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Purpose: To develop and evaluate the performance of a 3-dimensional (3D) deep-learningebased auto-
mated digital gonioscopy system (DGS) in detecting 2 major characteristics in eyes with suspected primary angle-
closure glaucoma (PACG): (1) narrow iridocorneal angles (static gonioscopy, Task I) and (2) peripheral anterior
synechiae (PAS) (dynamic gonioscopy, Task II) on OCT scans.

Design: International, cross-sectional, multicenter study.
Participants: A total of 1.112 million images of 8694 volume scans (2294 patients) from 3 centers were

included in this study (Task I, training/internal validation/external testing: 4515, 1101, and 2222 volume scans,
respectively; Task II, training/internal validation/external testing: 378, 376, and 102 volume scans, respectively).

Methods: For Task I, a narrow angle was defined as an eye in which the posterior pigmented trabecular
meshwork was not visible in more than 180� without indentation in the primary position captured in the dark room
from the scans. For Task II, PAS was defined as the adhesion of the iris to the trabecular meshwork. The
diagnostic performance of the 3D DGS was evaluated in both tasks with gonioscopic records as reference.

Main Outcome Measures: The area under the curve (AUC), sensitivity, and specificity of the 3D DGS were
calculated.

Results: In Task I, 29.4% of patients had a narrow angle. The AUC, sensitivity, and specificity of 3D DGS on
the external testing datasets were 0.943 (0.933e0.953), 0.867 (0.838e0.895), and 0.878 (0.859e0.896),
respectively. For Task II, 13.8% of patients had PAS. The AUC, sensitivity, and specificity of 3D DGS were 0.902
(0.818e0.985), 0.900 (0.714e1.000), and 0.890 (0.841e0.938), respectively, on the external testing set at
quadrant level following normal clinical practice; and 0.885 (0.836e0.933), 0.912 (0.816e1.000), and 0.700
(0.660e0.741), respectively, on the external testing set at clock-hour level.

Conclusions: The 3D DGS is effective in detecting eyes with suspected PACG. It has the potential to be used
widely in the primary eye care community for screening of subjects at high risk of developing
PACG. Ophthalmology 2022;129:45-53 ª 2021 by the American Academy of Ophthalmology

Supplemental material available at www.aaojournal.org.
Primary angle-closure glaucoma (PACG) is one of the major
blinding eye conditions characterized by a narrow irido-
corneal angle and glaucomatous optic neuropathy. It is
projected that the number of people who have PACG
worldwide will increase from 23 million to 32 million
among the population aged more than 40 years between
2020 and 2040.1 In China, PACG affects approximately
1.4% of citizens (19.6 million).2-5 Compared with normal
subjects, subjects with angle closure and peripheral anterior
synechia (PAS) have a higher risk of progressing to PACG,
because these factors may lead to elevated intraocular
pressure (IOP).6-8
ª 2021 by the American Academy of Ophthalmology
Published by Elsevier Inc.
In clinical practice, the angle status of the eye, diagnosed
using gonioscopy,9,10 is crucial in determining the clinical
progression and treatment management. Unfortunately, it
is challenging for nonglaucoma specialists to master
gonioscopy skills that are essential to determine the angle
width (open or narrow) and the presence of PAS.10

During static gonioscopy, the ophthalmologists will
examine the extent and margin of the angle closure,
whereas dynamic gonioscopy is used to detect the
presence and extent of PAS along the iridocorneal angle.
Based on the International Society of Geographical &
Epidemiological Ophthalmology criteria or other
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international grading systems (e.g., Shaffer’s grading
system,11 Scheie’s grading system12), a narrow angle is
defined as obscuration of the posterior trabecular
meshwork for at least 180� under static gonioscopy.13

Peripheral anterior synechia refers to the adhesions
between the iris and the trabecular meshwork, which may
lead to elevated IOP.6,13 Peripheral anterior synechia also
may be caused by various conditions, such as ocular
inflammation, trauma, and acute angle-closure glaucoma.
However, given that it is a contact examination, a number of
patients experience discomfort and may not tolerate the
examination well, resulting in difficulties in making an ac-
curate assessment of the iridocorneal angle status and
localization of PAS.

Anterior-segment OCT (AS OCT), combined with arti-
ficial intelligence, was previously reported in the evaluation
of the iridocorneal angle,14-17 but there are limitations, as
follows. First, the evaluation was developed using few
cross-sectional scans that did not cover the overall anterior
chamber angle (ACA), which requires multiple cross-
sectional scans of the same eye.15,18-20 Thus, a
3-dimensional (3D) examination composed of a dense
sampling of cross-sectional images may be more accurate to
examine the angle status. Second, the ground truth used in
previous studies was based on OCT scans but not clinical
gonioscopic examination.18,19 Third, static OCT performed
under only 1 lighting condition is less useful to identify
the existence and location of PAS.21,22 Thus, the objective
of this study was to develop and validate a deep-
learningebased automated digital gonioscopy system
(DGS) to detect narrow angle (Task I) on static
examination and the presence of PAS (Task II) on
dynamic examination under different lighting conditions
(dark and bright) using swept-source OCT (SS-OCT). A
flowchart of the study design is shown in Figure 1.
Methods

Data Preparation

The study was approved by the Ethics Review Committee of
Zhongshan Ophthalmic Center (Guangzhou, China), the Singapore
National Eye Centre (Singapore), and the Chulalongkorn Univer-
sity and King Chulalongkorn Memorial Hospital (Bangkok,
Thailand) and was performed in accordance with the Declaration of
Helsinki. Written informed consent was obtained from the
participants.

The training and validation datasets were collected from the
electronic medical database and research records at Zhongshan
Ophthalmic Center from September 1, 2016, to September 1, 2019.
The inclusion criteria in the study were as follows: (1) all partici-
pants must be aged �18 years; and (2) study subjects had a
previous diagnosis of the ACA status (narrow or open, PAS or
non-PAS) based on gonioscopy, SS-OCT scans, and medical his-
tory records. Exclusion criteria of the data included (1) poor
compliance in receiving gonioscopy examination; (2) unclear AS-
OCT scans due to blinking or out of focus; (3) recent use of miotics
within 1 month; (4) secondary angle closure due to subluxation or
dislocation, uveitis, or neovascular glaucoma; (5) history of ocular
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surgery or laser iridotomy; (6) patients who previously had an
episode of primary angle closure (which was obtained on history
by asking the patients).

For Task I, the external test dataset was obtained from the
Singapore National Eye Centre, Singapore, from June 2008 to
November 2019. For Task II, the external test dataset was obtained
from the King Chulalongkorn Memorial Hospital, Bangkok,
Thailand, from October 2019 to April 2020. All of the AS-OCT
scans of a single patient were included in the training, validation,
or test sets to ensure these datasets were unique at the patient level.

There were 7838 volume scans in Task I, which is divided into
a training set of 4515 scans (3012 open and 1503 narrow), a
validation set of 1101 scans (706 open and 395 narrow), and a test
set of 2222 scans (1705 open and 517 close). There were 856
volume scans in Task II. Each volume scan was further divided
into 12 clock-hour scans because the label of PAS was made on a
clock-hour level. The data in Task II were divided into a training
set of 4536 clock-hour scans (480 PAS and 4056 non-PAS), a
validation set of 4512 clock-hour scans (576 PAS and 3936 non-
PAS), and a test set of clock-hour 1224 scans (240 PAS and 984
non-PAS).

Ground Truth Labeling

On the basis of the gonioscopy results obtained with a Sussman 4-
mirror gonioscope lens, narrow angles were defined as non-
visibility of the posterior pigmented trabecular meshwork for more
than 180� without indentation in the primary position examined in
a dark room (0.4 lux).13 Peripheral anterior synechia was defined as
the adhesion of the iris to the trabecular meshwork wider than half
a clock-hour. The existence and extent of PAS were determined
using indentation gonioscopy in a dark room (0.4 lux) by glaucoma
experts. Gonioscopy was performed on each eye twice by 2 in-
dependent observers from each center (Zhongshan Ophthalmic
Center: F. Li, F. Lin, X.Z.; Singapore National Eye Centre: B.M.,
M.N., T.A.; King Chulalongkorn Memorial Hospital: S.C., K.R.,
A.M., V.T., P.R.). Gonioscopy was first performed by 1 grader and
then validated by a senior glaucoma expert. The 2 observers would
discuss to reach a consensus should there be a discordant finding;
otherwise, the case would be excluded.

Anterior-Segment OCT Imaging

For each eye included, OCT imaging was performed within the
same day of gonioscopy examination. CASIA OCT (Tomey) was
used to capture the morphology of the anterior segment. The OCT
examinations were performed by experienced technicians blinded
to the clinical information of the patients. The current study mainly
focused on 2 tasks: narrow angle detection (Task I) and PAS
detection (Task II). For Task I, 3D morphology of the anterior
chamber was scanned with the “angle analysis” mode in a dark
room with a light intensity of 0.4 lux. “Angle analysis” mode
contains 128 radial B-scans centered at the central cornea. For the
task of PAS detection, paired volume OCT scans under different
light intensity were captured for each subject to simulate dynamic
gonioscopy. The dark OCT scans are 3D volume scans of the
anterior chamber obtained with the “angle analysis” mode in a dark
room with a light intensity of 0.4 lux, whereas the light OCT scans
are volume scans of the anterior chamber repeated with the “angle
analysis” mode in a room with a light intensity of 104 lux. The
criteria used for acceptable images include clear visualization of
the iridocorneal angle and iris. Video 1 (available at
www.aaojournal.org) shows the capturing of the anterior
chamber volume scan in the dark room.
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Figure 1. Flowchart of the current study. The study is composed of 2 tasks. In Task I, we developed the deep learning algorithm to simulate static gonioscopy
for angle classification. In Task II, we developed the deep learning algorithm to simulate dynamic gonioscopy for peripheral synechia detection. ISGEO ¼
International Society of Geographical & Epidemiological Ophthalmology; PAS ¼ peripheral anterior synechiae.

Li et al � Digital Gonioscopy System to Evaluate Chamber Angle
Design and Development of the Digital
Gonioscopy Systems

For Task I, we developed a 3D DGS to analyze the overall AS-
OCT volume scan that analyzes the entire anterior chamber, us-
ing 3D-ResNet-34,23,24 which contains 6 group learned layers.
We cropped the original images in half. Then we flipped the
half image of the right angle and concatenated all of them as
input. For model training, we trained the model via SGD
optimizer with a learning rate set to 0.1. We set the input
image size to 512*128 and number of epochs to 200. The
output was fed to the softmax layer, which produced a
probability prediction over the 2 class labels (Fig S1, available
at www.aaojournal.org).

For Task II, we used 2 sets of AS-OCT scans of the same eye,
captured under dark (Dark DGS) and bright condition (Light DGS)
to detect PAS, using 3D-ResNet-50 as the technical network.25 The
combination of Dark DGS and Light DGS is named “Paired DGS”
in our study. Our previous study demonstrated that the DGS based
on paired data had better performance than that based on single
modal data (dark or light).26 The synechia classification was
analyzed using a dual-stream 3D deep learning system that
models the dynamics of 2 different light conditions (Fig S2,
available at www.aaojournal.org). Each clock-hour OCT scan
consisted of 20 consecutive frames of ACA images. The images of
1 clock-hour were split in half first. Then the right part or left part
of the images was selected depending on the specific hour. The half
images were further cropped by a coarse to fine tool to extract the
region of interest. Finally, 20 cropped images that represent a
clock-hour were fed into our proposed neural networks. We trained
the models for 200 epochs with a batch size of 8 and an input
resolution of 244*244. After data preprocessing, the AS-OCT
images captured in a dark room were fed into the dark stream,
while its counterpart captured in a light room was fed into the light
stream. The outputs of these 2 streams were then concatenated to
produce the predictive score that indicated the possibility of
synechial angle structure. To validate the superiority of the dual-
stream fusion strategy, we also built single-stream counterparts
of the deep-learning system, that is, Light DGS and Dark DGS,
which only make use of AS-OCT volumes captured from one light
condition. Although the OCT volume is input as a whole, it would
be divided into 12 clock-hours after entering the neural network.
Therefore, the probabilities of each clock-hour to have synechia
could be generated independently (Fig S3, available at
www.aaojournal.org).

The models were developed with Python (version 3.8.6) and
PyTorch (version 1.6.0). To demonstrate the convergence of the
algorithms regarding Tasks I and II, we show the curve of overall
loss using TensorBoard (Fig S4, available at www.aaojournal.org).
The key hyperparameters and average running time of each model
are summarized in Table S1 (available at www.aaojournal.org).
The gradient-weighted class activation mapping was applied to
the DGS to generate heat maps on the key regions in the ACA
suggestive of angle closure and PAS.27
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Table 1. Demographic Information of Subjects in Task I and
Task II

Task I
Characteristics

Open-Angle
Group

Narrow-Angle
Group P Value

Patients (eyes) 1364 (2437) 568 (857) e
OCT scans 5423 2415 e
Sex (M/F) 629/733 172/388 <0.001
Left/Right 1205/1232 434/423 0.547
Age (yrs), Mean (SD) 55.2 (13.7) 62.6 (8.5) <0.001
Ethnicity
Chinese (%) 1238 (90.8) 536 (94.4) e

Malaysian (%) 28 (2.1) 10 (1.8) e
Indians (%) 64 (4.7) 18 (3.1) e
Others (%) 34 (2.5) 4 (0.7) e

Task II
Characteristics PAS Group

Non-PAS
Group P Value

Patients (eyes) 50 (54) 312 (374) e
No. of OCT scans (clock hours) 1296 8976 e
No. of PAS units (clock hours) 716 0 e
Sex (M/F) 21/29 150/164 0.447
Left/Right 44/10 192/182 <0.001
Age (yrs), Mean (SD) 59.3 (9.5) 51.9 (15.2) <0.001
Ethnicity
Chinese (%) 40 (80) 271 (86.9) e

Thai (%) 10 (20) 41 (13.1) e

e ¼ not available; F ¼ female; M ¼ male; PAS ¼ peripheral anterior
synechia; SD ¼ standard deviation
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Comparison of DGS versus General
Ophthalmologists

For Task I, we also compared the diagnostic performance of DGS
with 2 ophthalmologists (glaucoma specialists) who received
ophthalmological training for more than 5 years. They did not
participate in data collection or labeling and were blind to the
ground truth. The 2 ophthalmologists were asked to classify the
volume scans of 2465 eyes from 1435 subjects in the validation
and external test sets into narrow versus open solely based on OCT
scans without gonioscopy records. These 2 graders went through
all the images in each volume scan for an eye and assigned 1 label
(open/narrow) to it.

Statistics

The diagnostic performance of the DGS was calculated using the
area under the curve (AUC) receiver operating characteristic,
sensitivity, and specificity with a 95% confidence interval in the
detection of narrow angle (Task I) and PAS (Task II). For Task I,
we further compared the diagnostic performance of the 3D DGS
with 2 general ophthalmologists. For Task II, we compared the
diagnostic performance of the Paired DGS, Light DGS, and Dark
DGS in PAS detection at both the clock-hour level and quadrant
level (Fig S5, available at www.aaojournal.org). If there is no
synechia in the 3 clock-hour scans within the same quadrant, the
quadrant would be considered as nonsynechial; otherwise, the
quadrant would be labeled as synechial. All statistical analyses
were performed using R software (version 3.63). Data for contin-
uous variables were presented as means and standard deviations.
Wilcoxon rank-sum test was used for numerical data and chi-
square test for categorical data to compare the difference be-
tween open-angle versus narrow-angle and PAS versus non-PAS
groups. The characteristics of misclassified eyes were also
analyzed. All the hypotheses tested were 2 sided, and we consid-
ered a P value of less than 0.05 to be statistically significant.
Results

Task I

Baseline Characteristics of the Data. A total of 1 003 264
cross-sectional scans from 7838 3D volume scans were
obtained. The baseline characteristics of the study subjects
in Task I are summarized in Table 1. There were significant
differences in age and gender between the open-angle and
narrow-angle groups. Details on the demographic charac-
teristics in different datasets are shown in Table S2
(available at www.aaojournal.org).

Performance of the 3D DGS in Angle Width Classifi-
cation in the Validation Sets. A total of 140 928 B-scans
from 1101 volume scans captured by CASIA OCT were
included in the validation set, which were collected from the
Zhongshan Ophthalmic Center. The 3D DGS achieved an
AUC of 0.994 (0.992e0.997), a sensitivity of 0.972
(0.956e0.988), and a specificity of 0.948 (0.931e0.964).
The sensitivity of the 3D DGS was similar to that of
Ophthalmologist 1 (0.975 [0.959e0.990], P ¼ 0.99) and
Ophthalmologist 2 (0.972 [0.956e0.988], P ¼ 0.99)
(Table 2 and Fig S6, available at www.aaojournal.org). The
specificity of the 3D DGS was better than that of
Ophthalmologist 1 (0.865 [0.840e0.901], P < 0.001) and
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Ophthalmologist 2 (0.885 [0.862e0.909], P < 0.001)
(Table 2 and Fig S6, available at www.aaojournal.org).

Performance of the 3D DGS in Angle Width Classifi-
cation in the External Test Set. A total of 284 416 B-scans
from 2222 volume scans captured with CASIA OCT were
included in the external test set, which were acquired from
the Singapore National Eye Centre. The 3D DGS achieved
an AUC of 0.943 (0.933e0.953), a sensitivity of 0.867
(0.838e0.895), and a specificity of 0.878 (0.859e0.896).
The sensitivity of the 3D DGS was close to, although not as
good as, that of Ophthalmologist 1 (0.892 [0.889e0.936],
P ¼ 0.03) and Ophthalmologist 2 (0.905 [0.880e0.930],
P ¼ 0.04). The specificity of the 3D DGS was similar to that
of Ophthalmologist 1 (0.882 [0.864e0.894], P ¼ 0.73)
(Table 2 and Fig 2) and better than that of Ophthalmologist
2 (0.841 [0.820e0.861], P ¼ 0.005) (Table 2 and Fig 2).

Figure S7 and Video 2 (available at www.aaojournal.org)
display the heatmaps of the typical sample eyes with (left)
and without (right) angle closure detected by the 3D DGS.
The heatmaps indicated that the 3D DGS made a
diagnosis based on the structures close to the ACA.

Characteristics of Misclassifications by the DGS. The
characteristics of the misclassifications in the validation set
by the 3D DGS are summarized in Table S3 (available at
www.aaojournal.org). The reasons for 11 false-negative
results mainly include shadow interference (3, 27.3%) and
plateau iris (8, 72.7%). The 24 false-positive results are
primarily due to shadow interference (22, 91.7%). Repre-
sentative samples of misclassified OCT scans are shown in
Figure S8 (available at www.aaojournal.org).

http://www.aaojournal.org
http://www.aaojournal.org
http://www.aaojournal.org
http://www.aaojournal.org
http://www.aaojournal.org
http://www.aaojournal.org
http://www.aaojournal.org


Table 2. Performance of the DGS Compared with the Ophthalmologists on the Validation and External Test Sets of Task I

AUC (95% CI) Sensitivity (95% CI) P1 Value* Specificity (95% CI) P2 Valuey

Validation Set (Zhongshan Ophthalmic Center)
3D DGS 0.994 (0.992e0.997) 0.972 (0.956e0.988) 0.948 (0.931e0.964)
Ophthalmologist 1 0.975 (0.959e0.990) 0.99 0.865 (0.840e0.901) <0.001
Ophthalmologist 2 0.972 (0.956e0.988) 0.99 0.885 (0.862e0.909) <0.001
External Test Set (Singapore National Eye Centre)
3D DGS 0.943 (0.933e0.953) 0.867 (0.838e0.895) 0.878 (0.859e0.896)
Ophthalmologist 1 0.892 (0.889e0.936) 0.03 0.882 (0.864e0.894) 0.73
Ophthalmologist 2 0.905 (0.880e0.930) 0.04 0.841 (0.820e0.861) 0.005

AUC ¼ area under the curve; CI ¼ confidence interval; DGS ¼ deep-learningebased automated digital gonioscopy system; 3D ¼ 3-dimensional.
*Comparison of sensitivities between ophthalmologists and 3D model using McNemar test.
yComparison of specificities between ophthalmologists and 3D model using McNemar test.

Li et al � Digital Gonioscopy System to Evaluate Chamber Angle
Task II

Baseline Characteristics of the Data. We included 109 568
cross-sectional scans of 856 3D volume scans, which were
further separated into 10 272 clock-hours of OCT scans in this
task. The baseline characteristics of the study subjects in Task
II are summarized in Table 1. There was a significant
difference in age between the PAS and non-PAS groups.
Details on the demographic characteristics in different data-
sets are shown in Table S4 (available atwww.aaojournal.org).

Performance of the DGSs in PAS Detection in the
Validation Set. A total of 4512 clock-hours of OCT scans
captured with CASIA OCT were included in the validation
set, which were collected from the Zhongshan Ophthalmic
Center. The performance of the DGS in the detection of
PAS was first tested at the level of clock-hour. The Paired
DGS achieved the best diagnostic performance with an
AUC of 0.941 (0.921e0.957), a sensitivity of 0.873
(0.820e0.925), and a specificity of 0.886 (0.873e0.900)
(Table 3 and Fig S9A, available at www.aaojournal.org).
Similar results were achieved when evaluating the
diagnostic performance of the DGSs on the quadrant level.
Figure 2. Comparison of diagnostic performance of the 3-dimensional
(3D) deep-learningebased automated digital gonioscopy system (DGS)
in angle classification with ophthalmologists in the external test set. The
figure shows receiver operating curve of angle classification by the 3D DGS
with an area under the curve (AUC) of 0.943 (0.933e0.953).
The Paired DGS had an AUC of 0.959 (0.943e0.975), a
sensitivity of 0.909 (0.840e0.978), and a specificity of
0.914 (0.893e0.935) (Table 3 and Fig S9B, available at
www.aaojournal.org).

Performance of the DGS in PAS Detection in External
Test Set. A total of 1224 clock-hours of OCT scans captured
with CASIA OCT were included in the external test set, which
were acquired from the Chulalongkorn University and King
ChulalongkornMemorialHospital, Thailand.At the clock-hour
level, the Paired DGS outperformed the other DGSs in PAS
detectionwith an AUC of 0.885 (0.836e0.933), a sensitivity of
0.912 (0.816e1.000), and a specificity of 0.700 (0.660e0.741)
(Table 3 and Fig 3A). Similar results were achieved when
evaluating the DGSs at the quadrant level. The Paired DGS
had an AUC of 0.902 (0.818e0.985), a sensitivity of 0.900
(0.714e1.000), and a specificity of 0.890 (0.841e0.938)
(Table 3 and Fig 3B).

Figure S10 and Video 3 (available at www.aaojournal.org)
display the heatmaps of the typical sample eyes with and
without PAS detected by the Paired DGS. The heatmaps
indicated that the Paired DGS detected PAS by comparing the
morphological change of the iris adjacent to the iridocorneal
angle, mainly the iris root and the middle part of the iris.

Characteristics of Misclassifications by the DGS. The
259 misclassified samples by the Paired DGS in the vali-
dation set are summarized in Table S5 (available at
www.aaojournal.org). The features of 19 false-negative re-
sults were mainly due to point synechia (15, 78.9%),
whereas the 240 false-positive results were primarily due to
iridauxesis (149, 62.0%) and plateau iris (91, 38.0%).
Representative samples of misclassified OCT scans are
shown in Figure S11 (available at www.aaojournal.org).
Discussion

The current research involves the largest AS-OCT datasets
of more than 1 million labeled cross-sectional scans with
clinical diagnosis based on gonioscopy. We designed a 3D
DGS, simulating both static and dynamic gonioscopy to
detect narrow-angle subjects and PAS. In Task I, we
demonstrated that the 3D DGS achieved diagnostic perfor-
mance close to that of the ophthalmologists in angle width
49
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Table 3. Performance of DGS for PAS Detection in the Validation and External Test Sets of Task II

Validation Set (Zhongshan Ophthalmic Center)

Clock-Hour Level AUC (95% CI) Sensitivity (95% CI) Specificity (95% CI) P Value*

Light DGSy 0.933 (0.913e0.953) 0.904 (0.858e0.950) 0.898 (0.885e0.911) 0.294
Dark DGSy 0.927 (0.903e0.950) 0.834 (0.776e0.893) 0.920 (0.908e0.932) 0.100
Paired DGSy 0.941 (0.921e0.957) 0.873 (0.820e0.925) 0.886 (0.873e0.900) e

Quarter level AUC (95% CI) Sensitivity (95% CI) Specificity (95% CI) P Value*

Light DGS 0.947 (0.927e0.967) 0.924 (0.860e0.988) 0.882 (0.858e0.906) 0.090
Dark DGS 0.939 (0.908e0.969) 0.924 (0.860e0.988) 0.863 (0.837e0.889) 0.092
Paired DGS 0.959 (0.943e0.975) 0.909 (0.840e0.978) 0.914 (0.893e0.935) e

External Test Set (Chulalongkorn University and King Chulalongkorn Memorial Hospital)

Clock-Hour Level AUC (95% CI) Sensitivity (95% CI) Specificity (95% CI) P Value*

Light DGS 0.754 (0.678e0.830) 0.882 (0.774e0.991) 0.555 (0.511e0.598) 0.007
Dark DGS 0.549 (0.458e0.639) 0.824 (0.695e0.952) 0.310 (0.269e0.350) <0.001
Paired DGS 0.885 (0.836e0.933) 0.912 (0.816e1.000) 0.700 (0.660e0.741) e

Quarter Level AUC (95% CI) Sensitivity (95% CI) Specificity (95% CI) P Value*

Light DGS 0.611 (0.423e0.799) 0.800 (0.552e1.000) 0.485 (0.408e0.561) 0.008
Dark DGS 0.412 (0.227e0.596) 0.600 (0.296e0.904) 0.485 (0.408e0.561) <0.001
Paired DGS 0.902 (0.818e0.985) 0.900 (0.714e1.000) 0.890 (0.841e0.938) e

e ¼ not available; AUC ¼ area under the curve; CI ¼ confidence interval; DGS ¼ digital gonioscopy system; PAS ¼ peripheral anterior synechia.
*Comparison of AUC of Light DGS and Dark DGS with Paired DGS using Z test.
yThe synechia classification was analyzed using a dual-stream 3D deep learning system, which is named “Paired DGS.” After data preprocessing, the AS OCT
scans captured in a darkroom are fed into the dark stream, while its counterpart captured in a lightroom is fed into the light stream. The outputs of these 2
streams are then concatenated as the Paired DGS. To validate the superiority of the dual-stream fusion strategy, we also built single-stream counterparts of
the deep-learning system, that is, Light DGS and Dark DGS, which only use AS OCT volumes captured from 1 light condition (light or dark).
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classification based on OCT scans. In Task II, the Paired
DGS was designed to simulate dynamic gonioscopy and
detect PAS based on paired OCT scans of different light
intensity, which achieved an AUC of 0.902 at quadrant
level. To our knowledge, this is the first deep learning
research simultaneously covering both static and dynamic
gonioscopy, and the detection of PAS based on OCT scans
was explored in a previous study by our team.26
Figure 3. Comparison of diagnostic performance of the deep-learningebased a
(PAS) detection in the external test set. The Paired DGS using paired light and
curve (AUC) of 0.885 (0.836e0.933) at clock-hour level (A) and an AUC o
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Gonioscopy has been the clinical standard for PACG
diagnosis; however, it is a contact examination with an
extended learning curve. Angle width classification is
determined by static gonioscopy, whereas PAS detection
relies on dynamic gonioscopy. In recent years, AS-OCT
has been used more frequently in PACG diagnosis
because it is rapid and less dependent on patient cooper-
ation and examiner skills. Previous studies focused on
utomated digital gonioscopy system (DGS) in peripheral anterior synechia
dark data achieved the best diagnostic performance with an area under the
f 0.902 (0.818e0.985) at quadrant level (B).
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developing machine learning algorithms for angle width
classification based on OCT scans, similar to static
gonioscopy. By using 8270 images (7375 open-angle and
895 narrow-angle images), Fu et al19 reported that the deep
learning model yielded an AUC of 0.96 in angle
classification, which is better than angle-closure detec-
tion using quantitative features. In another study by Fu
et al,14 the researchers further tested different algorithms in
OCT images from other devices, including Visante, Cirrus
HD, and CASIA. The algorithm with the best performance
achieved an AUC of 0.962. Xu et al16 developed an
automated algorithm to classify open and narrow angles
with 4036 (1943 open, 2093 narrow) SS-OCT images.
The algorithm based on ResNet-18 architecture achieved
an AUC of 0.933, which could be used to improve PACG
screening in high-risk populations.

Compared with previous research on angle width clas-
sification, our study has several strengths. First, the ground
truth of our study was based on gonioscopy records and
coherent with clinical practice, whereas the ground truth of
previous studies was based on AS-OCT scans but not
gonioscopy.18,19 Second, our definition of narrow angle
strictly follows the International Society of Geographical
& Epidemiological Ophthalmology criteria13 and depends
on the evaluation of the whole iridocorneal angle but not
a single cross-section. We have developed the 3D DGS to
classify the angles based on the general morphology of the
volume scans. The 3D DGS is a new design, with all of the
volume scans as the input and a comprehensive evaluation
of all the related structures in the anterior segment. The 3D
DGS achieved an AUC of 0.994 and 0.943 in the validation
and external test sets, respectively. In general, the level of
gonioscopy skills among comprehensive ophthalmologists
is highly variable, leading to differences in examination
quality and ultimate diagnosis of angle closure. In com-
parison with the 2 ophthalmologists from Zhongshan
Ophthalmic Center who had more than 5 years of training in
glaucoma, the algorithm achieved performance similar to
that of the specialists in angle width classification. There-
fore, the algorithm would be useful in assisting non-
glaucoma specialists in screening angle-closure subjects.

Another innovation of the current study is the design of
the DGS to detect PAS, which has been explored in our pilot
study.26 Determination of the existence and extent of PAS is
also crucial in PACG diagnosis and treatment strategy.
Indentation gonioscopy involves pressure on the peripheral
anterior chamber to differentiate appositional angle closure
from PAS. Because this is a dynamic process, we cannot
simulate it with a single OCT scan, and it is difficult to
determine the location of PAS based on OCT scans.
When the environment changes from dark to light, the
morphology of the iris will change because of the
contraction of the sphincter pupillae. Therefore, paired
OCT scans under different light intensity were performed
to simulate the dynamic changes under indentation
gonioscopy, as indicated in a previous study by Leung
et al.28 In our previous research, we developed and tested
the performance of multiple algorithms based on paired
dark-light data to detect PAS,26 which achieved a highest
AUC of 0.844 in a smaller dataset of 100 eyes. The study
also showed that the algorithms based on paired data had
better performance than those based on single modal data
(dark or light).26 With these paired scans as training data,
the Paired DGS achieved an AUC of 0.885 at the
clock-hour level and 0.902 at the quadrant level on the
external test set with 1228 samples. We also noticed a 0.05
reduction (0.885 vs. 0.941, 0.902 vs. 0.959) of AUC in the
test set compared with the validation set, which is likely due
to different ethnic backgrounds (Chinese vs. Thai), sample
size, and data distribution (older age, more eyes with syn-
echia in the test set) in these datasets. More data with
various ethnic groups, age, and gender could further
improve the diagnostic performance of the Paired DGS in
PAS detection. The diagnostic performance of the Paired
DGS was superior to that of the Light DGS in the external
test data, although there was no significant difference be-
tween the AUCs of the Paired DGS and Light DGS in the
validation set. In general, these results indicate that a com-
bination of light and dark OCT scans is an excellent simu-
lation of dynamic gonioscopy, and its diagnostic
performance remained stable in different datasets.

In Task I, shadow interference in OCT scans is a com-
mon reason for errors. Another reason for false-negative
errors is plateau iris. Plateau iris refers to an iris with a
flat central surface and angulated sharp drop-off of the pe-
ripheral portion next to the angle wall,29 which may confuse
the algorithm as an open angle.

In Task II, according to the heatmaps, the Paired DGS
detected the PAS by identifying if there was a morpholog-
ical change of the iris in the paired light and dark OCT
scans. Point synechia is the main reason of false-negative
errors. Because point synechia only exists in several
frames of the OCT scans, mostly less than 3 frames, the
Paired DGS cannot identify it from the adjacent OCT scans.
Iridauxesis and plateau iris are the main reasons for false-
positive results. In eyes with iridauxesis and plateau iris,
the morphological change of the iris between light and dark
conditions mainly happens in the middle part of the iris,
similar to the condition of synechia. Thus, the algorithms
misclassified these cases as synechia cases.

Study Limitations

The limitations of this study should be considered. First, our
study was based on clinical data of an Asian population
(Chinese, Indians, and Malaysians), and the performance of
the algorithm has not been verified in other population
ethnicities. Second, the DGSs were mainly based on CASIA
SS-OCT. It is also necessary to test its performance in im-
ages from other devices that could capture 3D volume scans
of the anterior segment. Third, the Paired DGS is designed
to differentiate PAS from appositional angle closure auto-
matically. Its performance to detect point synechia is rela-
tively poor. Fourth, the algorithm was designed to classify
the angle into narrow and open. It could not further classify
the narrow angles into different grades.
51
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In conclusion, we have developed a reliable DGS that not
only could differentiate PACG subjects from normal sub-
jects but also could determine the location and range of PAS
52
in the iridocorneal angle. We believe the system would be
promising as an excellent adjunct and potential replacement
of gonioscopy in specific clinical settings.
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