular asymmetry, and 5 pm,366, 8 um?2, and 23 pm12 for inter-
eye macular thickness asymmetry. A cutoff value of 0.09 for GCIPL Asymmetry Index
yielded a sensitivity of 290% at a specificity of 100% in one study.*14

The diagnostic ability of asymmetry analysis has been compared to those for cp-RNFL
thickness and macular layer thickness measurements. Some reports indicate that intra-eye
asymmetry between superior and inferior total macular or inner layer thickness
measurements has equal or greater diagnostic ability than cp-RNFL204. 344,386 or GCIPL
measurements for detection of early glaucoma,294. 414 while other studies reported that intra-

eye macular thickness asymmetry had worse performance for glaucoma detection.
76, 168, 191, 366

Although the PPA is commercially available, it has some limitations and some modifications
could improve its glaucoma diagnostic ability. It evaluates retinal asymmetry by measuring
the full retinal thickness; thus, retinal layers other than inner layers could bias the results. In
order to overcome this shortcoming, some recent investigations applied PPA to inner
macular thickness measurement.10: 110 The peripheral cells or superpixels of the grid
especially on the nasal side, where vascular arcades confound measurements, have shown
weak correlations with VVF sensitivities compared to central superpixels and hence, have a
lower utility for glaucoma detection. No comparison to a normative database is currently
carried out for the total macular thickness measurements on the Spectralis SD-OCT:125
however, a new software update will soon address this issue.
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Vertical asymmetry could also help discriminate between glaucomatous and non-
glaucomatous optic neuropathies. A step-like configuration near the temporal raphe on the
Cirrus GCA Analysis report, the so-called temporal raphe sign, was shown to be potentially
useful for detection of glaucomatous optic neuropathy in a study by Lee and coworkers,
especially in the absence of a relative afferent pupillary defect.22063. 297 They reported an
AUC of 0.811 for the temporal raphe sign in distinguishing glaucomatous from non-
glaucomatous optic neuropathy.

Microcystic macular edema (MME) has been associated with various optic neuropathies,
including glaucoma.2: 50. 51, 54, 95, 108, 118, 137, 190, 274, 400, 402, 405 |t 5 defined by presence
of hyporeflective cystic and lacunar areas (vacuoles) within the inner nuclear layer on
macular OCT images; a confirmation on 2 adjacent B-scans and 2 separate tests is required
and speckle noise needs to be excluded as the differential diagnosis (Figure 9).198 Several
mechanisms have been proposed for development of MME, such as vitreous traction or
anterior mechanical force from the internal limiting membrane in setting of inner retinal
atrophy34 41, trans-synaptic (retrograde) degeneration of bipolar cells secondary to RGC
loss,108. 111, 357, 405 and most importantly, dysfunction of Miiller cells that are crucial for
retinal homeostasis.299 330 Although MME is not a pathognomonic feature of glaucoma, it
has been associated with the more advanced stages and progressing disease.

50,51, 95,108, 118, 137, 190 Muyrata and coworkers2’# evaluated 636 eyes of 341 glaucoma
patients and found that MME was observed in 1.6% of the eyes. Visual field MD and PSD
and visual acuity was significantly worse in eyes demonstrating MME. Hasegawa and
coworkers37 investigated the association between MME and other structural and functional
factors in a group of eyes with POAG, preperimetric glaucoma, and normal subjects.
Microcystic macular edema was only observed in the POAG group (13 out of 217 eyes; 6%).
Eyes with MME demonstrated a significantly higher proportion of advanced glaucoma
compared to POAG eyes without MME. In the majority of eyes (76.9%), the hemi-macula
with MME corresponded to the hemifield showing more severe visual field loss. The MD
rates of change were significantly greater for eyes with MME compared to those without.
The authors also found significantly thinner GCIPL measurements in the hemi-macula
demonstrating MME.

In summary, vertical asymmetry of inner macular layers across the temporal raphe is a
valuable diagnostic tool to detect glaucoma especially in mild to moderate stages although it
may not outperform cp-RNFL and/or GCIPL thickness measurements. It may also be helpful
for discriminating glaucomatous from non-glaucomatous optic neuropathies. However, its
utility may be limited for detection of glaucoma progression. Microcystic macular edema is
an infrequent finding on macular OCT images in glaucoma patients and tends to occur more
commonly in with eyes with more advanced glaucoma.

2G. Macular Structure-function relationships and comparison to cp-RNFL

Understanding the linking of structure and function with various structural and functional
parameters can shed light on the nature of damage in glaucoma and assist with detecting or
confirming presence or progression of glaucomatous damage.

23, 83, 150, 153, 158, 178, 181, 200, 201, 221, 267, 285, 312 Fynctional loss is usually measured based
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on VF assessment, although other functional tests such as electrophysiological responses,
visual acuity, and contrast sensitivity have also been explored. The primary structural
measures of interest at this point in time are OCT-derived measurements of the cp-RNFL,
neuroretinal rim, and macular thickness. Measurement of the cp-RNFL may not provide a
thorough picture of the central (macular) structure-function (SF) relationships since the cp-
RNFL is relatively thin in the temporal region of the disc and demonstrates a high degree of
variability even in healthy individuals.158

Correlations between mean macular thickness measurements derived from TD-OCT and
visual field sensitivity were first reported by Greenfield and associates.220 Wang and
coworkers393 |ater demonstrated the feasibility of manually segmenting the inner retinal
layers and confirmed correspondence of macular thickness measures with visual field
sensitivity.

Hood and associate’s body of work has elegantly described the correspondence of early
central structural and functional damage in glaucoma and their topographic relationship.
154,156-159 Macular damage has been demonstrated to be more frequent in the inferior
macula, in an area that projects to a localized region of the inferotemporal ONH. This
‘Macular Zone of Vulnerability’ (MZV) is most likely to demonstrate the earliest signs of
glaucomatous damage (Figure 4). The MZV corresponds and projects to a roughly 23°-wide
sector of the inferotemporal ONH, which is the thickest ONH sector in healthy subjects; this
sector is commonly associated with occurrence of disc hemorrhages.157-159 This is
consistent with the finding that central VF defects are more frequent in the superior
hemifield.307. 308, 381 While RGC loss in the MZV and corresponding VF defects tend to be
deep and localized and closer to fixation on 10-2 VFs, glaucomatous structural loss in the
superior macula is shallower and more diffuse with consistent corresponding inferior
functional damage.160. 307, 308, 381

Hood and associates'®® also introduced the concept of overlaying 10-2 \/F test locations
onto macular OCT images to establish correspondence of structural and functional findings
in individual eyes.15% Hood and Razal®® proposed combining central structural and
functional data by aligning the RNFL and macular images based on blood vessels and
adjusting the location of central test locations accounting for the RGC displacement from the
fovea.8” Structural glaucoma damage is displayed as continuous probability maps. This
approach facilitates matching of central visual fields to macular OCT thickness maps and
may improve detection of early central glaucoma damage (Figure 11).156

Mohammadzadeh and coworkers%9 recently investigated longitudinal SF relationships
between macular OCT parameters (FMT, GCC, GCIPL and GCL) and central 10-2 VF in a
cohort of 116 eyes with advanced or central glaucomatous damage at baseline. Macular
3°x3° superpixels were matched to 68 locations of the central 10-2 VF after adjusting for
RGC displacement. Structure-function relationships were investigated at 3.4°, 5.6° and 6.8°
eccentricities from the fovea and within inferior and superior hemiregions. Weak to fair
correlations between various longitudinal measures of structural and functional change were
observed; the highest correlation coefficient (0.41) was found at 3.4° eccentricity from the
fovea for all the inner retina layers (GCL, GCIPL and GCC). The magnitude of correlation
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was not statistically different between different inner retinal layers. This study concluded
that GCC demonstrated overall the highest correlation coefficients with functional measures;
the authors proposed that given GCC’s higher average thickness measurements, it is less
affected by segmentation artifacts and therefore, it might be the macular outcome measure of
choice for monitoring glaucoma through advanced stages.

Some important considerations need to be considered for better understanding of macular SF
relationship: First, macular functional damage does occur in early glaucoma; however,
because of the sparsity and topography of the test locations on the 24-2 VF test, central
functional loss is underestimated and frequently missed with this testing strategy.”8 176 The
test points of the 24-2 strategy are 6° apart along the horizontal and vertical meridians;
therefore, the region of greatest central RGC loss could extend inside of or between the
central 4 points and go undetected. Second, Hood and Kardon1®* have argued against the
traditional concept that structural damage (e.g., loss of RGCs) precedes functional damage
(i.e., VF sensitivity loss). They attributed earlier detection of structural loss to lower
variability of structural measures in comparison to functional measures. The same team of
researchers recently proposed enhancing the 24-2 strategy with 8 additional points from the
10-2 grid that were found to be frequently involved in early glaucoma (see below).9!
Finally, Qiu and coworkers reported that, the greater the fovea-disc, the higher percentage of
false positive classification of normal subjects which will affect misclassification of
glaucomatous eyes and therefore SF relationships in glaucoma.315

SF relationship models—Models for the SF relationship between various imaging and
functional modalities have been described.103: 104, 218,270, 369 Hood introduced a linear
model for correlating cp-RNFL thickness measurement with VF sensitivities.148: 150, 154
Local relationships between individual or groups of superpixels or arbitrarily defined areas
of the macula and VF test locations or sectors have been a topic of significant interest. The
premise is that the direct one-to-one SF relationships in the macula could demonstrate the
true and possibly higher correlation of macular thickness with functional measurements in
the central retina. Most studies have found the pattern of macular SF relationships to be
consistent with the broken-stick or the simple linear model as described by Hood and
colleagues.150. 154, 158, 267 Haryerth and coworkers!32: 135 described a non-linear SF model
(NLM) based on the previously reported relationship between VF sensitivities and RGC
density in experimental glaucoma. The proposed NLM describes the relationship between
structure and function in both normal eyes and eyes with various degrees of glaucoma before
advanced stages of glaucoma.

Displacement of RGC bodies from their receptive fields in the central macula may affect
local SF correlations. In the central macula, RGCs are displaced from their receptive fields,
mainly due to the length of the laterally connecting Henle fibers and to a smaller extent, to
the oblique pathway through the bipolar cells.8” Drasdo and coworkrs®’ estimated the
magnitude of the RGC displacement in a histological study; the results of this investigation
have been applied in most studies evaluating local macular SF relationship.

156, 216, 221, 267, 328 Thjs model does not consider the individual variations in RGC
displacement.
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Raza and coworkers328 described the correlation of the central GCIPL thickness
measurements with VVF sensitivities on the 10-2 VF after adjusting for RGC displacement
(Figure 12). They found that the simple linear model as previously described for the cp-
RNFL also applied to GCIPL thickness (see appendix). Regions of GCIPL thickness and VF
loss were matched after accounting for the RGC displacement; SF relationships increased
after this correction.

Lee and colleagues?2! reported that the correction for RGC displacement had the highest
influence on the paracentral test locations closest to fixation although the improvements
were not statistically significant. Turpin and associates382 proposed that the RGC
displacement from the receptors is related to local RGC thickness and is shorter than average
in subjects with thicker inner retinal layers. They used macular SD-OCT images to
customize RGC displacement in individual eyes by accounting for macular shape parameters
and to determine the possible influence of individual anatomical differences on SF mapping
in the central visual field. Individualizing macular displacement of RGCs based on OCT
data resulted in a small difference on average but spatial shifts of up to 1-2° were observed
in individual eyes especially in the inferior macula. The largest displacements were observed
between 1° and 3° from the foveal center near the four oblique meridians. This adjustment
for individual differences in RGC displacement does not seem to have significant practical
implications at this point.149

There is marked variability in foveal shape among normal individuals.24 378,391 The
influence of foveal features on SF relationships have been investigated. Sepulveda and
colleagues34” quantitively evaluated variations of the foveal shape by calculating the central
foveal thickness, maximum perifoveal thickness, and the distance between these points (the
‘radius’) in a group of 30 normal subjects. Variations in foveal shape and related parameters
were observed among the study subjects. One of the goals of the study was to customize SF
maps in each individual and estimate superior or inferior meridian parameters from the
other; the maximum thickness was highly correlated between meridians but there was more
variability in the radius measurements. Hood and coworkers®® reported improved alignment
of the central SF loss by scaling and rotating the structural and functional maps so that the
centers of the fovea and disc corresponded to those in individual eyes. However, the
customized model did not perform better than the standard model. Previous investigations
with cp-RNFL thickness measurements also confirmed this finding.13: 280

Montesano and coworkers29 introduced a novel SF model by matching the fundus image
provided by Compass perimetry (CenterVue, Padua, Italy) to that from Spectralis SD-OCT.
The Compass perimeter is equipped with a scanning laser ophthalmoscopy (SLO) tracking
system that allows to accurately determine the retinal location where the threshold
sensitivity is measured. Ganglion cell layer thickness maps were transformed to estimate
ganglion cell density (GCD) centered on each VF test location after adjusting for RGC
displacement. The first model included 31 glaucoma eyes with mean MD of —13.9 and 20
normal subjects; standard prior distributions previously described for the ZEST strategy
were used.383 The investigators created a multivariate logistic model with a binary response
(see vs. not see) as the dependent variable and age, local log19(GCD), and eccentricity as the
predictors. The logistic curves from this model was interpreted as estimated structural
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probability of seeing curves. Subsequently, they repeated the model including the structural
probability of seeing curves as structural prior distribution and introduced structural macular
ZEST (MacS-ZEST) strategy to predict threshold sensitivity. The advantage of this strategy
is to use different thresholds as prior distribution based on GCD. To gauge the accuracy of
the model, these models were tested on 20 glaucoma eyes that underwent perimetry multiple
times to obtain the ‘true’ threshold sensitivities. They found that in patients with reliable
exams, there was no difference in mean absolute error between the standard ZEST and
MacS-ZEST strategies; however, in patients with non-reliable VF exams, mean absolute
errors were lower for MacS-ZEST. The number of presentations and testing time also were
lower for MacS-ZEST strategy.

Ledolter and Kardon?18 explored random effect trend models to compare average baseline
RNFL and GCIPL thickness values (intercepts), their slopes of change, and inter-subject
variability in slopes and intercepts in two cohorts of 105 glaucoma patients and 55 normal
subjects. Random effects models are a subtype of repeated-measure or mixed linear
regression models and can detect differences in trends and baseline values between groups
and more importantly variability of slopes and baseline measurements. Baseline structural
measurements were significantly lower in the glaucoma group; although significant negative
trends for both RNFL and GCIPL measurements were observed over time in both groups,
the difference between the two groups was not statistically significant for either GCIPL or
RNFL rates. However, there was larger inter-subject variability in structural slopes for
glaucoma patients.

Factors affecting SF relationships—The strength of the correlation between VF
sensitivity and structural thickness measurements varies among the macular sectors. Shin
and coworkers3®2 found that, among the six GCIPL sectors from Cirrus HD-OCT, the
strongest association was observed between the inferotemporal GCIPL thickness and the
corresponding superonasal central mean sensitivity. Kim and co-investigators?%! found that
the strength of SF associations was significantly greater in the temporal parafoveal sector in
each hemimacula compared to central and nasal sectors. They also reported that the strength
of the SF relationships was significantly greater in the inferior hemimacula than in the
superior hemimacula. Another study?5? also reported that the magnitude of SF correlation
was higher for inferior hemimacula compared to superior hemimacula for all macular
outcomes (FMT, GCC, GCIPL and GCL). Other studies have confirmed these findings.
285,301, 325 Inferior and inferotemporal macular sectors are the most vulnerable areas to
glaucoma damage and therefore, have a wider range of thickness measurements, which
could explain the strength of SF correlations in these areas. On the other hand, the nasal
macular sector corresponding to the papillomacular RNFL bundles demonstrate lower
correlations than other macular regions.

One important issue is that SF relationships need to be explored as a function of distance
from the foveola. Given the varying thickness within the central macula, this approach could
reduce variability of SF relationships by averaging macular layer thickness and functional
measurements at predefined eccentricities. Raza and coworkers evaluated SF relationship of
GCIPL and 10-2 VF in 5 eccentricities ranging from 3.4° to 9.7° from the foveal center.327
Ganglion cell/inner plexiform thickness at 7.2° eccentricity showed the highest correlation
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with VF sensitivities among all eccentricities. The main reason for decreased correlation at
outer eccentricities (i.e., farther from the fovea) seems to be thinner macular measurements.
Miraftabi and colleagues investigated SF relationship at 3.4°, 5.6° and 6.8° from the fovea
and found that measurements at 5.6° eccentricity displayed the highest SF correlations with
10-2 VF total deviation measurements.267 Nouri-Mahdavi and coworkers recently reported
that longitudinal SF relationships varied as a function of distance from the fovea.2%8
Mohammadzadeh and colleagues?®evaluated longitudinal SF relationships between macular
OCT parameters (FMT, GCC, GCIPL and GCL) and central VF measurements at 3.4°, 5.6°
and 6.8° eccentricities from the fovea and reported the highest SF correlations at 3.4° and
5.6° eccentricities.

Glaucoma severity influences the magnitude and pattern of SF relationships when cp-RNFL
is used as the structural measure.> 117. 252 Glaucoma severity also affects the relationship
between inner macular layer thickness and visual field sensitivity. No correlation between
structure and function has been observed in macular regions with normal visual field
sensitivity.200 Structural changes may be more effectively detected than functional changes
in early glaucoma due to lower inter-individual variability compared to VVFs. Substantial
RGC loss may occur before reduced SAP sensitivity on standard 24-2 VF can be identified
(see ‘enhancing the SF relationship’ below). Araie and coworkers'8 showed that the
correlation between GCC or GCIPL thickness and VF sensitivity (unlogged value) was
greater in eyes with more advanced glaucoma (average MD = -9.8; x2.7 for GCC and x2 for
GCIPL) than in those with mild damage (average MD = -3.0 dB). Kim et al. evaluated SF
relationships between GCIPL thickness and VF means sensitivity (MS) for a range of
glaucoma severity and compared the results to those for cp-RNFL.19 In preperimetric
glaucoma, neither GCIPL nor cp-RNFL demonstrated a significant correlation with MS.
With increasing glaucoma severity, the SF relationships became stronger. The correlation
between cp-RNFL thickness and MS was significant in early and moderate glaucoma but not
in advanced glaucoma. The severity of glaucoma can affect the topography of SF
relationships. Lee et al.221 reported that in early to moderate glaucoma, the highest
correlation was observed between the inferotemporal GCIPL and corresponding VF region,
whereas in advanced glaucoma, the superotemporal GCIPL displayed the highest correlation
with VF measurements. Other studies have found similar results. 195 301

In more advanced stages of glaucoma, macular thickness may reach its measurement floor.
The residual thickness represents glial tissue and blood vessels along with possibly resistant
or melanopsin RGCs and other RGC types, which have been reported to constitute up to
50% to 65% of average GCC in normal eyes.?12 The estimated measurement floor may be
influenced by the study sample, the area imaged, the OCT device used, and the statistical
models applied. The measurement floor and ceiling determine the dynamic range of
measurements and dictate the utility of macular measures for detection of glaucoma
deterioration (see section 1V).3: 195,216,384 Ag macular thickness measurements reach their
measurement floor, detection of change becomes more challenging and beyond the
measurement floor, such OCT measurement lose all utility for detection of progression.
Miraftabi and coworkers287 reported that all macular measures, including FMT, GCC,
GCIPL, and GCL, reached their measurement floor at about —8 dB of sensitivity loss (Figure
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13). The dynamic range of macular measures was directly related to their average thickness
in normal subjects.

Enhancing macular SF relationships—As mentioned above, several investigations
have shown that the 24-2 testing pattern might underestimate or entirely miss early central
VF defects. Retinal ganglion cell loss in the MZV can be associated with VF loss that
largely falls between or inside the central four points of the 24-2 test pattern. Therefore,
adding additional points to the standard 24-2 VVF has been proposed. Hood and
coworkers® originally suggested that two points located at x = £1°, y = 5° coordinates be
added within the central 10° of the standard 24-2 VVF. This hypothesis was explored by Chen
and coworkers®2 using the Medmont M700 perimeter, which includes more densely packed
test locations in the macula than the 24-2 pattern of the Humphrey Field Analyzer. They
evaluated all possible pairs of Medmont locations that had not been used to derive the 24-2
pattern and found that adding a pair of locations to the superior macular region of the 24-2
pattern increased the number of abnormal locations identified in individuals with glaucoma;
however, they did not find a significant difference in performance between various pairs of
test locations and the proposed pair of test locations by Hood and associates. Lee and
coworkers?2! evaluated the correlation between GCIPL thickness and 10-2 VF locations and
found that 11 out of 34 superior locations and 10 out of 34 inferior locations demonstrated
significant associations with the corresponding GCIPL sectors. Of those, 2 superior test
points and one inferior test location are also tested on the 24-2 pattern as well (Figure 14A
and 13B). Finally, Ehrlich and colleagues®! investigated 3 modified 24-2 visual fields by
adding 4 points (24-2 + 4) or 16 points (24-2 + 16 Even and 24-2 + 16 Empirical) to the
24-2 test pattern; in the former, the 16 added points of the 10-2 VF test were evenly
distributed while for the latter, the 16 points followed an empirical pattern. The AUC for
these 3 VVF patterns were significantly greater than the conventional 24-2 test pattern for
detection of early glaucomatous defects in the central 10°. Adding 16 points from the 10-2
VF to 24-2 VF resulted in only slightly better results compared to adding 4 points.

The G pattern testing strategy of the Octopus perimeter (Haag-Streit AG, formerly Interzeag
AG, Schlieren, Switzerland) consists of 59 test locations within central 30° with 5 central
points located within foveal region and 17 test locations within the macula. Test locations
are distributed along RNFL bundles to enhance detection of glaucomatous VF loss.320 More
recently a new testing pattern called 24-2c¢ was introduced for the HFA (Carl Zeiss
Meditec® Inc., Dublin, California), which combines all points from the 24-2 VF testing
pattern with 10 points from the 10-2 VF found to be most susceptible to glaucomatous

damage. This test strategy is more likely to detect early macular damage.
78, 139, 155, 158, 160, 381

The influence of the stimulus size on SF relationships was explored in a recent study.
Yoshioka et al.#22 investigated the correlation between differential light sensitivity measured
with Goldmann stimulus sizes | to V (Gl to GV) on the 10-2 VF and the RGC count per
stimulus area derived from Spectralis macular OCT measurements. The sensitivity derived
from smaller stimulus sizes (GI-GII) showed higher correlations with GCL thickness
compared to larger stimulus sizes (GI11-GV) in both normal and early glaucoma patients. It
has been proposed that the nonlinearity in SF relationship is a result of incomplete spatial
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summation due to use of a fairly large stimulus size (size 111) exceeding Ricco’s area
centrally and linearity could be attained by correcting for this.192 In the other words, the size
I11 target exceeds the spatial summation area, particularly for the central test locations; this
could potentially explain the improved SF relationships with the smaller stimulus sizes.

Prediction of function from structure—Considering the theoretical and
methodological challenges, there have been few attempts to derive or predict visual field
thresholds from OCT data. Since a retinal region near the optic disc receives axons from an
arcuate area, any RGC damage along this path could affect the RNFL thickness near the
ONH. Technically speaking, cp-RNFL thickness is a one-dimensional datapoint and could
not predict a 2-dimential set of VF data. The ability to measure the inner retinal layers in the
macular region mitigates some of the challenges encountered in prediction of VF from cp-
RNFL thickness.*30

Zhang and coworkers#30 used multiple linear regression to predict VVF thresholds from
GCIPL and mRNFL thickness and found a median agreement of 90% when abnormal points
on the predicted and measured fields were used to assess agreement. Bogunovic and
associates*” predicted individual 24—2 VF thresholds from a nine-field array of cp-NFL and
GCIPL thickness measurements using their proposed RGC-axonal complex model. The
correlation between the predicted and observed VFs was 0.80 for the superior hemifield and
0.84 for the inferior hemifield. These findings are promising as one may be able to
complement VVF data with predicted functional data from OCT measurements, which are
objective and have different sources of noise. However, perfect prediction of VF would not
be expected.

Relationship of macular parameters and other functional measures—A few
studies evaluated the relationship between visual acuity or contrast sensitivity and macular
parameters. Kim et al.19 reported that the relationship between the best-corrected visual
acuity (BCVA) and SD-OCT parameters such as cp-RNFL and macular GCC were
curvilinear with significant correlations noted only in eyes with severe glaucoma. The global
average cp-RNFL thickness showed a higher correlation with BCVVA compared to GCC
parameters. Fatehi and colleagues found that contrast sensitivity at 6 cycles per degree
demonstrated the highest correlation with FMT in the superior macular region in preference
to GCIPL thickness.%

Retinal electrophysiological measurements have also been correlated to macular structural
parameters in humans and experimental animals. Kanadani and coworkers!82 investigated
the correlation between macular OCT measurements and defects on 10-2 VVF and macular
multifocal visual evoked potential (mfVEP) in a group of 55 eyes with OAG. The macular
OCT was in agreement with the 10-2 VF and mfVEP findings in 85-89% of eyes. Luo et al.
250 found that on hexagon-by-hexagon analysis, various multifocal electroretinography
(mfERG) measures were correlated with GCIPL thickness in a nonhuman primate model of
experimental glaucoma in rhesus monkeys. The mfERG functional measures demonstrated
greater and more extensive losses than corresponding OCT structural measures.
Interestingly, the investigators found that the correlation between mfERG measures and
GCIPL thickness was strongest in normal subjects and was highest centrally and decreased
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with distance from fovea. The weaker relationship in glaucoma patients was seemingly
driven by the lower range of GCIPL measurements and the already depressed mfERG
measurements.

Pattern ERG (PERG) is an objective functional measure of the central retina.1% It has been
shown that PERG is generated mostly from the inner layers of the retina as compared to
flash ERG.19 Thus, use of PERG has been proposed for evaluating SF relationship in some
recent studies. Kreuz and coworkers?11 reported a significant correlation between the steady-
state latency and P50 peak time on PERG and macular RNFL thickness. This finding was
confirmed by Park and coworkers305 who showed that a linear regression model (r2 = 0.22)
best fitted the relationship between N95 amplitude on PERG and GCIPL thickness. Given
the high level of variability, the applicability of PERG measurements in glaucoma remains
questionable.161

Prager and coworkers assessed the correlation between macular thickness measurements and
vision-related quality of life using the 25-item National Eye Institute Visual Function
Questionnaire (NEI VFQ-25).314 On univariate analyses, patients with diffuse macular
GCIPL loss achieved significantly lower mean overall NEI VFQ-25 scores than patients
with focal damage. The difference remained significant after controlling for mean GCIPL
thickness. An association between early glaucomatous macular damage and decreased
vision-related quality of life was also observed in a study by Garg and coworkers.101

The relationship between threshold sensitivities derived from microperimetry, Heidelberg
Edge Perimeter (HEP), or Octopus perimeter and macular GCIPL thickness was recently
investigated by Rao et al.323 The investigators showed that threshold sensitivity
measurements from 10-2 SAP VFs and those from microperimetry demonstrated a similar
relationship with macular GCIPL measurements in glaucoma patients. In another study, the
highest SF correlation was observed between the superotemporal mean sensitivity on
microperimetry and the inferotemporal GCIPL thickness.338 Kawaguchi and coworkers186
found that indices of macular symmetry were significantly correlated with perimetric
sensitivities and the asymmetry in threshold sensitivity measurements derived from 10-2
SAP and microperimetry in eyes with perimetric glaucoma.

In summary, there is moderate to good correlation between inner macular OCT thickness
measurements and central VF sensitivities or other markers of central function. Anatomical
considerations such as RGC displacement and foveal shape significantly affect such SF
relationships.

2H. Predicting RGC counts from macular GCL thickness

Estimation of RGCs count based on VF sensitivity was explored by Kerrigan-Baumrind et
al.18 and Garway-Heath and co-authors.195 Harwerth and associates!32-136 ysed cp-RNFL
measurements from TD-OCT to estimate RGC counts. Harwerth and associates’ model uses
SAP and RGC histology and quantifies the RGC density in a defined area of the retina from
the corresponding SAP sensitivity. Their proposed methods can be summarized as follows:
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s_loss = 107[(s — 40)/10]
gc = log(s_loss* k)*10

Where: s /ossis the reciprocal of the SAP stimulus intensity, sis the SAP sensitivity in dB
units, kis a constant of proportionality (175,534) to scale the data for a linear relationship at
4.2° eccentricity, and gcis the predicted RGC density (dB).

This model has been applied to quantify glaucomatous damage by Medeiros et al.259: 262
based on 24-2 SAP fields and Cirrus HD-OCT cp-RNFL thickness measurements. They
reported that glaucomatous eyes had an average RGC loss of 28% (range: 6%-57%), at the
time the earliest visual field defect could be detected on SAP.262 Distante and associates8®
estimated RGC counts using Medeiros et al.”’s empirical models based on both RNFL and
GCC parameters. Good correlations (r =0.61) were observed between RGC counts and mean
deviation, Visual Field Index, and pattern standard deviation. The assumptions of
Harwerth’s model have been questioned by some authors.32° Estimates of the number of
RGCs derived from their model for healthy humans are substantially greater than those
found by histological data; these estimates took into account eccentricity and included
adjustments for the difference in axial length between monkey and human eyes.32°

Raza and Hood329 proposed a novel model for estimation of RGC count relying only GCL
thickness acquired by swept-source OCT and compared the estimated counts with previous
published histological data and Harwerth’s model. They estimated an average of 381,000
RGCs to be present in the macula. Their estimates align well with histological data and seem
less variable than the Harwerth’s model. Comparison of the estimated RGC count to
averaged absolute sensitivities showed weak to fair correlations for both global and
corresponding hemifield/hemiretina pairs (Spearman p =0.26-0.47).

Estimation of RGC counts based on both cp-RNFL and macular inner retinal thickness
measurements seems to be more accurate and correlates better with VVF sensitivities than
macular inner retinal measurements alone.

Prediction of glaucoma progression

Glaucomatous damage is generally irreversible and early intervention is necessary to prevent
further damage and potential blindness.>2: 140 Therefore, timely detection of glaucoma
progression is essential. However, glaucoma treatment is not without side effects and can be
a financial burden to the patient and society. Prediction of glaucoma progression and its rate
can help with planning appropriate and timely treatment; it can also enhance the cost-
effectiveness of treatment. Hence, clinicians are in need of algorithms that can assist them
with predicting the rate of future glaucoma progression. Based on the results of multiple
randomized clinical trials and retrospective cohort studies, a number of clinical risk factors
have been proposed for forecasting future progression of glaucoma. These include older age,
thinner central corneal thickness, disc hemorrhages, presence of larger beta-zone
peripapillary atrophy, level of intraocular pressure (mean, peak, or fluctuation), magnitude or
fluctuation of ocular perfusion pressure, and a diagnosis of pseudoexfoliation glaucoma.
53,79, 100, 180, 235, 236, 251, 258, 260, 299, 367 prognostic models using some or all of the above
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risk factors to estimate the probability of subsequent progression have been previously
proposed: 79 However, it is conceivable that adding quantitative structural or functional data
that can be easily obtained could improve this task. Substantial loss of RGCs and subsequent
structural changes on OCT can occur before early VVF loss can be detected.# 131, 318, 361
Different structural parameters have been used in various models for prediction of future
progression.262. 334, 424 \While macular OCT thickness parameters have been used to detect
glaucoma progression in several studies,222: 271,289 there is a paucity of published evidence
on the use of macular GCC or GCIPL thickness for prediction of subsequent disease
progression.

Anraku and colleagues investigated the role of baseline OCT parameters for prediction of
future visual field progression in 56 POAG patients who were followed for at least 2 years.16
The cohort was mainly composed of eyes with early stage glaucoma and was divided into
fast and slow progressors based on MD slope above or below —0.4 dB/year. Among various
baseline parameters explored, including VF MD, PSD and macular, cp-RNFL and
neuroretinal rim OCT thickness, only thinner macular GCC at baseline was a significant
predictor of fast progression. Moreover, GLV and FLV were significantly higher in those
with fast progression. On multivariate analysis, only macular GCC thickness in the inferior
hemimacula was associated with disease progression.

Zhang and colleagues investigated baseline SD-OCT measurements for prediction of VF
conversion in glaucoma suspects and patients with preperimetric glaucoma.*33 Over an
average (xSD) follow-up period of 41 (£23) months, 55 out of 513 eyes (11%) demonstrated
VF conversion. The GCC FLV was the best single predictor of subsequent conversion (AUC
=0.753). Eyes with an abnormal or borderline GCC-FLV had a 4-fold increase in the risk of
conversion over a 6-year period. The authors proposed a Glaucoma Composite Conversion
Index (GCCI) based on the GCC-FLYV, inferior cp-RNFL thickness, age, and VF PSD to
predict conversion to glaucoma (AUC =0.783). At a cutoff value of 0.84, GCCI had a
sensitivity, specificity and overall accuracy of 60%, 83% and 81%, respectively, with a
negative predictive value of 95%. In another study, Zhang and coworkers explored predictors
of VF progression in 277 eyes with established glaucoma with an average (£SD) follow up
of 3.7 (+2.1) years.*31 Visual field progression was detected in 83 eyes (30%). The best
performing single predictor for VF progression was GCC-FLV. Presence of an abnormal
GCC-FLV at baseline increased the risk of VVF progression by 3 times. A proposed
Glaucoma Composite Progression Index (GCPI) based on age, CCT and GCC-FLV had an
AUC of 0.653 for predicting subsequent VF progression over time and performed better than
any single variable. Lee and colleagues23® compared rates of GCIPL and cp-RNFL change
in a group of eyes in which progression was established based on 24-2 V/Fs and disc and
RNFL photographs. They found that global and sectoral GCIPL in the affected hemiretina
demonstrated significantly faster rates of thinning compared to nonprogressing eyes. The
best GCIPL parameters, according to trend-based analyses, for discriminating between
progressors and nonprogressors were rates of thinning for global GCIPL (AUC =0.791),
minimum GCIPL (AUC =0.755), and inferior hemifield GCIPL (AUC =0.708). Daneshvar
et al.”3compared baseline cp-RNFL and macular OCT parameters to qualitative review of
optic disc photographs for prediction of subsequent VF progression in a cohort of eyes with
mostly established glaucoma. They found that thinner cp-RNFL and average GCIPL at
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baseline were significant predictors of VF progression, defined by both pointwise event and
global trend-based analysis (based on VVFI); none of the semi-quantitative disc variables had
any predictive value.

A shortcoming common to all of the above studies is that the enrolled glaucoma eyes were
highly homogenous and had mainly mild damage. Moreover, although some statistical
models such as leave-one-out cross validation were used, the prediction models have yet to
be validated on independent samples of patients. An important limitation to using structural
tests is that the pace of technological innovations is faster than the required period for
carrying out reliable longitudinal studies and it is difficult, if not impossible, to have
evidence-based confirmation of the utility of the state-of-the-art technology. Finally, it
should be stressed that all study designs have strict inclusion and exclusion criteria and
extrapolation of their result to every day clinical practice should be done with great caution.

In summary, baseline inner macular thickness measurements are good predictors of
subsequent glaucoma progression. Combining multiple structural and functional modalities
along with clinical information could provide the best approach to forecasting glaucoma
progression.

[Il) Variability and reproducibility of macular SD-OCT thickness
measurements and application to detection of glaucoma progression

With any diagnostic method, it is important to establish how reliable and reproducible the
data are. Validity and accuracy of the acquired data depend on the underlying method of data
acquisition by the device and are expected to be similar between devices when the same
approach and technology are used. However, data reproducibility and repeatability can vary
among different devices and even software iterations of the same device.144

With rapid changes in SD-OCT hardware and upgrades in the software, clinicians frequently
use devices for which limited data are available on repeatability and reproducibility.310
Estimation of test-retest variability and reproducibility allows for definition of ‘clinically
significant’ change so that true change can be differentiated from noise or fluctuation; also,
one of the important factors influencing the required optimal frequency of a test to detect
true change is the ratio of rates of change to noise.1”- 3% This is especially relevant for
monitoring disease progression.

The human retina contains more than one million RGCs on average, but there is significant
variability in the number of RGCs among individuals. Nearly 50% of the RGCs in humans
are located in the macula.”® Curcio and Allen found lower variability in the number of RGCs
in the macula in contrast to the entire retina.’® Therefore, macular RGC parameters may
demonstrate less variability than cp-RNFL or neuroretinal rim measurements.282 Several
studies have demonstrated that macular RGC metrics have better or similar test-retest
repeatability and reproducibility compared to cp-RNFL outcomes.32 33, 310, 390 Thjs could
be explained, at least partly, by the presence of more non-neural elements, such as large
blood vessels, in and around the optic nerve head in contrast to the relatively hypovascular
macula.286 The macular region has also a less complex topography making it less
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challenging for automated segmentation. Correct measurement of the cp-RNFL thickness
depends on detection of the center of Bruch’s membrane opening, which is a challenging
task to automate and commonly requires manual adjustment. Centering macular cube
measurements is facilitated through fixation by the subject being imaged. Software
algorithms can also detect the foveal pit by finding the thinnest part of the retina on macular
cube measurements.310 All the aforementioned factors likely contribute to the high
reproducibility of macular thickness measurements.

Studies to date have demonstrated high repeatability and reproducibility of FMT and inner
retinal parameters in healthy and glaucoma subjects. With improved image resolution and
better segmentation algorithms, it has become possible to measure the thickness of
individual retinal layers, in addition to the FMT or inner retinal layers although the
superiority of measuring individual layers, specifically the GCL, is yet to be established.
267,290 Measuring “targeted layers’ such as the GCL or IPL, corresponding to the RGC soma
and dendrites, respectively, or the GCC (consisting of GCIPL combined with the mRNFL),
have improved diagnostic performance of macular measurements at minimal cost to
variability.26: 32, 81, 96, 98, 109, 196, 225, 247, 266, 282, 303, 310, 370, 390 Several inner macular
thickness parameters have been reported to have equal or better repeatability and
reproducibility compared to cp-RNFL and ONH measures and it has been suggested that
inner macular thickness measurements may be more suitable for monitoring disease
progression.225 282, 390 Based on the available evidence, a change in the average GCIPL
thickness of more than 2 to 4 pm could represent clinically significant glaucoma
progression.196.310. 390 | 3 study by Tan et al., global GCC and FMT measurements were
highly reproducible with intra-class correlation coefficients >0.98 for all measures.374
Francoz and associates reported that the average GCIPL displayed the highest intraclass
correlation coefficient (ICC) and lowest variability among GCIPL parameters, whereas
minimum GCIPL thickness demonstrated the lowest ICC and highest variability. Among
sectors, the highest ICC and lowest variability was observed in the superotemporal sector.96
In a longitudinal study, Kim and colleagues reported the superior GCIPL sector to have the
highest reproducibility while the inferior sector had the lowest reproducibility.19 Different
OCT devices provide significantly different thickness measurements and their results may be
not interchangeable.225 284 Miraftabi and coworkers reported variability of macular
thickness measurements with Spectralis SD-OCT in a cohort of 102 glaucomatous and 21
healthy eyes.266 The Posterior Pole Algorithm provides an 8x8 array of 64 superpixels
(3°x3° squares) centered on the fovea and aligned to the FOBMO axis. Except for the most
nasal and superior rows of superpixels, the remaining superpixels had very high
reproducibility for all thickness parameters; the magnitude of the variability did not exceed 3
um after exclusion of a small percentage of outliers. Age, axial length and image quality did
not affect variability; however, poor quality images were excluded from the study and the
segmentation was manually corrected.

Hirasawa and colleagues reported on the reproducibility of inner macular layer thickness
measurement and the possible influence of different degrees of cyclotorsion.143 Generally,
the reproducibility of mMRNFL, GCIPL and GCC measurements was high and GCIPL and
GCC had better reproducibility compared to mRNFL; coefficients of variation were less
than 1% for all regional and global GCIPL and GCC measures. Ocular cyclotorsion had

Surv Ophthalmol. Author manuscript; available in PMC 2021 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mohammadzadeh et al. Page 35

minimal effect on the reproducibility of measurements both in healthy and glaucomatous
eyes. The authors attributed this finding to the minimal degree of ocular rotation between the
2 sessions of the study. One could anticipate more significant variability with severe
cyclotorsion or when the glaucomatous defect is deep and highly localized.

Nouri-Mahdavi and coworkers2% recently investigated the contribution of within-session
variability in macular thickness measurements to total variability and compared longitudinal
within-eye variability of central SF relationships to between-individual variability. The
investigators demonstrated that that within-session variability contributed most to the total
variability of macular thickness measurements (89-92% for GCL, GCIPL, and GCC). In
their longitudinal cohort of eyes with severe glaucoma or central damage at baseline,
between-individual variability for central macular structural and functional measurements
was larger than within-eye variability; the investigators proposed that studying longitudinal
within-eye SF relationships could be used to optimize detection of glaucoma progression.

3A. Predictors of variability

Various ocular and operator- or device-related factors could potentially affect macular
measurement variability. Variability of GCIPL thickness measurements has been found to be
mostly independent of GCIPL thickness, RNFL thickness, visual field defect severity,
patient’s age, patient’s previous training with the test or examiner experience. %6 196, 266, 310
These findings are in contrast to those related to visual field variability#4 138196 and have
significant implications with regard to applicability of macular measurements to monitoring
disease progression. Macular thickness measurements were found to have higher
repeatability than cp-RNFL thickness in normal children (and adults) and those with
glaucoma.199 There is also evidence that most of the total longitudinal variability of macular
thickness measurements (about 89-92%) can be explained by intra-visit variability.2%8

3B. Device- and operator-related sources of variability

Higher image resolution and greater scan density have been shown to improve measurement
repeatability.107. 109, 247, 282 Higher scanning speed, real-time averaging of multiple images
and eye tracking technology can reduce the artifacts introduced by eye movement, blinking,
poor fixation and off-targeting by the operator and hence, reduce variability.96: 129, 239, 390
Using the internal fixation target of OCT devices provides higher reproducibility than
external fixation targets.313: 343 |mage registration has been an important addition to OCT
devices as it can significantly reduce test-retest variability of follow-up exams.129

Worsening cataract and cataract surgery can affect reproducibility of macular thickness
measurements. Bambo and coworkers found that this effect could be device dependent.32
The investigators found that the macular thickness increased after cataract surgery when
measured with Cirrus HD-OCT, while the change was not significant with Spectralis SD-
OCT. The variability of macular thickness measurements improved after cataract surgery
with both devices. The superior inner macula demonstrated the least variability before and
after surgery.32 Cataract can significantly reduce the quality and signal strength of OCT
images and affect macular thickness measurements; this adverse effect is especially
remarkable with cortical and posterior subcapsular cataracts.92: 288. 388 |n another study,
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cataract surgery had a similar positive effect on macular measurements in diabetic patients
without diabetic retinopathy.%®

In summary, repeatability and reproducibility of macular OCT thickness measurements are
high and are similar or superior to those for ONH and cp-RNFL thickness. Higher image
resolution, greater scan density, using the OCT device’s internal fixation and removal of
cataract improve reproducibility of macular OCT measurements.

IV) Performance of macular OCT imaging for detecting glaucoma
progression

Evidence for utility of macular thickness measurements for monitoring glaucoma is slowly
accruing but is still sparse.222. 364, 368, 380 Macular thickness measures demonstrate a strong
correlation with visual field sensitivities comparable to that of the cp-RNFL thickness.
301,352 Alsg, a strong correlation has been reported between the macular GCIPL layer
thickness and estimates of RGC counts.37> 429 There is evidence suggesting stronger SF
relationships between GCIPL with VVF sensitivity compared to cp-RNFL in eyes with
advanced glaucoma.19% A caveat for many studies is that they do not consider a ground truth
for evaluation of glaucoma progression. Beyond considering functional outcomes as the
ground truth for structural measures, which is suboptimal, a ground truth does not exist.
Cutoff points for change from tightly controlled studies may not be suitable for detection of
glaucoma progression clinically, considering the expected increase in variability and noise
for most structural measures under clinical circumstances.3’”

Reproducibility of a given outcome measure is important with regard to its performance for
monitoring the disease of interest, since a higher SNR (i.e., less noisy measurements) would
provide superior ability for detection of change over time. Reproducibility of various
macular thickness parameters has been shown to be high.143. 198, 282, 374 Both within-session
and inter-session reproducibility of SD-OCT parameters are important as far as detection of
glaucoma worsening is concerned.143. 282,298,374 |n 3 group of 109 clinically stable
glaucoma eyes, Kim and colleagues! reported very low inter-session variability for
sectoral GCIPL thickness measurements.

Several studies have evaluated the rates of change of inner macular thickness measurements
in glaucoma. Rates of GCIPL thinning (Cirrus HD-OCT) have been reported between —0.28
to —0.92 pm/year when all levels of glaucoma damage are considered.128 228,230, 353 | ge et
al. investigated rates of GCIPL thinning after an average follow-up of 3 years; the mean
rates of change were —0.31 pm/year in normal eyes, —0.49 um/year in POAG eyes and —1.46
um/year in eyes with pseudoexfoliation glaucoma.228 Suda et al. reported an average rate of
change of —0.47 um/year for GCC as measured with RTVue OCT in a longitudinal cohort of
glaucoma patients with disease severity ranging from mild to severe (see below).364
Mohammadzadeh and coworkers2%? investigated longitudinal rates of change for FMT,
GCC, GCIPL and GCL in a cohort of glaucoma eyes with central or advanced damage at
baseline. Mean rates of change at 5.6° were proportional to average thickness for various
macular outcomes of interest (-1.32, —0.76, —0.54, and —0.32 pm/year for FMT, GCC,
GCIPL and GCL, respectively). When the proportion of significant negative rates of change
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(slope <0 and p <0.05) were compared for structural and functional measures over time,
structural changes (GCC) were more likely to be detected over time compared to functional
changes (supplemental Figure 1). In another study, Holl6 and Zhou evaluated rates of change
of GCC measured in healthy eyes, treated ocular hypertension and glaucoma patients and
reported average rates of —0.53 um/year, —0.54 pm/year and —0.80 pm/year, respectively.146
Differences in the macular outcome used, study population, glaucoma severity, type of
treatment if any, and length of follow-up could explain differences in the magnitude of the
rates of change observed among the different studies.

Progressive macular thinning has been shown to be related to VVF progression (see section
2G).16.431 Several studies have compared progressive cp-RNFL thinning and FMT or
GCIPL thinning for detection of glaucoma progression. Lee and colleagues?22 explored
event analysis to detect progression based on average or quadrant RNFL thickness compared
to sectoral FMT measurements in a group of mostly normal-tension glaucoma eyes with an
average MD of -4.6 dB (range: —1.5 to —8 dB). The main finding was that FMT
measurements had higher sensitivity for detection of change at both 95% and 80%
specificities regardless of whether the average or quadrant-based cp-RNFL thickness
measurements were used. Na and colleagues®80 found that ONH, cp-RNFL, and macular
SD-OCT measures all showed faster rates of progression in glaucomatous eyes deteriorating
based on VF and ONH findings; the average mean deviation was —4.3 dB in the progressing
group as opposed to —0.8 dB in the stable group. Suda and coworkers364evaluated
longitudinal changes in GCC and cp-RNFL measurements derived from OCT, neuroretinal
rim thickness based on Heidelberg Retina Tomography (HRT) and VF indices in 125 eyes
with moderately advanced glaucoma (baseline mean MD = -6.2 dB). All measures except
HRT parameters showed significant negative trends over time; however, there was poor
correlation between VF and structural outcome measures and between structural measures
themselves.

Software for detection of glaucoma progression is now commercially available on some
OCT devices such as Cirrus HD-OCT’s Guided Progression Analysis (GPA). Cirrus’ GPA
provides event- and trend-based analyses for detection of progressive thinning of the cp-
RNFL and macular GCIPL. Event-based analysis seeks differences in GCIPL thickness
between follow-up macular images and the 2 baseline images. Performance of GPA to detect
progressive GCIPL thinning has been evaluated in a few studies.162: 353 Shin et al.353
compared rates of GCIPL and cp-RNFL progression in a group of eyes with a wide range of
glaucoma severity. They reported a higher number of progressing eyes based on GCIPL
(39%) compared to cp-RNFL (22%) or VFs (25%). The GCIPL rates of progression in eyes
deteriorating based on VVFs was significantly higher than nonprogressors for eyes with mild
(MD =-6 dB) or moderate to severe glaucoma (MD <-6 dB), whereas rates of progression
for average cp-RNFL were significantly higher in the progressing group only in eyes with
mild glaucoma. Hou et al.162 evaluated serial GCIPL and cp-RNFL thickness maps to detect
structural thinning in POAG and normal eyes followed for more than 5 years. The specificity
of GCIPL and cp-RNFL GPA was 95.5% and 91.0%, respectively, whereas the agreement
between GCIPL and cp-RNFL measures for presence of progressive thinning was only
moderate (x =0.41).
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Macular GCIPL and cp-RNFL maps have been integrated to detect glaucoma progression in
some studies.162. 229,231 | ee et al.22% compared the performance of integrated cp-RNFL and
GCIPL maps from Cirrus HD-OCT (PanoMap) with cp-RNFL and GCIPL GPA to detect
glaucoma progression. They found that the wide-field OCT deviation map showed the best
sensitivity (83%) and specificity (96%) to detect early glaucomatous structural progression.
The topographic pattern of structural progression using PanoMap was evaluated by Lee and
colleagues.23! The location of progression was classified based on Hood et al.’s proposed
scheme?®8 as within the superior vulnerability zone (SVZ), papillomacular bundle (PMB),
macular zone of vulnerability (MZV), and inferoinferior region. They found that when
progression was located in the SVZ and inferoinferior areas, only progressive cp-RNFL
thinning was evident on Panomap, whereas if progression was detected in the PMB or M2V,
concurrent involvement of GCIPL and cp-RNFL was the most common pattern. Shin et al.
354 studied the pattern of progressive GCIPL thinning, evaluating 292 eyes with POAG with
a mean follow-up of 6 years. Progressive GCIPL thinning was detected most frequently
(25.0%) inferotemporally (average distance of 2.08 mm from the foveal center) and it
extended in an arcuate pattern towards the fovea and the optic disc. Widening of GCIPL
defects (58.3%) was the most common pattern of progressive GCIPL thinning, followed by
deepening of defects (26.4%) and development of new GCIPL defects (20.8%)(Figure 15).

Recent studies have used new strategies to analyze macular OCT images for detecting
glaucoma progression. Wu and associates*12 evaluated a ‘region-of-interest” (ROI) approach
to detect glaucoma progression using Spectralis OCT. Comparison of contiguous regions of
GCC thickness that fell below the 1% lower normative limit were used for the automated
ROI approach. For the manual ROI approach, they compared changes in manually outlined
regions where glaucoma damage was observed or suspected. Both approaches were
compared with global GCC thickness changes. Longitudinal SNRs were calculated for
progressive changes detected by each of these methods using individualized estimates of
test-retest variability and age-related changes. The manual ROl approach performed best for
detection of progressive macular GCC changes. Fortune® recently proposed that structural
changes detected on SD-OCT imaging such as paravascular defects, peripapillary
retinoschisis, and pseudo-cysts of the inner nuclear layer are associated with severe and
rapid progressing glaucoma.

In summary, rates of change of inner retinal thickness measurements have been shown to be
helpful in monitoring glaucoma progression, especially in more severe and advanced
glaucoma. There is fair correlation between progressive inner macula thinning and VF
progression.

V) Role of macular SD-OCT imaging in advanced glaucoma

The strong correlation of macular SD-OCT thickness measurements with VF sensitivity
measures, the high reproducibility of global and regional macular SD-OCT thickness
measures, and the preliminary data on their ability to detect disease progression provide
proof of concept that macular SD-OCT data may be used to monitor glaucoma especially in
advanced stages. Asrani et al. first proposed the potential utility of macular OCT imaging in
advanced glaucoma.?> A few studies have demonstrated that the variability of macular
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outcome measures does not significantly increase with worsening glaucoma damage.266. 310
In the study by Miraftabi and coworkers,256 the percentage of outliers for GCIPL, a proxy
for measurement variability, increased only at very low thickness measurements suggesting a
possible confounding effect from segmentation errors near the GCIPL measurement floor.

Detection of structural progression in advanced glaucoma could be challenging due to the
floor effect,. The measurement floor or the lowest level macular measurements could reach
represents the residual non-neural tissues. Several studies evaluated the performance of
different structural measures to detect disease progression in advanced glaucoma. Sung et al.
368 showed that rates of progression for FMT measurements were significantly higher than
cp-RNFL rates of changes in progressing eyes with advanced glaucoma; the average
baseline mean deviation (MD) was —14 dB in this group. Bowd et al.*° defined regions of
interest for BMO-MRW, GCIPL and cp-RNFL parameters in a group of eyes with moderate
to advanced disease (MD equal or worse than —8 dB) based on the variability and
measurement floor for each measure. The GCIPL displayed the highest percentage of
remaining region of interest (39%) above the measurement floor at baseline compared to
BMO-MRW (19%) and cp-RNFL (14%). They concluded that GCIPL thickness might be
the most likely structural measure to demonstrate change over time in advanced glaucoma.
Belghith and colleagues3® compared rates of structural progression in 35 eyes (35 patients)
with very advanced glaucoma (MD worse than —21 dB) for cp-RNFL, BMO-MRW, and
GCIPL thickness to those observed in 46 healthy eyes (30 subjects). Only GCIPL global
rates of progression reached statistical significance in eyes with advanced glaucoma. The
number of progressing eyes defined as eyes with a rate of change worse than the 5
percentiles of the healthy eyes was 31% for GCIPL, 11% for RNFL, and 6% for BMO-
MRW. In a more recent study, Lavinsky and coworkers?1® studied the structural rates of
change in 44 eyes with advanced glaucoma, a median MD of -10.2 dB, and an average
follow-up of 4 years. In contrast to average cp-RNFL rates of change (0.009 um/year),
average GCIPL (—0.57 pm/year) and average rim area (—0.01 mm&/year) demonstrated
significant changes during the follow-up period. Hammel and colleagues'28 compared
global and sectoral rates of cp-RNFL and GCIPL change in a group of normal and glaucoma
eyes with varying levels of glaucoma damage. Global cp-RNFL rates of worsening tended to
be larger compared to GCIPL rates in early glaucoma. However, in eyes with severe
glaucoma (MD <-12 dB), the average normalized GCIPL rates of changes were higher
(—1.8%/year) compared to the average RNFL rate of change (—1.1%/year). Miraftabi and
coworkers?67 demonstrated that the dynamic range of all macular SD-OCT parameters did
not exceed 8-10 dB of total deviation loss. Therefore, the utility of macular parameters lies
in the fact that significant macular damage tends to occur relatively later compared to cp-
RNFL or neuroretinal rim loss rather than a higher dynamic range. Given the more
challenging nature of segmentation of the individual retinal layers in the more advanced
stages of glaucoma, it is possible that GCC or FMT measurements would be the preferred
outcome measures for detecting progression in the more advanced cases.230

In summary, the advantages of macular OCT imaging in advanced glaucoma include higher
rates of change compared to other structural modalities, reaching measurement floor later
during the course of glaucoma, no significant increase in variability with worsening
glaucoma until the end stage, and good correlation with VF sensitivities.
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VI) Limitations of Macular OCT imaging

There are limitations for using macular OCT measures for diagnostic purposes in glaucoma.
Concurrent retinal diseases could affect the macular structure and inner layers thickness
measurements. The influence of co-existing macular pathology needs to be considered. In
clinical practice, patients with glaucoma commonly have age-related macular pathologies,
which can affect automated segmentation of macular layers. Several published studies
manually corrected segmentation, which could have led to underestimation of variability.
However, this is not usually practical in clinical setting and real-life data are likely noisier
with higher variability. Most repeatability studies were carried out on the same day or over a
short period of time and did not truly measure long-term variability;1% however, a recent
study by Nouri-Mahdavi and coworkers found that within-session variability explained most
of long-term variability.298 Another limitation is that all relevant studies excluded poor
quality images and those with low signal strength; such images are not uncommon in clinical
practice. In a recent study, a total 6% of scans were excluded due to acquisition errors,
segmentation artifacts or co-morbid macular pathology.2” With continuing software updates
and hardware upgrades of OCT devices, sufficient data on the variability of measurements
made by the most recent technology may not be available;144 310 however, reproducibility of
OCT devices is only expected to improve as newer technologies provides us with faster and
higher resolution image acquisition algorithms. In comparison to cp-RNFL measurements,
which sample the entire ganglion cell axonal complement of the eye, at most the central 50%
of the RGCs residing in the macula can be evaluated with macular OCT imaging.

VIl) Conclusions

Macular OCT imaging is an important diagnostic tool for detection of glaucoma or
monitoring the disease and is now widely available worldwide. It focuses on the most
important area of the human retina. The central RGCs are the last ones to disappear; hence,
given the low variability of macular OCT images and the residual dynamic range, macular
OCT imaging may be used in all stages of glaucoma for detection of glaucoma progression
including the advanced stages.

VIII) Method of literature search

PubMed and Google Scholar websites were used to search articles with the following
keywords and MESH headings: OCT, macula, structure-function, detection, variability,
reproducibility, or progression combined with the term ‘glaucoma’ with an ‘and’ logic. The
primary search was based only on English articles. In our initial search, we reviewed all the
studies up to January 2018. Abstracts were reviewed by the senior author of the study
(KNM) and 341 articles were selected for full review. These articles generally covered
background history and evolution of macular OCT, factors influencing macular OCT
especially axial length and myopia, comparison of OCT devices, glaucoma detection and
comparison to other imaging modalities, structure-function relationship in glaucoma,
vertical asymmetry, variability and reproducibility of macular OCT, and detection of
glaucoma progression. A second search was done for studies published from January 2018
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up to July 31, 2019; based on the same methodology, 41 additional articles were selected for

further review.

Refer to Web version on PubMed Central for supplementary material.

The broken stick equation used by Raza et al. is as follows:

Where,

R = (sp—b)T+bforT < 1.0andR = sgforT > 1.0,

Spis the median of GCIPL thickness in normal subjects at a particular eccentricity,

T'is the relative sensitivity, defined as 109D, and

Dis the TD value compared to age-matched controls in dB.

The variable o was estimated as the median of the GCIPL thickness values at locations
where the SAP sensitivity was less than —15 dB as previously described and represents

measurement floor.

Glossary of all abbreviations

APD
AUC

AL
BCVA
BMO
BMO-MRW
CCT
cp-RNFL
DR
ETDRS
FLV
FMT

GCA

afferent pupillary defect

area under receiver operating characteristics (ROC) curves
axial length

best-corrected visual acuity

Bruch’s membrane opening

Bruch’s membrane opening-minimum rim width
central corneal thickness

circumpapillary retinal nerve fiber layer

diabetic retinopathy

Early Treatment of Diabetic Retinopathy Study
focal loss volume

full macular thickness

Ganglion Cell Analysis
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GCL

GCC

GCIPL

GCCI

GHT

GSDI

GMPE

GLV

GPA

HRT

IPL

LDF

MIRL

mMRNFL

MzZV

MD

MfERG

mfVEP

OHT

OAG

OoCT

ONH

PERG

PMB

PPA

PPAA

ROI

RGC

RNFL

ganglion cell layer

ganglion cell complex

ganglion cell/inner plexiform layer
Glaucoma Composite Conversion Index
Glaucoma Hemifield Test
glaucoma structural diagnosis index
Glaucoma Module Premium Edition
global loss volume

Guided Progression Analysis
Heidelberg Retina Tomograph

inner plexiform layer

linear discriminant function
macular inner retinal layer

macular retinal nerve fiber layer
macular zone of vulnerability

mean deviation

multifocal electroretinography
multifocal visual evoked potential
ocular hypertension

open-angle glaucoma

optical coherence tomography
optic nerve head

pattern electroretinography
papillomacular bundle

Posterior Pole Algorithm

Posterior Pole Asymmetry Analysis
region-of-interest

retinal ganglion cell

retinal nerve fiber layer
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Figure 1.
A) A printout of Cirrus HD-OCT’s macular OCT image displaying full macular thickness

measurements presented in the Early Treatment of Diabetic Retinopathy Study (ETDRS)
grid format. Top row, the thickness maps demonstrate a false color map of the central
macular retinal thickness and full retinal thickness in ETDRS regions. Left middle and
bottom panels provide raw OCT images. Right column images represent 3-D images of
macula (top) and the top surfaces of the inner limiting membrane (middle) and the retinal
pigment epithelium (bottom). The very bottom row on the right displays the central subfield
thickness, macular cube volume, and macular cube average from left to right, respectively,
with their corresponding color scheme for statistical significance. B) The Ganglion Cell
Analysis printout provides the ganglion cell/inner plexiform (GCIPL) layer thickness
measurements in an ellipse 4.8x4.0 mm in size excluding the central 1.2x1.0 mm (the
central fovea). This elliptical region is divided into 6 wedge-shaped sectors where the
GCIPL thickness is averaged. Top row, the thickness maps demonstrate a false color map of
the GCIPL thickness; middle row, deviation maps and global, sectoral, and minimum GCIPL
thickness measurements. The former show regions where the GCIPL thickness has fallen
below the 5% limit based on the normative database with the yellow color representing
measurements with p value <0.05 and >0.01 and the red superpixels representing superpixels
where the GCIPL thickness has decreased to below the 1 percentile cutoff point in the
normative database. Bottom row, raw OCT images provide the opportunity for the reviewer
to inspect the quality of the layer segmentation.
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Figure 2.
The ganglion cell complex (GCC) printout of the left eye of a glaucoma patient with

significant and extensive inferior macular GCC thinning acquired with the RTVue SD-OCT
(OptoVue Inc., Fremont, CA, USA). The GCC thickness map is represented in the upper
left; the inferior temporal macular region displayed in blue (red arrow) demonstrates a
significant reduction in the GCC thickness. The upper right graph represents the significance
map and is pseudocolor coded; GCC thickness in areas shown in green falls within the
normal range (5%-95% prediction interval in the normative database). The yellow color
indicates borderline abnormal GCC thickness, i.e., the thickness measurement falls between
1 and 5 percentile cutoff points in the normative database, and the red color displays areas
where the GCC thickness measurements are outside normal limits (<1 percentile cutoff in
the normative database). The central masked area shown in gray on the right upper image is
explained by the lack of retinal ganglion cells in the center of the fovea. The table (middle
on top) provides summary GCC parameters including average, superior, and inferior
thickness, intra-eye superior-inferior asymmetry, focal loss volume (FLV) and global loss
volume (GLV). High-resolution B-scans with GCC segmentation results are also provided in
the lower section of the printout.
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Printouts of the posterior Pole Algorithm of the Spectralis OCT demonstrating a grid of 64
superpixels, 3°x3° in size, providing the full macular thickness (A) or the ganglion cell layer

thickness (B) in a 24°x24° region of the macula centered on the fovea. Note that the

pseudocolor scales used are different.
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Figure 4.

A schematic model of superimposed retinal nerve fiber layer (RNFL) and macular thickness
maps (ganglion cell/inner plexiform layer in A and RNFL in B).158 A) Projection path of
retinal ganglion cell (RGC) axons from the macular region to corrresponding areas of the
optic disc. Blue lines in the inferotemproal region of the disc define the optic disc sector to
which RGC axons from the macular zone of vulnerability (MZV) project. B) A
representation of the MZV (region delineated in red) and its projection onto the optic disc
(defined by blue lines. The temporal and superior region with a black boundary tend to be
damaged later in glaucoma. (Figure published with permission from Hood et al.158)
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Figure 5.

A comparison of the area under the receiver operating characteristics curves (AUC) for
detection of perimetric glaucoma between the inferior quadrant retinal nerve fiber layer
thickness alone and the inferior RNFL combined with the minimum ganglion cell/inner
plexiform layer (GCIPL) thickness (the best macular parameter in the study). The AUC was
higher for the combined variable (p value =0.041 for comparison of the partial AUCs).
(Figure with permission from Nouri-Mahdavi et al.300)
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Figure 6.
Vertical full macular thickness asymmetry across the horizontal meridian on the Posterior

Pole Algorithm of the Spectralis OCT as an early sign of glaucomatous damage in the right
eye of a patient with early glaucoma. The inferior macula demonstrates a large number of
superpixels flagged as various shades of gray indicating thinning compared to the superior
macula.
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Figure 7.
Schematic representation of the vertical asymmetry algorithm developed by Yamada et al 414

for Spectralis OCT. The minimum asymmetry unit was calculated as the absolute value of
the logarithm of the ratio of the average upper (Ux) and lower thickness (Lx) measurements
(log1g (Ux/LX)]) for each of the 10 vertical scans (in red). The Asymmetry Index for each
eye was then estimated by averaging the asymmetry values for the 10 vertical scans. (Printed
with permission from Yamada et al.#14)
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Figure 8.
Definition of the temporal vertical asymmetry on Cirrus HD-OCT according to Sharifipour

et al..350 The 200x200 macular cube of Cirrus SD-OCT was arranged as a 20x20 grid of
superpixels. The best performing asymmetry index compared average thickness
measurements of the 8 superpixels temporal to the fovea on the 3 rows above and below the
temporal raphe. (Figure published with permission from Sharifipour F. et al.3%)
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Figure 9.
Microcystic macular edema (MME) manifests as hyporeflective cystic and lacunar areas

within the inner nuclear layer on OCT cross-sectional images (red arrow).
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Figure 10.
A) The Fovea-Bruch membrane opening (FOBMO) angle as measured on co-registered

images of the optic disc and macular cubes of Cirrus HD-OCT.110 B) The Spectralis OCT
automaticallay measures the FOBMO after delineating the BMO and the fovea. C) The
ganglion cell/inner plexiform thickness asymmetry across the horizontal meridian is
influenced by the FOBMO angle; a more (negatively) tilted FOBMO angle is associated with
relatively thinner inferior GCIPL thickness along the horizontal raphe compared with the
superior region. (Figure published with permission from Ghassabi et al.110)
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Figure 11.

oot i REK RIS IS
A one-page OCT report providing an overlay of the retinal nerve fiber layer (RNFL) and
ganglion cell/inner plexiform layer (GCIPL) OCT measurements and 24-2 and 10-2 visual
field test locations.249 A) The raw image of the circumpapillary scan displayed in the
NSTIN format, i.e., starting from the nasal quadrant going counterclockwise in the right eye.
B) The circumpapillary-RNFL thickness plot obtained from the disc cube scan from panel
C, right; it corresponds to the raw image of the OCT scan in panel A and is displayed shown
in NSTIN orientation. C) The RNFL thickness maps from the OCT cube scan of the macula
(left) and the optic disc (right). D) The GCIPL thickness color map from the OCT cube scan
of the macula. For both panels C and D, warmer colors represent thicker RNFL or GCIPL
measurements. E) The RNFL probability map is shown in visual field view with the 24-2
locations overlaid. Warmer colors represent deeper defects. F) The GCIPL probability map
based upon the thickness maps in panel D with superimposed 10-2 visual field locations.
The black circles in panels E and F demonstrate the boundaries (+8°) of the macula; the
color bars on the right provide the probability cutoffs for RNFL (E) and GCIPL (F)
thickness measurements. (Figure published with permission from Hood et al.149)
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Figure 12.
The scatter plots demonstrate that the structure-function relationship between ganglion cell

inner plexiform layer thickness and total deviation at central 10-2 visual field locations
improves after adjustment for retinal ganglion cell displacement (A, before adjustment, B,
after adjustment).
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Figure 13.

A broken-stick model of cross-sectional structure-function relationships for 5 different
macular variables (full macular thickness, ganglion cell complex, ganglion cell/inner
plexiform layer, ganglion cell layer and inner plexiform layer). The Y-axis represents
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thickness measurements at 3°x3° superpixels measurements and the X-axis shows total
deviation values at corresponding 10-2 visual field locations. The red brackets demonstrate
the dynamic range for each macular parameter. (Figure published with permission from

Miraftabi A et al.267)

Surv Ophthalmol. Author manuscript; available in PMC 2021 November 01.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Mohammadzadeh et al. Page 81

A

Figure 14.
A) The 6 sectors defined on the Cirrus HD-OCT printout: S = superior, ST = superior
temporal, IT = inferior temporal, | = inferior, IN = inferior temporal, SN = superior nasal,

SN = superior nasal. B) 10-2 visual field locations demonstrating the highest correlations
with the ganglion cell/inner plexiform layer (GCIPL) thickness in various sectors; 21 out of
68 visual field locations were significantly correlated with sectoral GCIPL thickness
measurements and are displayed by colored squares. Two locations superiorly and 1 inferior
location marked by black circles are locations already tested with 24-2 pattern. (Figure
published with permission from Lee JW et al.221)
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Figure 15.
A) Spatial distribution of progressive thinning of the ganglion cell/inner plexiform layer

(GCIPL) in a study by Shin et al.; 292 glaucoma eyes were followed over an average of 6
years.3>* Warmer colors display more frequent occurrence of progressive thinning. B)
Spatial distribution of ganglion cell/inner plexiform layer (GCIPL) thinning in the central
macula at baseline created by overlaying the magnitude of thickness deviation from the
normative database on the GCIPL thickness map. The inferotemporal region was the most
frequently affected area in the central macula. The dotted region represents the area
demonstrating the most prominent progressive changes. (Figure published with permission
from Shin et al.3%4)
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