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Purpose: To assess 3-dimensional surface shape patterns of the optic nerve head (ONH) and peripapillary
retinal nerve fiber layer (RNFL) in glaucoma with unsupervised artificial intelligence (AI).

Design: Retrospective study.
Participants: Patients with OCT scans obtained between 2016 and 2020 from Massachusetts Eye and Ear.
Methods: The first reliable Cirrus (Carl Zeiss Meditec, Inc) ONH OCT scans from each eye were selected. The

ONH and RNFL surface shape was represented by the vertical positions of the inner limiting membrane (ILM)
relative to the lowest ILM vertical position in each eye. Nonnegative matrix factorization was applied to determine
the ONH and RNFL surface shape patterns, which then were correlated with OCT and visual field (VF) loss pa-
rameters and subsequent VF loss rate. We tested whether using ONH and RNFL surface shape patterns improved
the prediction accuracy for associated VF loss and subsequent VF loss rates measured by adjusted r2 and
Bayesian information criterion (BIC) difference compared with using established OCT parameters alone.

Main Outcome Measures: Optic nerve head and RNFL surface shape patterns and prediction of the
associated VF loss and subsequent VF loss rates.

Results: We determined 14 ONH and RNFL surface shape patterns using 9854 OCT scans from 5912
participants. Worse mean deviation (MD) was most correlated (r ¼ 0.29 and r ¼ 0.24, Pearson correlation; each P
< 0.001) with lower coefficients of patterns 10 and 12 representing inferior and superior para-ONH nerve thinning,
respectively. Worse MD was associated most with higher coefficients of patterns 5, 4, and 9 (r ¼ e0.16, r ¼
e0.13, and r ¼ e0.13, respectively), representing higher peripheral ONH and RNFL surfaces. In addition to
established ONH summary parameters and 12eclock-hour RNFL thickness, using ONH and RNFL surface
patterns improved (BIC decrease: 182, 144, and 101, respectively; BIC decrease � 6; strong model improvement)
the prediction of accompanied MD (r2 from 0.32 to 0.37), superior (r2 from 0.27 to 0.31), and inferior (r2 from 0.17
to 0.21) paracentral loss and improved (BIC decrease: 8 and 8, respectively) the prediction of subsequent VF MD
loss rates (r2 from 0 to 0.13) and inferior paracentral loss rates (r2 from 0 to 0.16).

Conclusions: The ONH and RNFL surface shape patterns quantified by unsupervised AI techniques
improved the structureefunction relationship and subsequent VF loss rate prediction. Ophthalmology
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Identification of glaucomatous structural damage tradition-
ally has relied on optic nerve head (ONH) parameters,
including cup-to-disc ratio (CDR), disc tilt, disc ovality, and
disc torsion assessed based on 2-dimensional (2-D) fundus
imaging.1,2 Two-dimensional images of the ONH are not
optimal to capture the subsurface structural changes, and
studies have shown that estimates of clinically perceived
anatomic structures including the disc margin based on
stereophotographs are inaccurate.3 Subsequently, imaging
technologies like confocal scanning laser ophthalmoscopy
have provided quantitative stereometric parameters and
information on ONH and peripapillary retinal contour.4
ª 2022 by the American Academy of Ophthalmology
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/). Published by Elsevier Inc.
With the advent of OCT imaging techniques, we now
have considerable insight into 3-dimensional (3-D) ONH
anatomic features, such as the position and shape of the
lamina cribrosa and neuroretinal rim parameters, which have
been quantified and associated with glaucoma.5e10 Most
recently, Panda et al11 developed a deep learning model to
segment 3 neural-tissue and 4 connective-tissue layers of
the ONH. The segmented images were then processed by a
customized autoencoder network (a neural network that can
be used to learn low-dimensional features from high-
dimensional data) for feature reduction. Structure pheno-
type as determined by unsupervised machine learning based
1https://doi.org/10.1016/j.xops.2022.100161
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on the reduced features from the deep autoencoder was
associated with glaucoma diagnosis.11 Although this work
on the 3-D structural phenotype of the ONH is promising,
it involved a time-consuming step of manual delineation of
the 3-D ONH structure, which impedes its applicability. In
addition, the mapping between structural phenotypes
determined from structural features extracted by autoen-
coder, principal component analysis, and uniform manifold
approximation and projection and the individual 3-D ONH
structures remains limited for clinical interpretation.

In this study, we aimed to quantify the ONH and retinal
nerve fiber layer (RNFL) surface structure represented by
the inner limiting membrane (ILM) using an unsupervised
artificial intelligence (AI) method termed nonnegative ma-
trix factorization (NMF). The ILM boundary is provided by
the OCT manufacturer’s segmentation software. We spe-
cifically chose NMF to quantify the ONH and RNFL surface
shape because it is well suited to determine representative
linear patterns with sparse features for nonnegative mea-
surements,12,13 which are expected to be more clinically
interpretable than nonlinear patterns determined from
reduced features extracted by deep autoencoders. The
ONH and RNFL surface shape patterns determined by
NMF were associated with structural, functional, and other
established glaucoma diagnostic parameters. We also
determined whether using the ONH and RNFL surface
shape patterns improved the prediction of visual field (VF)
loss and subsequent VF loss rate compared with
established OCT parameters alone.
Methods

The study was approved by the Massachusetts Eye and Ear Insti-
tutional Review Board and adhered to the tenets of the Declaration
of Helsinki. Given the retrospective nature of the study, the need
for informed consent was waived.

Study Design and Data

OCT scans of the ONH from a spectral-domain (SD) OCT device
(Cirrus; Carl Zeiss Meditec, Inc) with signal strength of � 6 were
used.14,15 The earliest available OCT scan from each eye was
analyzed. All OCT scans were represented in right-eye format
for analysis. The 6 � 6-mm ONH cube scan comprising 200 B-
scans with 200 A-scans per B-scan was used to construct the 2-D
ILM topographical maps, and any scans with ONH centers devi-
ating > 0.3 mm from the scan center were excluded to ensure data
availability across all scans. The ONH and RNFL surface shape
was represented as the relative vertical position of the ILM with
respect to the lowest vertical ILM position in each eye (Fig 1A).
Anatomically, higher position of the ONH and RNFL surface
represents more anterior structures and vice versa (Fig 1B, C).
Additionally, at the rim of the ONH, ILM is continuous with the
prelaminar tissue inside the ONH and continues as the ILM of
Elschnig16,17; however, for the purpose of this study, we refer to
the term ILM, based on the positions of either ILM (outside the
ONH) or its continuation (inside the ONH).

Electronic medical records were used to obtain demographic
and ophthalmic characteristics for all study participants. For the
cross-sectional analyses, glaucoma diagnosis codes recorded
before or no later than 6 months from the OCT test date were
selected. Specifically, diagnosis codes for suspect glaucoma,
2

primary open-angle glaucoma, primary angle-closure glaucoma,
and secondary or unspecified glaucoma subtypes were used to
identify the glaucoma subtypes. Spherical equivalent measured
within 3 months and intraocular pressure (IOP) information from
the day of the OCT test date were used. If multiple clinical mea-
surements satisfied our inclusion criteria, the measurement closest
to the OCT imaging was selected. Reliable (fixation losses, � 33%;
false-positive and false-negative rates, � 20%)18e20 Swedish
Interactive Threshold Algorithm standard 24-2 VFs (Humphrey
Field Analyzer; Carl Zeiss Meditec, Inc) acquired within 3 months
from the OCT test date were included for structureefunction cor-
relation modeling. Specifically, mean deviation (MD) and superior
and inferior paracentral loss were used to measure accompanied
VF loss. Superior paracentral loss total deviation (TD) was defined
by the average TD at the central upper 2 locations closest to fix-
ation, and inferior paracentral loss was defined by the average TD
at the central lower 2 locations closest to fixation.

For the longitudinal analyses, reliable (fixation losses, � 33%;
false-positive and false-negative rates, �20%)18e20 VF results
acquired at least 3 months after the OCT test date were selected.
Only eyes with at least 5 VF results were used for longitudinal
analyses. The VF loss rate was calculated by regressing the metrics
of MD and superior and inferior paracentral loss over time.

Primary Outcome Measures

The primary outcome measures were (1) the ONH and RNFL
surface shape patterns quantified by unsupervised AI, (2) the cor-
relation relationships between the ONH and RNFL surface shape
patterns and established glaucoma diagnostic parameters, and (3)
the regression models using the ONH and RNFL surface shape
patterns to predict accompanied VF loss and subsequent VF loss
rate.

Statistical Analysis

All statistical analyses were conducted using R software, version
3.4.3 (R Foundation for Statistical Computing). Nonnegative ma-
trix factorization, an unsupervised AI method, was applied to
assess the ONH and RNFL surface shape patterns.12,13,21 Pearson
correlations adjusted for the intereye correlation with linear
mixed models were calculated between ONH and RNFL surface
shape patterns and established glaucoma diagnostic parameters,
including the glaucoma subtype, IOP, spherical equivalent, VF
MD, and structural parameters provided by the OCT software,
including average RNFL thickness (RNFLT), average CDR, ver-
tical CDR, cup volume, disc area, and rim area. Using linear mixed
models to account for the intereye correlation, the ONH and RNFL
surface shape patterns were used to predict the accompanied VF
loss cross-sectionally and subsequent VF loss rates longitudinally
measured by the MD slope, TD slope at the central upper 2 loca-
tions, and TD slope at the central lower 2 locations. Redundant
features were removed by model selection with stepwise regression
using the Bayesian information criterion (BIC). We compared
whether the addition of ONH and RNFL surface shape patterns to
the model with established OCT parameters improved the predic-
tion of accompanied VF loss. Adjusted r2 values penalizing for the
number of predictors after model selection were used to measure
prediction performance of the regression models. The BIC differ-
ence was used to compare quantitatively the prediction perfor-
mance between different regression models by separately using and
combining 3 sets of features, including ONH and RNFL surface
shape patterns, ONH summary parameters, and RNFLT parame-
ters. Note that a BIC decrease of � 6 is considered a strong model
improvement. P value correction for multiple comparisons by the
false discovery rate method was applied for all analyses with



Figure 1. A, OCT scan showing the vertical positions of the inner limiting membrane (ILM) with respect to the lowest continuation of the vertical ILM
position optic nerve head (ONH). B, C, Example of the ONH and RNFL surface shape structure in (B) 2-dimensional and (C) 3-dimensional heatmaps. D,
Fourteen ONH and RNFL surface shape patterns identified with an unsupervised artificial intelligence method, nonnegative matrix factorization.

Saini et al � ONH-RNFL Surface Shape Patterns in Glaucoma
multiple comparisons, and a false discovery rate-corrected P value
of < 0.05 was considered significant and is reported throughout.22

Of note, given that BIC model selection is more stringent, we also
performed our analysis for VF loss rate prediction using the Akaike
information criterion because of our relatively small sample size
for this longitudinal analysis.

Results

Patient Characteristics

To determine the ONH and RNFL surface shape patterns,
9854 OCT scans from 9854 eyes of 5912 participants were
used. The mean � standard deviation age of the participants
at the time of OCT imaging was 63.7 � 15.3 years, and
56.3% were women. Of the 5912 participants, 63.5% self-
identified as White (Table 1). Among the 5294
participants with glaucoma diagnosis information, 50.4%
had a diagnosis of suspect glaucoma, 30.0% had a
diagnosis of primary open-angle glaucoma, 3.5% had
a diagnosis of primary angle-closure glaucoma, 9.2% had a
diagnosis of other types of open-angle glaucoma, and 6.9%
had a diagnosis of secondary or unspecified glaucoma
subtypes. Intraocular pressure measurements from the same
day as the OCT imaging date were available for 8563 eyes
of 5177 participants with an average IOP of 15.5 � 4.4
mmHg. Of the 9854 eyes, the global average RNFLT and
vertical CDR measured by OCT were 78.8 � 16.2 mm and
0.63 � 0.17, respectively. Visual field findings acquired
within 3 months from the OCT imaging date were available
for 3295 eyes of 2290 participants, and the MD, average TD
at the central upper 2 locations, and average TD at the
central lower 2 locations were e4.9 � 6.9 decibels (dB),
e4.4 � 8.0 dB, and e3.4 � 6.4 dB, respectively. Spherical
equivalent measurements obtained within 3 months from the
OCT imaging date were available for 2330 eyes of 1489
participants, with average spherical equivalent of e0.8 �
3.5 diopters.

The ONH and RNFL Surface Shape Patterns

Applying the NMF method, we identified 14 ONH and
RNFL surface shape patterns (Fig 1D) from the 3-D ONH
and RNFL surface shape structure (Fig 1B, C) in each eye.
The ONH and RNFL surface shape patterns were
represented in the right-eye format and were ordered by
their respective average decomposition weights over all
9854 OCT scans from 9854 eyes. The yellow and red re-
gions of the ONH and RNFL surface patterns indicate
higher positions and where large variations exist among
different eyes. Therefore, these regions were considered to
be relatively informative regarding the ONH and RNFL
surface shape structure. By contrast, blue denoted lower
ILM positions and where minimal variations existed among
3



Table 1. Demographics and Baseline Characteristics of the
Patients Included in the Study

Characteristic Data

No. of patients (eyes) 5912 (9854)
Age (yrs) 63.7 � 15.3
Female sex 56.3
Race
Black 12.5
American Indian or Alaska native 0.1
Asian 7.1
European 63.5
Native Hawaiian or other Pacific Islander 0.1
Mixed or other race 6.3
Unknown or not reported 10.4

Glaucoma diagnosis*
Suspect glaucoma 50.4
Primary open-angle glaucoma 30.0
Primary angle-closure glaucoma 3.5
Other open-angle glaucoma 9.2
Secondary or unspecified glaucoma subtype 6.9

Intraocular pressure (mmHg)y 15.5 � 4.4
OCT parameters
Average RNFL thickness (mm) 78.8 � 16.2
Rim area (mm2) 1.0 � 0.3
Disc area (mm2) 1.9 � 0.4
Average cup-to-disc ratio 0.64 � 0.16
Vertical cup-to-disc ratio 0.63 � 0.17
Cup volume (mm3) 0.33 � 0.27

VF parameters (dB)z

Average HVF MD e4.9 � 6.9
Average TD at central upper 2 VF locations e4.4 � 8.0
Average TD at central lower 2 VF locations e3.4 � 6.4

Spherical equivalent (diopters)x e0.8 � 3.5

dB ¼ decibel; HVF ¼ Humphrey Visual Field; MD ¼ mean deviation;
RNFL ¼ retinal nerve fiber layer; TD ¼ total deviation; VF ¼ visual field.
Data are presented as mean � standard deviation or percentage, unless
otherwise indicated.
*Available for 89.5% of patients, recorded before or no later than 6 months
after the OCT imaging date.
yAvailable for 87.6% of patients, measured on the same day as the OCT
imaging date.
zAvailable for 38.7% of patients, with VFs acquired within 3 months from
the OCT imaging date.
xAvailable for 25.2% patients, recorded within 3 months from the OCT
imaging date.
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different eyes and was considered to be the relatively un-
informative region in the ONH and RNFL surface shape
structure. It is important to note that each ONH and RNFL
surface shape structure could be decomposed into these 14
patterns, and a higher coefficient or weight of a specific
ONH and RNFL surface shape pattern indicates the higher
ILM position in the relatively informative regions of that
pattern and vice versa. More specifically, patterns 1 and 13
represent the ILM position variation in the superior pe-
ripheral region around the ONH; patterns 3 and 6 represent
the ILM position variation in the nasal and temporal pe-
ripheral region around the ONH; patterns 2, 8, and 11
represent the ILM position variation in the inferior-nasal,
superior-nasal, and inferior-temporal peripheral regions
around the ONH; patterns 4 and 7 represent the ILM posi-
tion variation in temporal and nasal inner regions around the
4

ONH; pattern 9 represents the ILM variation in the inferior-
nasal inner region around the ONH; patterns 10 and 12
represent the ILM position variation in the inferior and su-
perior para-ONH region; pattern 5 represents the ILM po-
sition variation in the arcuate region across the superior,
temporal, and inferior regions around the ONH; and pattern
14 represents the ILM position variation within the ONH.
Figure 2AeF illustrates an example of ONH and RNFL
surface shape structure with a low coefficient (0) of
pattern 10 (representing inferior para-ONH nerve thinning)
plotted in 2-D and 3-D (Fig 2D, E, respectively). This eye
exhibited conspicuous RNFL loss in clock hours 6 and 7
and corresponding superior VF defect (Fig 2C, F,
respectively). Figure 2GeL illustrates another example of
ONH and RNFL surface shape structure with a low
coefficient (0) of pattern 10 (representing inferior para-
ONH nerve thinning) in a myopic patient (spherical equiv-
alent, e7 diopter) plotted in 2-D and 3-D (Fig 2J, K,
respectively). Again, this eye showed substantial RNFL
loss in clock hours 6 and 7 and severe superior VF loss.
Additionally, this patient also demonstrated a low
coefficient (0.1) of pattern 6, corresponding to lower ILM
position variation in the temporal peripheral region and
ONH tilt in the nasal direction, evidenced by the
comparison of the 3-D images between Figure 2K
(myopic example) and Figure 2E (nonmyopic example).

Correlation with Established Glaucoma
Diagnostic Parameters and OCT Parameters

To better understand the pathophysiologic implications of
the ONH and RNFL surface shape patterns, we correlated
the ONH and RNFL surface shape patterns with various
established glaucoma diagnostic parameters and OCT pa-
rameters (Fig 3). Worse VF MD was associated most (P <
0.001 for all) with lower coefficients of patterns 10 (r ¼
0.29) and 12 (r ¼ 0.24) representing the inferior and
superior para-ONH nerve thinning, respectively. Lower
coefficients of pattern 10 depict a lower position of the ILM
in the red region of this pattern, which represents RNFL loss
near the inferior ONH region. Complementary to this, worse
VF MD also was associated with lower coefficients of
pattern 12 (r ¼ 0.24), representing RNFL loss in the supe-
rior sector. Interestingly, VF MD was inversely associated
with patterns 5 (r ¼ e0.16), 4 (r ¼ e0.13), 9 (r ¼ e0.13), 2
(r ¼ e0.12), and 6 (r ¼ e0.12), representing higher ILM in
the arcuate region across superior, temporal, and inferior
areas; temporal inner region; inferior-nasal inner region;
inferior-nasal peripheral region; and temporal peripheral
region around the ONH, respectively. Thinner average
global RNFL was associated most (P < 0.001 for all) with
lower coefficients of patterns 10 (r ¼ 0.28) and 12 (r ¼
0.21), representing the inferior and superior para-ONH
nerve thinning, respectively, and with higher coefficients
of patterns 4 (r ¼ e0.22) and 11 (r ¼ e0.18), representing
higher ILM in the temporal inner region and inferior-
temporal peripheral regions around the ONH, respectively.
The greater average CDR was associated most (P < 0.001
for all) with lower coefficients of patterns 14 (r ¼ e0.59)
and 12 (r ¼ e0.26), representing deep cups and superior



Figure 2. AeE, Examples of (A) a fundus photograph, (B) a retinal nerve fiber layer (RNFL) thickness map, (C) RNFL clock hours, and optic nerve head
(ONH) and RNFL surface shape structure in a patient with a low coefficient (0) of pattern 10 plotted in (D) 2-dimensional (2-D) and (E) 3-dimensional (3-
D) graphs. F, Corresponding pattern deviation plot from the 24-2 Humphrey visual field of this patient. GeK, Examples of (G) a fundus photograph, (H) an
RNFL thickness map, (I) RNFL clock hours, and ONH and RNFL surface shape structure in a patient with myopia and a low coefficient (0) of pattern 10
plotted in (J) 2-D and (K) 3-D maps. L, Corresponding pattern deviation plot from the 24-2 Humphrey visual field of this patient. This patient also showed
a low coefficient (0.1) of pattern 6, which corresponds to the ONH tilted up toward the nasal direction.

Saini et al � ONH-RNFL Surface Shape Patterns in Glaucoma
para-ONH nerve thinning, respectively, and with higher
coefficients of patterns 5 (r ¼ 0.58), 7 (r ¼ 0.54), and 4 (r ¼
0.52), representing higher ILM in the arcuate region across
superior, temporal and inferior areas; higher ILM in the
nasal inner region; and higher ILM in the temporal inner
region around ONH region, respectively. Myopia (lower
spherical equivalent) was associated most (P < 0.001 for
all) with lower coefficients of pattern 6 (r ¼ 0.11),
5



0.77

0.39

0

0.39

0.77

Pa
tt

er
n 

1

Pa
tt

er
n 

2

Pa
tt

er
n 

3

Pa
tt

er
n 

4

Pa
tt

er
n 

5

Pa
tt

er
n 

6

Pa
tt

er
n 

7

Pa
tt

er
n 

8

Pa
tt

er
n 

9

Pa
tt

er
n 

10

Pa
tt

er
n 

11

Pa
tt

er
n 

12

Pa
tt

er
n 

13

Pa
tt

er
n 

14

POAG vs. Suspect

PACG vs. Suspect

POAG vs. PACG

SE

IOP

MD

Average RNFLT

Rim Area

Disc Area

Average CD Ratio

Vertical CD Ratio

Cup Volume

0.04

0

0

0.13

0.03

0

0

0.2

0.05

0.15

0.08

0.12

0.11

0.03

0

0.08

0.03

0.12

0.13

0.25

0.02

0.28

0.31

0.21

0.06

0.01

0

0.03

0.04

0.07

0

0.27

0.18

0.34

0.24

0.41

0.14

0

0

0

0.02

0.13

0.22

0.46

0.06

0.52

0.5

0.5

0.08

0.05

0

0.09

0

0.16

0.03

0.31

0.53

0.58

0.48

0.77

0.04

0.06

0.03

0.11

0.04

0.12

0

0.23

0.32

0.44

0.35

0.52

0.08

0

0

0.02

0

0.09

0.11

0.3

0.38

0.54

0.52

0.69

0

0

0

0.01

0.01

0.02

0.04

0.06

0.16

0.1

0

0.18

0.1

0.07

0

0.09

0.06

0.13

0.06

0.35

0.14

0.46

0.39

0.5

0.17

0.08

0

0.04

0.11

0.29

0.28

0.14

0.15

0.1

0.2

0.07

0.09

0

0.02

0.06

0.02

0.07

0.18

0.32

0.09

0.29

0.3

0.23

0.1

0.08

0

0.07

0.05

0.24

0.21

0.08

0.39

0.26

0.31

0.33

0.06

0

0

0.11

0

0.02

0.1

0.24

0.08

0.3

0.29

0.32

0.09

0

0

0.03

0.03

0.06

0.2

0.38

0.21

0.59

0.57

0.47

C
lin

ic
al

 a
nd

 D
ia

gn
os

tic
 P

ar
am

et
er

s

ONH RNFL Surface Patterns

Figure 3. Correlations of the optic nerve head (ONH) and retinal nerve fiber layer surface shape patterns with various established glaucoma diagnostic
parameters and OCT parameters, including visual field mean deviation (MD), glaucoma diagnosis, intraocular pressure (IOP), spherical equivalent (SE), and
ONH summary parameters from the OCT analysis report. Numbers in the boxes denote the correlation coefficients, and insignificant correlations have been
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representing lower ILM in the temporal peripheral region
and with higher coefficients of pattern 1 (r ¼ e0.13), rep-
resenting higher ILM in the superior peripheral region,
which may be explained by disc tilt (Fig 2GeL).

Interestingly, lower coefficients of pattern 10
(Supplemental Fig 1) were associated most (P < 0.001 for
all) with clock hour 7 (r ¼ 0.42) and 6 (r ¼ 0.29)
RNFLT, which are the clock-hour sectors closest to the
inferior thinning location in the para-ONH region. Similarly,
lower coefficients of pattern 12 were associated most (P <
0.001 for all) with the clock hour 10 (r ¼ 0.27) and 11 (r ¼
0.27) RNFLT, which are the clock-hour sectors closest to
the superior thinning location in the para-ONH region.

The ONH and RNFL Surface Shape Patterns and
Prediction of Accompanying VF Parameters

Figure 4A shows the heatmap of adjusted r2 values for
different linear models that predicted the accompanied VF
loss (including MD, average TD at the central upper 2
locations, and average TD at the central lower 2 locations)
using the 3 groups of structural features, including ONH
summary parameters, clock-hour RNFLTs, and ONH and
RNFL surface shape patterns, separately or in combination.
Using ONH and RNFL surface shape patterns in addition to
the ONH summary parameter and 12 clock-hour RNFLTs
improved the prediction of accompanied VF MD (r2 from
6

0.32 to 0.37) and superior (r2 from 0.27 to 0.31) and inferior
(r2 from 0.17 to 0.21) paracentral loss (Fig 4A). The
prediction improvement was strong based on the model
comparison using BIC (BIC decrease of 182, 144, and
101, respectively). Note that BIC decrease of � 6 is
considered a significant improvement.

Figure 4BeD shows the optimal ONH and RNFL
surface shape patterns that best predict the VF loss
parameters. Figure 4EeG shows the optimal structural
features selected from the model combining 3 groups of
structural features, including ONH summary parameters,
clock-hour RNFLT, and ONH and RNFL surface shape
patterns, that best predicted the VF loss. The numbers noted
on top of the bars represent the respective statistical sig-
nificance of each parameter, which were measured by the
magnitude of BIC increase when that parameter was
removed from the optimal model, and the direction of the
bar represents the direction of the coefficient for that
parameter when included in the optimal model. The greater
BIC increase on removal of the variable from the model
indicates more importance of that parameter for predicting
the VF loss. A BIC increase of � 6, when removing the
parameter from the model, indicates that the parameter is
associated strongly with the outcome. The top 4 most
important parameters (P < 0.001 for all) for predicting
various aspects of VF loss were (1) for worse MD (Fig 4B),
lower pattern 10 (the inferior para-ONH nerve), lower
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Figure 4. A, Heatmap showing adjusted r2 values for different linear models that predicted the accompanied visual field (VF) loss using the 3 groups of
structural features, including optic nerve head (ONH) summary parameters, clock-hour retinal nerve fiber layer thicknesses (RNFLTs), and ONH and retinal
nerve fiber layer (RNFL) surface shape patterns, separately or in combination. BeD, Bar graphs showing the variables in the optimal model including only
ONH and RNFL surface shape patterns that best predict the VF loss parameters. EeG, Bar graphs showing the variables in the optimal model when
combining 3 groups of structural features, including ONH summary parameters, clock-hour RNFLTs, and ONH and RNFL surface shape patterns, that best
predicted the VF loss. The numbers noted on top of the bars represent the respective statistical significance of each parameter, which were measured by the
magnitude of Bayesian information criterion increase when that parameter was removed from the optimal model, and the direction of the bar represents the
direction of the coefficient for that parameter when included in the optimal model. CD ¼ cup-to-disc; CH ¼ clock hour; MD ¼ mean deviation; TD ¼ total
deviation.
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pattern 12 (the superior para-ONH nerve thinning), higher
pattern 4 (higher ILM in temporal inner regions around the
ONH), and higher pattern 9 (higher ILM in inferior-nasal
inner region around the ONH) coefficients; (2) for worse
superior paracentral loss (Fig 4C), lower pattern 10 (the
inferior para-ONH nerve thinning), higher pattern 4
(higher ILM in temporal inner regions around the ONH),
higher pattern 2 (higher ILM in inferior-nasal peripheral
regions around the ONH), and lower pattern 13 (lower ILM
in superior peripheral region around the ONH) coefficients;
and (3) for worse inferior paracentral loss (Fig 4D), higher
pattern 9 (higher ILM in inferior-nasal inner region around
the ONH), lower pattern 12 (the superior para-ONH nerve
thinning), lower pattern 10 (the inferior para-ONH nerve
thinning), and higher pattern 4 (higher ILM in temporal
inner region around the ONH) coefficients. Although lower
coefficients of pattern 10 (the inferior para-ONH nerve
thinning) were associated with both superior and inferior
7
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paracentral loss, lower coefficients of pattern 12 (the supe-
rior para-ONH nerve thinning) were associated only with
inferior paracentral loss. Interestingly, higher coefficients of
pattern 4 (higher ILM in the temporal inner region around
the ONH) were associated with both superior and inferior
paracentral loss. When combining the ONH and RNFL
surface shape patterns with ONH summary parameters and
12 clock-hour RNFLTs, the top 5 most important parame-
ters (P < 0.001 for all) for predicting various aspects of VF
loss were (1) for worse MD (Fig 4E), higher coefficient of
pattern 14 (shallow cups), higher vertical CDR, RNFL
thinning of clock hour 7, lower pattern 12 coefficient (the
superior para-ONH nerve thinning), and higher cup vol-
ume; (2) for worse superior paracentral loss (Fig 4F), lower
pattern 10 coefficient (the inferior para-ONH nerve thin-
ning), higher pattern 14 coefficient (shallow cups), RNFL
thinning of clock hour 7, increased vertical CDR, and lower
rim area; and (3) for worse inferior paracentral loss (Fig
4G), higher pattern 14 coefficient (shallow cups),
increased vertical CDR, lower pattern 4 (higher ILM in
the temporal inner region around the ONH region)
coefficient, lower rim area, and lower pattern 12
coefficient (the superior para-ONH nerve thinning). Higher
coefficients of patterns 10 (the inferior para-ONH nerve
thinning) and 12 (the superior para-ONH nerve thinning)
remained predictive of superior and inferior paracentral loss,
respectively. It is interesting that worse VF loss was asso-
ciated with higher pattern 14 (shallow cups), which became
statistically more important in predicting VF loss when
including ONH summary parameters and 12 clock-hour
RNFLTs (BIC increases measuring parameters’ statistical
importance, changed from 15, 3, and 2 to 121, 53, and 55
for predicting the MD, TD at the central upper 2 locations,
and TD at the central lower 2 locations, respectively).

Figure 5 shows the adjusted r2 values of the optimal
models to predict TD values at each of the 52 VF
locations, using (1) ONH summary parameters, (2) clock-
hour RNFLT, (3) the ONH and RNFL surface shape pat-
terns, (4) ONH summary parameters and ONH and RNFL
surface shape patterns, (5) clock-hour RNFLT and ONH and
RNFL surface shape patterns, (6) ONH summary parameters
and clock-hour RNFLT, and (7) ONH summary parameters,
clock-hour RNFLTs, and ONH and RNFL surface shape
patterns. The best model for predicting TD values was the
model using the ONH parameters, RNFLT, and ONH and
RNFL surface shape patterns with adjusted r2 values
ranging from 0.15 to 0.38. For all models, the variability in
the superior-nasal VF region was predicted better than other
VF regions. Figure 5H shows the improvement in adjusted
r2 value by the optimal models additionally using ONH
and RNFL surface shape patterns compared with the
optimal models using ONH summary parameters and
clock-hour RNFLT. The improvement in adjusted r2

values ranged from 0.02 to 0.05. The improvement was
more substantial in the inferior and inferonasal VF regions
and was less substantial in the superior and superotemporal
VF regions based on the BIC decrease (greater BIC decrease
indicates stronger evidence that additionally using ONH and
RNFL surface shape patterns improved VF prediction) at
each location shown in Figure 5I.
8

The ONH and RNFL Surface Shape Patterns and
Prediction of Subsequent VF Loss Rates

Eighty eyes from 64 participants with an average follow-up
of 4.1 � 2.0 years with at least 5 VF measurements were
used for our longitudinal analyses. Mean age and MD at
baseline were 62.5 � 14.2 years and e5.8 � 5.7 dB,
respectively. Figure 6A shows the heatmap of adjusted r2

values for linear models that predicted various metrics of
VF loss rate using the 3 groups of structural features,
including ONH summary parameters, clock-hour RNFLT,
and ONH and RNFL surface shape patterns separately or in
combination. The VF loss rate metrics included MD slope
and pointwise TD slope at the 2 superior paracentral loca-
tions and the 2 inferior paracentral locations. Using ONH
and RNFL surface shape patterns in addition to ONH
summary parameters and 12 clock-hour RNFLTs led to an
improvement in the prediction of MD slope (r2 from 0 to
0.13; BIC decrease, 8) and superior (r2 from 0.13 to 0.15;
BIC decrease, 1) and inferior (r2 from 0 to 0.16; BIC
decrease, 8) paracentral loss longitudinally. The prediction
improvement for predicting overall MD slope and TD slope
at the central lower 2 locations based on the model com-
parison using BIC was significant, whereas the improve-
ment for predicting TD slope at the central upper 2 locations
was indistinguishable.

When combining ONH summary parameters, 12 clock-
hour RNFLTs, and ONH and RNFL surface shape patterns
to predict VF loss rate parameters and removing redundant
features by model selection with BIC, only ONH and RNFL
surface shape patterns remained predictive (P< 0.05 for all) of
VF loss rate parameters (Fig 6BeD). Specifically, MD
worsening was associated with higher coefficients of pattern
9 (higher ILM in the inferior-nasal inner region around the
ONH region) and lower coefficients of pattern 6 (lower ILM in
the temporal peripheral region around the ONH region); TD
worsening at the central upper 2 locations was associated with
higher coefficients of pattern 9 (higher ILM in the inferior-nasal
inner region around the ONH region) and lower coefficients of
pattern 6 (lower ILM in the temporal peripheral region around
the ONH region) and pattern 1 (lower ILM in the superior
peripheral region around the ONH region); TD worsening at
the central lower 2 locations was correlated with higher co-
efficients of pattern 9 (higher ILM in the inferior-nasal inner
region around the ONH region) and lower coefficients of
pattern 6 (lower ILM in the temporal peripheral region around
the ONH region). For the linear modeling results for the sub-
sequent VF loss rates based on the less stringent model selec-
tion using the Akaike information criterion, see Supplemental
Figures 2 and 3.
Discussion

We identified 14 patterns from the ONH and RNFL surface
shape structure represented by the ILM boundary and its
continuation in the ONH region based on the segmentation
provided by the device, with NMF, an unsupervised AI
method. Each ONH and RNFL surface shape structure can
be decomposed into a linear combination of the 14 patterns,



Figure 5. AeG, Adjusted r2 values of the optimal models to predict total deviation (TD) values at each of the 52 visual field locations, using (A) optic
nerve head (ONH) summary parameters, (B) clock-hour retinal nerve fiber layer thicknesses (RNFLTs), (C) the ONH and retinal nerve fiber layer (RNFL)
surface shape patterns, (D) ONH summary parameters and ONH and RNFL surface shape patterns, (E) clock-hour RNFLTs and ONH and RNFL surface
shape patterns, (F) ONH summary parameters and clock-hour RNFLTs, and (G) ONH summary parameters, clock-hour RNFLTs, and ONH and RNFL
surface shape patterns. The best model for predicting TD values was the model using the ONH parameters, RNFLT, and ONH and RNFL surface shape
patterns with adjusted r2 values ranging from 0.15 to 0.38.H and I, Improvement in adjusted r2 value and BIC statistic decrease by using the optimal models
additionally using ONH and RNFL surface shape patterns, compared with the optimal models using ONH summary parameters and clock-hour RNFLTs
only. BIC ¼ Bayesian information criterion.

Saini et al � ONH-RNFL Surface Shape Patterns in Glaucoma
and a higher coefficient for an ONH and RNFL surface
shape pattern type indicated higher ILM position in the
relatively informative regions (red and yellow regions) for
that ONH and RNFL surface shape pattern and vice versa.
Glaucoma causes irreversible loss of retinal ganglion cells
and their axons affecting the ILM position, and this leads to
alteration in the anatomic features of the ONH region.23e25

Furthermore, the associated axonal degeneration is related
9



0

0.04

0.08

0.12

0.16

O R O O R O O

MD

TD at Central Upper 2

TD at Central Lower 2

0

0

0

0

0.13

0

0.13

0.15

0.16

0.13

0.15

0.16

0.13

0.15

0.16

0

0.13

0

0.13

0.15

0.16

−4

−3

−2

−1

0

1

2

Pa
tte

rn
9

Pa
tt e

rn
6

C
oe

ffi
ci

en
t

Predictive Variable

10

6

−4
−3
−2
−1

0
1
2

Pa
tte

rn
6

Pa
tt e

rn
9

Pa
tt e

r n
1

C
oe

ffi
ci

en
t

Predictive Variable

9

4

1

−6

−4

−2

0

2

Pa
tte

rn
9

Pa
tt e

rn
6

C
oe

f fi
ci

en
t

Predictive Variable

12

2

(b-d) Variables in the Optimal Model Predicting Predicting Visual Field Loss Rate with ONH + RNFLT + ONH-RNFL Surface Patterns

A

B C D

(a) R2 Values of Optimal Models Predicting Predicting Visual Field Loss Rate

V
is

ua
l F

ie
ld

 L
os

s R
at

e

Models 

MD R2 : 0.13 TD at central upper 2 points R2 : 0.15 TD at central lower 2 points R2 : 0.16

ONH-
RNFL 
Surface 
PatternsONH RNFLT

ONH + 
RNFLT + 
ONH-RNFL 
Surface 
Patterns

ONH + 
ONH-
RNFL 
Surface 
Patterns

RNFLT 
+ ONH-
RNFL 
Surface 
Patterns

ONH + 
RNFLT

Figure 6. A, Heatmap showing adjusted r2 values for linear models that predicted various metrics of visual field loss rate using the 3 groups of structural
features, including optic nerve head (ONH) summary parameters, clock-hour retinal nerve fiber layer thicknesses (RNFLTs), and ONH and retinal nerve
fiber layer (RNFL) surface shape patterns separately or in combination. BeD, Variables in the optimal model combining 3 groups of structural features,
including ONH summary parameters, clock-hour RNFLTs, and ONH and RNFL surface shape patterns, that best predicted (B) the visual field mean
deviation (MD) loss rate, (C) the total deviation (TD) loss rate at the upper 2 central points, and (D) the TD loss rate at the lower 2 central points.
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closely to morphologic changes in the surrounding connec-
tive tissue structures, such as the lamina cribrosa.26,27

Traditionally, the ONH structural features, including CDR,
disc tilt, disc ovality, and disc torsion, are assessed based
on 2-D fundus imaging.1,28e31 With the advent of SD OCT
devices, we now can visualize and quantify 3-D ONH
structures, including Bruch’s membrane opening, lamina
cribrosa, scleral thickness, and 3-D neuroretinal rim param-
eters.3,5,8,32 Three-dimensional neuroretinal rim parameters
like the minimum distance band, Bruch’s membrane
openingeminimum rim width, and 3-D rim volume have
outperformed conventional neuroretinal parameters like
RNFLT to diagnose glaucoma.32,33 The Cirrus SD OCT
device provides robust automatic segmentation of the ILM
boundary representing 3-D ONH and RNFL surface shape
structure.34 More importantly, the variation of the ONH and
RNFL surface shape structure encodes both the axonal loss
and the remodeling of the lamina cribrosa. The ONH and
RNFL surface shape can be affected by both RNFL
thinning and the recess of the lowest ILM position possibly
because of the thinning of the prelaminar tissue and
deformation of the lamina cribrosa.

Interest is growing in using information from the OCT
scans and training deep learning models to apply the infor-
mation obtained in glaucoma care.35e37 For instance,
10
Christopher et al37 used deep learning models trained on
RNFLT maps obtained from SD OCT to differentiate eyes
with and without glaucomatous VF damage and showed
that their deep learning model had high accuracy in
identifying eyes with glaucomatous VF damage and
predicting the severity of functional loss; however, most
previous work has relied on RNFLT rather than the 3-D
ONH structure. In 2021, Panda et al11 described a deep
learning approach using autoencoders to identify 3-D struc-
tural biomarkers in ONH anatomic features; however, unlike
our work, their analyses required manual delineation of the 3-
D OHN structure. Furthermore, the relationship between
structural phenotypes determined from the reduced features
generated by the customized autoencoder and the 3-D ONH
structures are complex to understand fully. In contrast, our
ONH and RNFL surface shape patterns determined by NMF
are more clinically interpretable because NMF is specialized
in learning patterns with sparse and regional features from
nonnegative data.

We correlated ONH and RNFL surface shape patterns
with various established glaucoma diagnostic parameters
and OCT parameters, including VF MD, glaucoma diag-
nosis, IOP, spherical equivalent refractive error, and ONH
summary parameters from the OCT analysis report. Spe-
cifically, we showed that thinner inferior and clock hour 7
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RNFLT were associated most with lower coefficients of
pattern 10 (r ¼ 0.42 and r ¼ 0.35, respectively) representing
the inferior para-ONH nerve thinning. Inferior RNFLT and
clock hour 7 RNFLT demonstrated high specificity and
sensitivity to detect glaucomatous VF defects. The clock
hour 7 sector is adjacent to the inferior vulnerability zone
proposed by Budenz et al38 and Hood.39 Similarly, we
observed that thinner average global RNFLT and thinner
RNFLT in clock hours 11 and 12 were correlated with
lower coefficients of patterns 12 (r ¼ 0.21, r ¼ 0.22, and
r ¼ 0.2, respectively), representing the superior para-ONH
nerve thinning. Retinal nerve fiber layer thicknesses in
clock hours 11 and 12 have high area under the receiver
operating characteristic curve for identifying glaucomatous
VF loss and are in proximity to the superior vulnerability
zone proposed by Budenz et al38 and Hood.39 Worse VF
MD and thinner average global RNFLT were correlated
most with lower coefficients of patterns 10 and 12 (r ¼
0.29 and r ¼ 0.28, respectively), representing RNFL loss
in the inferior and superior para-ONH regions, which is in
agreement with the clinical relevance of vertical CDR in
diagnosing glaucoma.40

A particularly important finding is that VF MD (Fig 3)
was associated inversely (P < 0.001 for all) with patterns 5
(r ¼ e0.16), 4 (r ¼ e0.13), 9 (r ¼ e0.13), 2 (r ¼
e0.12), and 6 (r ¼ e0.12), and thus, a worse MD was
associated with higher coefficients of these patterns,
representing higher ILM in the red and yellow regions of
the respective patterns. Because structural thinning of the
RNFL in glaucoma is known to lower ILM vertical
positions, the correlations between higher regional ILM
position and worse MD imply that the cup shape patterns
with higher regional ILM position may be another marker
of VF damage in glaucoma. In our multivariate linear
regression analyses using the 14 ONH and RNFL surface
shape patterns, worse VF MD was associated with higher
pattern 4 (higher ILM in the temporal inner regions around
the ONH) and higher pattern 9 (higher ILM in the inferior-
nasal inner region around the ONH) coefficients. Further-
more, worse superior paracentral loss was associated with
higher pattern 4 (higher ILM in the temporal inner regions
around the ONH) and higher pattern 2 (higher ILM in the
inferior-nasal peripheral regions around the ONH) co-
efficients, and worse inferior paracentral loss was associated
with higher pattern 9 (higher ILM in the inferior-nasal inner
region around the ONH) coefficients. This suggests that a
higher ILM in these areas is associated with VF loss, which is
contrary to what is understood clinically; that is, RNFL
thinning should result in lower ILM vertical position. A
concern exists that the reference point of the lowest ILM
position can be recessed because of glaucomatous structural
changes, including the prelaminar tissue thinning and lamina
cribrosa deformation, which results in higher ILM positions
outside the optic cup that are related to worse VF loss we
observed in this study; however, if that is the case, we would
not have been able to observe that higher ILM positions
represented by higher coefficients of patterns 4, 9, and 2 (Fig
4B) were associated with worse MD in the multivariate
regression using all 14 ONH and RNFL surface shape
patterns, among which the variation of the coefficients for
patterns 10, 12, and 14 would be able to represent the
recession of the lowest ILM position. Our results suggest
that this type of ONH and RNFL surface shape pattern
with higher regional ILM position may be an anatomic risk
factor for VF damage in glaucoma, which would need to
be validated further in a larger longitudinal study.

Myopia has been associated with glaucoma, and prior
studies have shown that patients with myopia have a two- to
sevenfold increased risk of glaucoma compared with those
without myopia.41,42 In our study, we found that a more
negative spherical equivalent representing myopia was
correlated most with lower coefficients of pattern 6 (r ¼
0.11), representing lower ILM in the temporal peripheral
region, and with higher coefficients of pattern 1 (r ¼
e0.13), representing higher ILM in the superior peripheral
region, which may be explained by disc tilt, and thus
highlighting that ONH and RNFL surface shape patterns
could encode variance in anatomic structures related to
myopia. This is consistent with previous studies in which
authors have identified that tilted optic discs are associated
with higher myopia.43

The addition of ONH and RNFL surface shape patterns
to ONH summary parameter and 12 clock-hour RNFLTs
improved the prediction of accompanied VF MD slope (r2

from 0.32 to 0.37) and superior (r2 from 0.27 to 0.31) and
inferior (r2 from 0.17 to 0.21) paracentral loss. We showed
that lower coefficients of patterns 10 and 12 (the inferior and
superior para-ONH nerve thinning) were related most to the
global VF loss of MD (Fig 4B). Only inferior para-ONH
nerve thinning (lower pattern 10) is relevant to superior
paracentral loss (Fig 4C), whereas both inferior and superior
para-ONH nerve thinning (lower patterns 10 and 12) were
relevant to inferior paracentral loss (Fig 4D). Consistent
with our correlation analyses in Figure 3, we observed
that higher ILM positions (Figs 4BeD) were relevant to
worse MD (patterns 4 and 9, higher ILM in temporal
inner regions and inferior-nasal inner region around the
ONH), superior paracentral loss (patterns 4 and 2, higher
ILM in temporal inner regions and inferior-nasal peripheral
regions around the ONH), and inferior paracentral loss
(pattern 9, higher ILM in inferior-nasal inner region around
the ONH). In a smaller subgroup with at least 5 VF mea-
surements available longitudinally, we showed that using
ONH and RNFL surface shape patterns in addition to ONH
summary parameter and 12 clock-hour RNFLTs led to
improvement in the prediction of overall VF loss and infe-
rior paracentral VF loss over time, assessed by both BIC and
Akaike information criterion scores. In general, worse VF
loss rate (global, superior, and inferior paracentral) was
associated with higher coefficients of pattern 9 (higher ILM
in inferior-nasal inner region around the ONH) and lower
coefficients of pattern 6 (lower ILM in the temporal pe-
ripheral region around the ONH). None of the established
ONH summary parameters and clock-hour RNFLTs
remained in the optimal model predicting the VF loss rate.
Our results suggest that the ONH and RNFL surface shape
patterns may be a more useful risk factor for predicting
glaucoma progression.

Our study has the following limitations. First, our analysis
was based solely on OCT scans obtained from the Cirrus SD
11
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OCT device. In the future, we also would like to validate our
results using OCT scans from other devices such as Spectralis
and Topcon. Second, the ILM could have overlapped verti-
cally in rare cases. Our model did not address this issue
because of the limitation of the heatmap-type analyses. For
some scans, a slight tilt in the head positioning of the study
participant while obtaining the scan may have affected the
measurements and the tilt observed in the ONH and RNFL
surface shape patterns. Additionally, we did not acquire in-
formation on the lens status of the patients at the time of
imaging, and it is possible that some patients may have been
pseudophakic, and thus, spherical equivalent values may not
be valid in these cases. Additionally, our sample size for
prediction of VF loss rate was relatively small, and more data
with longitudinal measurements will be needed to validate
fully the usefulness of ONH and RNFL surface shape
12
patterns for predicting future VF loss rates. Finally, although
our results state that eyes with higher ILM in certain regions
could be more vulnerable to glaucomatous VF loss, we need
to validate this speculation more rigorously. It will be helpful
to conduct a population-based study to observe the natural
history of glaucoma development to see if higher ILM po-
sitions in certain regions are indeed related to subsequent
glaucoma development and VF loss.

In conclusion, we showed that ONH and RNFL surface
shape patterns determined by unsupervised AI techniques
were associated significantly with established glaucoma
diagnostics and structural and functional parameters. In-
clusion of ONH and RNFL surface shape patterns improved
the structureefunction relationship and prediction of sub-
sequent VF loss rate in addition to ONH summary param-
eters and RNFLT measurements.
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