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Diagnostic criteria of anterior segment swept-source
optical coherence tomography to detect gonioscopic
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ABSTRACT

Aims To compare the diagnostic performance of

360° anterior segment optical coherence tomography
assessment by applying normative percentile cut-

offs versus iris trabecular contact (ITC) for detecting
gonioscopic angle closure.

Methods In this multicentre study, 394 healthy
individuals were included in the normative dataset

to derive the age-specific and angle location-specific
normative percentiles of angle open distance (AOD500)
and trabecular iris space area (TISA500) which were
measured every 10° for 360°. 119 healthy participants
and 170 patients with angle closure by gonioscopy were
included in the test dataset to investigate the diagnostic
performance of three sets of criteria for detection of
gonioscopic angle closure: (1) the 10th and (2) the 5th
percentiles of AOD500/TISA500, and (3) ITC (ie, AOD500/
TISA500=0 mm/mm?). The number of angle locations
with angle closure defined by each set of the criteria for
each eye was used to generate the receiver operating
characteristic (ROC) curve for the discrimination between
gonioscopic angle closure and open angle.

Results Of the three sets of diagnostic criteria
examined, the area under the ROC curve was greatest for
the 10th percentile of AOD500 (0.933), whereas the ITC
criterion AOD500=0 mm showed the smallest area under
the ROC (0.852) and the difference was statistically
significant with or without adjusting for age and axial
length (p<0.001). The criterion =90° of AOD500

below the 10th percentile attained the best sensitivity
87.6% and specificity 84.9% combination for detecting
gonioscopic angle closure.

Conclusions Applying the normative percentiles

of angle measurements yielded a higher diagnostic
performance than ITC for detecting angle closure on
gonioscopy.

The diagnosis of primary angle closure disease
(PACD), including primary angle closure suspect
(PACS), primary angle closure (PAC) and primary
angle closure glaucoma (PACG), is contingent
on the assessment of angle closure by gonios-
copy, which is conventionally identified when the
posterior trabecular meshwork is not visible for at
least 180°."™* Although gonioscopy is the current
clinical standard to detect angle closure, gonios-
copy assessment can be confounded by slit-lamp

4

,” Makoto Aihara,®
1

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Anterior segment optical coherence
tomography (AS-OCT) has been used for
detecting iris trabecular contact (ITC) in
the diagnostic assessment of angle closure,
although it remains unclear how AS-OCT
can be applied for detecting angle closure as
determined from gonioscopy.

WHAT THIS STUDY ADDS

= This study investigated the diagnostic criteria
of 360° AS-OCT imaging, comparing anterior
chamber angle normative cut-offs versus ITC
for detecting gonioscopic angle closure. We
showed that applying normative percentiles
of angle measurements outperformed ITC to
identify eyes with gonioscopic angle closure.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= This study illustrates the importance of 360°
imaging and measurements of the anterior
chamber angle dimensions in clinical practice
for detection of gonioscopic angle closure and
highlights the differences between gonioscopic

angle closure and anatomical angle closure.

illumination and inadvertent corneal indentation.
Consequently, interobserver agreement of gonios-
copy grading is weak.” © While anterior segment
optical coherence tomography (AS-OCT) can image
the anterior chamber angle (ACA) in the dark and
provides objective and reproducible measurements
of the ACA dimensions,”” AS-OCT has not been
routinely adopted to detect angle closure in clinical
practice because there is no consensus regarding
how angle closure should be defined using AS-OCT.
While AS-OCT was previously shown to detect
more closed ACAs than gonioscopy,'’ we recently
reported that only 31.8-35.3% of eyes with gonio-
scopic angle closure had iris trabecular contact
(ITC) for =180° in AS-OCT."! Our finding suggests
that angle closure as determined by gonioscopy may
not signify anatomical angle closure as visualised

from AS-OCT.
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We hypothesised applying normative percentile cut-offs
of angle opening distance (AOD) or trabecular iris space area
(TISA) can attain a higher diagnostic performance than ITC
for the detection of gonioscopic angle closure. Determining
the AS-OCT criteria for identifying gonioscopic angle closure
is relevant to the management of PACD because all the treat-
ment recommendations for PACD have been based on studies
that used gonioscopy to define angle closure. In this multi-
centre study, we investigated the diagnostic performance of 360°
AS-OCT imaging for detecting gonioscopic angle closure.

METHODS

The study followed the Standards for Reporting Diagnostic Accu-
racy Studies'? (online supplemental appendix). This prospective
study included two datasets: (1) a test dataset to investigate the
specificities and sensitivities of AS-OCT to detect gonioscopic
angle closure, and (2) a normative dataset to derive age-specific
and angle location-specific percentiles of AODS500 and TISA500
measurements for classification of open angle versus angle
closure. The test dataset has been described in a previous study.!
In brief, it comprised 289 eyes from 119 healthy individuals
with gonioscopic open angles and 170 patients with gonioscopic
angle closure consecutively enrolled between 1 April 2017 and
31 October 2018 (phase I) from four study sites: Hong Kong
Eye Hospital (HKEH), Tokyo University (TU), University of
California San Francisco and Zhongshan Ophthalmic Center
(ZOC). For the normative dataset, we set out to recruit at least
300 healthy individuals, 50 subjects from each of the following
age groups: 20-29 years, 30-39 years, 40-49 years, 50-59 years,
60-69 years and =70 years. They were consecutively enrolled
between 1 February 2019 and 31 December 2019 (phase II)
from three study sites: HKEH, TU and ZOC. Healthy individ-
uals had open angles on dark room gonioscopy for both eyes
and no evidence of ocular disease except visually insignificant
cataract. Gonioscopic angle closure was defined as having poste-
rior trabecular meshwork not visible for =180° on dark room
gonioscopy. PACS had angle closure on gonioscopy without a
history of intraocular pressure (IOP) >21mm Hg, peripheral
anterior synechiae (PAS) or glaucoma; PAC had gonioscopic
angle closure with IOP >21mm Hg in =2 consecutive visits
or PAS; PACG had gonioscopic angle closure and glaucoma.'™
All other forms of secondary angle closure were excluded. The
inclusion criteria for healthy participants and patients with
PACD were as follows: phakic eyes, best-corrected visual acuity
at least 20/40, spherical equivalent greater than or equal to —6.0
D, and without any history of intraocular surgical procedure or
laser treatment. If both eyes of a participant were considered
eligible, one eye would be randomly selected for inclusion. All
participants received comprehensive eye examinations, dark
room gonioscopy and AS-OCT imaging in the same visit. There
were no adverse events associated with gonioscopy or AS-OCT
imaging.

Ocular examination

Clinical examination included slit-lamp biomicroscopy, Gold-
mann applanation tonometry and dark room gonioscopy. Best-
corrected visual acuity, refractive errors and axial length (IOL
Master, Carl Zeiss Meditec, Dublin, California, USA) were
measured. Gonioscopy was the reference standard because it
had been universally accepted for assessment of the ACA. Glau-
coma specialists performed static gonioscopy using a Posner or
Sussman goniolens in a darkened room using the lowest possible
slit-lamp illumination. Attention was exercised to minimise

illumination onto the pupil from the slit lamp. The modified
Shaffer grading system was applied to grade the angle. Apposi-
tional angle closure and synechial angle closure were differenti-
ated with dynamic gonioscopy. Twenty-six healthy subjects in the
test dataset missed the measurement of the axial length.

AS-0CT imaging

The CASIA2 was selected for the study because it provided a
higher scan density for circumferential imaging of the anterior
segment. We applied 18 evenly spaced radial B-scans over 360°
(ie, 10° resolution) for the assessment of ACA. The whole anterior
segment could be imaged in less than 0.3 s, thereby minimising
motion artefacts. The anterior chamber angle was imaged in a
darkened room (<1.0lux) by a blinded technician on the same
day of gonioscopy and clinical examination. During AS-OCT
imaging, participants fixated at an internal fixation target; the
lower ACA was revealed by guiding the lower lid down towards
the lower orbital rim, while the upper ACA was revealed by
guiding the upper lid up towards the upper orbital rim. The scan
protocol was composed of 18 radial evenly spaced B-scans, each
with 800 A-scans in 16 mm (length) X 14 mm (depth). Eyes with
ACA obscured by eyelids for =1 B-scan or non-visible scleral
spur for =5 angle locations would be excluded. For eyes with
non-visible scleral spur for more than one but less than five angle
locations, the scleral spurs were marked taking reference from
the adjacent B-scans 10° or 20° apart. The AS-OCT scans were
not available to the glaucoma specialists prior to the gonioscopy.

Analysis of ACA dimensions

The scleral spur of 24 588 angle locations from a total of 513
healthy individuals and 170 patients with PACD included in
the test dataset and the normative dataset was marked by a
blinded single observer (KO). The scleral spur represents an
internal projection of the inner margin of the cornea and trabec-
ular meshwork at the boundary between the ciliary muscle and
the sclera.”® * The software of CASIA2 automatically traced
the corneal and the iris boundaries. AODS500/TISAS00 were
measured every 10° over 360°. The angle locations of the right
and left eyes were annotated in left eye orientation (0° the
temporal angle, 90° the superior angle, 180° the nasal angle and
270° the inferior angle). The AOD500 represented the perpen-
dicular distance from the posterior corneoscleral junction at
500 um anterior to the scleral spur to the anterior iris border.
TISA500 represented the area enclosed by (1) the AODS500, (2)
a line drawn from the scleral spur perpendicular to the plane of
the inner scleral wall to the opposing iris, (3) the inner corneo-
scleral wall and (4) the anterior iris border.

Diagnostic criteria of AS-OCT

Three sets of ACA thresholds (ie, the 5th percentile of
AODS500/TISA500, the 10th percentile of AODS00/TISA500
and AODS500/TISA500=0mm/mm?) were applied to classify
whether an angle location was open or closed. The age-specific
and angle location-specific ACA thresholds were derived from
the normative dataset. The number of angle locations (out of
the 36 angle locations) with angle closure (as per defined by a
prespecified ACA threshold) for each eye was used to generate
the receiver operating characteristic (ROC) curves and to iden-
tify the best sensitivity and specificity combination (ie, Youden’s
index) to discriminate eyes with open angle from eyes with angle
closure.

Sample size calculation
We planned to recruit atleast 300 healthy subjects in the normative
dataset and at least 90 healthy participants and 180 patients with
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PHASE |
(1 April 2017 and 31 October 2018)
Recruitment of subjects
Test Dataset

No. of subjects recruited: No. of subjects recruited:
Healthy individuals: 137 PACD patients: 193 |
' ! |
No. of subjects excluded: No. of subjects excluded:
Angle obscuration by eyelids: 17 Angle obscuration by eyelids: 21
Invisible scleral spur >5 angle locations: 1 Scleral spur invisible >5 angle locations: 2

Figure 1

_— ===

No. of subjects included in Test Dataset
Healthy individuals: 119
PACD patients: 170
(PACS: 94; PAC/PACG: 76)

PHASE Il
(1 February 2019 and 31 December 2019)
Recruitment of subjects
Normative Dataset

No. of subjects recruited:
Healthy individuals: 398

l

No. of subjects excluded:
Angle obscuration by eyelids: 2
Invisible scleral spur >5 angle locations: 2

l

No. of subjects included in the
Normative Dataset
Healthy individuals: 394

Flow chart of subject recruitment and inclusion. Recruitment and inclusion of healthy individuals and patients with primary angle closure

disease (PACD) in phase I, and healthy individuals in phase II. PAC, primary angle closure; PACG, primary angle closure glaucoma; PACS, primary angle
closure suspect.
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PACD in the test dataset. For the normative dataset, 292 subjects
were needed to establish the fifth percentile (q) with 95% confi-
dence (ie, =5%) that the margin of error (d) was within 2.5%

2
based on binomial approximation:n = (z"T’Z) xgx (1-q)."

For the test dataset, the number of subjects required to investi-

gate the sensitivities and specificities for the detection of gonio-
scopic angle closure had been described in a previous study."!

Statistics

Statistics were analysed with Stata (StataCorp, College Station,
Texas, USA, V.15.0) and R V.3.2.5 (R Foundation for Statistical
Computing, Vienna, Austria). Two-tailed t-tests were applied
to compare the biometric parameters between the diagnostic
groups. The sensitivity and specificity for detecting gonioscopic
angle closure were determined from the area under ROC curves
(AUC); the AUCs were compared with ROC regression analysis,
with adjustment of axial length and age.

RESULTS

ACA measurements in the normative dataset

AS-OCT measurements of 394 healthy subjects were included in
the normative dataset after excluding 2 subjects who had ACA
obscured by eyelids and 2 subjects with scleral spur not discern-
ible for more than five angle locations (figure 1). All participants
were Asians. Increasing age was associated with decreasing mean
AODSO00/TISA500 (online supplemental figure 1), axial length
and anterior chamber depth (online supplemental figure 2),
although the associations were no longer significant beyond 50
years. The 5th percentiles and the 10th percentiles of AOD500/
TISA500 were therefore derived from each of the 36 angle
locations by four age groups (20-29 years (n=95), 30-39 years
(n=66), 40-49 years (n=71) and =50 years (n=162)). There
were no significant differences in AODS00/TISA500 between
genders by age groups (online supplemental figure 3 and online
supplemental table 1). The circumferential AODS500/TISA500
measurements of the four age groups were displayed every 10°
for 360° in the polar plots (figure 2). Across the four age groups,
the superior and the inferior quadrants had smaller AODS500/
TISA500 than the nasal and temporal quadrants. The narrowest
angles were located at the superior meridians between approxi-
mately 40° and 140°, whereas the widest angles were located at

A AOD 500 (mm)

Superior

Inferior

the inferotemporal meridians between approximately 300° and
350°. Online supplemental table 2 shows the demographics and
the ACA dimensions over the four age groups.

Diagnostic performance of AS-OCT for detection of
gonioscopic angle closure

In the test dataset, we excluded 38 subjects who had ACA
obscured by the lids and 3 subjects who had scleral spur not
detectable for more than five angle locations. A total of 119
healthy individuals (89 Asian, 18 white, 5 Hispanic, 1 Native
American, and 2 black individuals, 4 individuals of unknown
ethnicity) and 170 patients with PACD (143 Asian, 14 white,
6 black, and 3 Hispanic individuals, 4 individuals of unknown
ethnicity) were included, among which 94 patients had PACS
and 76 patients had PAC/PACG (online supplemental table 3)."!
The distribution of age and AODS500/TISAS00 of the test dataset
is shown in online supplemental figure 4. Among the three sets
of diagnostic criteria examined, the 10th percentiles of AOD500
showed the greatest AUC (0.933, 95%CI: 0.901 to 0.966),
whereas the ITC criterion AOD500=0mm (0.852, 95%CI:
0.800 to 0.903) showed the smallest (figure 3), and the differ-
ences were statistically significant with or without adjustment of
age and axial length (p<0.001). The criterion nine angle loca-
tions (ie, 90°) of AODS500 below the 10th percentiles attained
the best sensitivity (87.6%) and specificity (84.9%) combina-
tion (the Youden’s index) for the detection of gonioscopic angle
closure. Cross-tabulation of the AS-OCT results by the results of
gonioscopy is shown in online supplemental table 4. The sensi-
tivities and specificities in detecting gonioscopic angle closure by
age groups (40-49 years vs =50 years) and by ethnicity (Asians
vs non-Asians) are shown in online supplemental figures 5 and
6 and online supplemental figures 7 and 8, respectively. The
10th percentiles of AODS500 consistently showed a greater AUC
compared with ITC.

DISCUSSION

A major benefit of AS-OCT over gonioscopy for detecting
angle closure stems from its ability of objectively and repro-
ducibly measuring the ACA dimensions in the dark. Since clin-
ical evidence pertaining to the management of PACS, PAC and
PACG has been garnered from studies with angle closure defined
by gonioscopy, applying AS-OCT criteria to identify gonioscopic

B TISA 500 (mm2)

Superior
90"

200

2 e

-

0° Temporal

20-29 years
30-39 years
40-49 years
>50 years

Inferior

Figure 2 Circumferential analysis of the anterior chamber angle width in 394 eyes from 394 healthy individuals with gonioscopically open angle.
Polar plots of angle opening distance (AOD500) (A) and trabecular space iris area (TISA500) (B) in different age groups. The angle locations of the
right and left eyes were analysed in left eye orientation; 0° denotes the temporal, 90° the superior, 180° the nasal and 270° the inferior angle. Solid

lines: mean; dotted lines: SEM.
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angle closure is useful in guiding treatment decisions for patients
with PACD. Our study revealed that applying ACA threshold
criteria had a higher diagnostic performance than applying
ITC to detect gonioscopic angle closure (figure 3). Specifically,
AODS00 below the 10th percentile for at least 90° best approxi-
mates gonioscopy assessment which yields the highest sensitivity

and specificity combination for the detection of gonioscopic
angle closure among the three sets of diagnostic thresholds
examined in the study. In other words, gonioscopic angle closure
does not necessarily signify anatomical angle closure and 360°
measurements of the ACA dimension with AS-OCT are relevant
to identify eyes with gonioscopic angle closure.

AOD500 TISA500
A 10t tile of AOD500 D
percentile o 10th percentile of TISA500
1.00 1 —e 1.001 - —o
> 0737 0.751
:E Sensitivity: 87.6% (81.7% to 92.2%) Sensitivity: 86.5% (80.4% to 91.2%)
2 0.50 Specificity: 84.9% (77.2% to 90.8%) Specificity: 77.3% (76.2% to 90.6%)
3 No. of angle locations (Youden’s index): 9 0.501 No. of angle locations (Youden’s index): 7
0.25 1 0.25 1
AUC: 0.933 (95% Cl: 0.901-0.966) AUC: 0.905 (95% Cl: 0.866-0.943)
0.00 1 0.00 1
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
1 - Specificity 1 - Specificity
B 5th percentile of AOD500 E 5th percentile of TISAS00
1.00 A ° —e 1.00 A -~ —e
0.75 1 0.75 1
> Sensitivity: 87.1% (81.1% to 91.7%) Sensitivity: 80.6% (73.8% to 86.3%)
s Specificity: 82.4% (82.7% to 94.9%) Specificity: 86.6% (79.1% to 92.1%)
§0,50 g No. of angle locations (Youden’s index): 4 0.50 No. of angle locations (Youden’s index): 5
3
0.25 1 0.25 1
AUC: 0.926 (95% Cl: 0.892-0.960) . o (| _
0.001 0.00 1 AUC: 0.910 (95% Cl: 0.873-0.948)
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
1 - Specificity 1 - Specificity
c iri =
Trabecular-iris contact (AOD500=0mm) F Trabecular-iris contact (TISA500=0mm?)
1.00 1 1.00 1
0.75 A 0.75 1
.*E Sensitivity: 82.4% (75.8% to 87.8%) Sensitivity: 84.7% (78.4% to 89.8%)
= 0.50 - Specificity: 85.7% (78.1% to 91.5%) 0.50 - Specificity: 85.7% (78.1% to 91.5%)
§ . No. of angle locations (Youden’s index): 1 ’ No. of angle locations (Youden’s index): 1
(%]
0.25 1 0.25 1
AUC: 0.852 (95% Cl: 0.800-0.903) AUC: 0.864 (95% cl: 0.807-0.920)
0.001% f , : — 0.001 ; ; , 7
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
1 - Specificity 1 — Specificity

Figure 3  Diagnostic performance of narrow angle thresholds (the 5th and 10th percentiles of angle opening distance (AOD500) (A and B)
ftrabecular iris space area (TISA500) (D and E)) versus iris trabecular contact (ITC500) (C and F) for discrimination between gonioscopic open angle
and gonioscopic angle closure. The area under the receiver operating characteristic (ROC) curve (AUC) was compared using ROC regression analysis

with adjustment for age and axial length.
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Diagnostic criteria for detecting gonioscopic angle closure
We have previously shown that the sensitivity of ITC for
=180° was very low (31.8% for AODS00 and 35.3% for
TISA500).'"" To facilitate the comparison of diagnostic
performance between normative percentile cut-offs versus
ITC for detecting gonioscopic angle closure, we therefore
applied prespecified percentiles to identify the number
of angle locations that showed the highest sensitivity and
specificity combination instead of identifying the percen-
tiles that best detect gonioscopic angle closure for =180°.
Likewise, we identified the number of angle locations that
yield the highest sensitivity and specificity combination for
ITC as shown in figure 3. We selected the fifth percentile
because of the convention of adopting 5% as an arbitrary
cut-off to discriminate normal from abnormal measure-
ments in many normative data collection studies. ITC (ie,
AODS00/TISAS00=0mm/0 mm?) represents anatomical
angle closure. We did not select the first percentile because
it approximates closely with ITC. We additionally inves-
tigated the 10th percentile to allow increased sensitivity
(although at the expense of reduced specificity) to detect
angle closure.

Gonioscopic angle closure versus anatomical angle closure
Prior application of AS-OCT for detection of angle closure
has been essentially centred on qualitative examination of
ITC in the B-scans.'®?* The ACA dimensions are rarely
measured. Analysis of the ACA dimensions over 360° is
important because ACA measurements varied substantially
across individual angle locations. It is for this reason that
we collected 360° normative ACA measurements to deter-
mine the age-specific and location-specific ACA thresholds
to define angle closure. The finding that the 10th and the
Sth percentiles of AODS00/TISA500 had a greater AUC
than ITC (ie, AOD500/TISAS00=0 mm/mm”) for the detec-
tion of gonioscopic angle closure underscores the different
nature of angle closure defined by AS-OCT and gonios-
copy—eyes with non-visible posterior trabecular meshwork
for more than 180° on gonioscopy may have no ITC on
AS-OCT." While the clinical implication of gonioscopic
angle closure has been well established, the importance of
detecting anatomical angle closure, or ITC on AS-OCT,
in the management of PACD remains to be determined. A
greater extent of ITC on AS-OCT has been shown to be
associated with greater odds of PAC/PACG in eyes with
angle closure detected by gonioscopy in a cross-sectional
study."! Prospective clinical studies and clinical trials are
needed to unravel whether angle closure defined by gonios-
copy or ITC as identified from AS-OCT is more predictive
of disease progression and treatment outcomes in the PACD
continuum.

Deep learning versus non-deep learning approaches for
detecting gonioscopic angle closure

Several deep learning approaches for discrimination between
open angle and angle closure have been proposed,”2* but
it is unclear whether these models work better for detecting
gonioscopic angle closure compared with non-deep learning
approaches. The reported deep learning models are also limited
by the fact that the anatomical features that characterise gonio-
scopic angle closure (ie, the degree and the extent of angle
narrowing) are obscured in the ‘black box’. Without knowing
the optimal criteria for detecting angle closure, comparison of

diagnostic performance of non-deep learning approaches versus
deep learning models would be difficult. Our study was designed
to investigate the optimal AS-OCT diagnostic criteria, in terms of
the degree of angle narrowing and the extent of angle narrowing,
for detecting gonioscopic angle closure. The finding of a higher
diagnostic performance of using the normative percentiles rather
than using ITC for detecting gonioscopic angle closure under-
scores the clinical benefits of the normative approach.

Limitations

The study has a number of weaknesses. Although more than
85% of the patients with PACG in the world reside in Asia,”
the fact that the normative ACA measurements in the study were
essentially derived from Asians could limit its application in
other ethnic groups. Nevertheless, the diagnostic performance of
the normative dataset was found to be high even in non-Asians
(online supplemental figures 6 and 7). We excluded individuals
with visually significant cataract because visually significant cata-
ract is closely associated with angle closure. For the same reason,
patients with secondary angle closure were also excluded from
the normative dataset. The exclusion of individuals with ocular
pathology other than visually insignificant cataract can limit the
study generalisability. Yet, the rationale of excluding individuals
with ocular pathology stems from the fact that the study sample
was not population based, and the normative percentile cut-offs
generated from a clinic-based sample could potentially be biased
by the specific ocular comorbidities presented in a particular
cohort. Ideally, the normative dataset should be obtained from a
large population-based study. To minimise potential biases intro-
duced by over-representation or under-representation of certain
ocular comorbidities in a clinic-based sample, we therefore only
recruited healthy individuals without ocular pathology other
than visually insignificant cataract. Since the scleral spur was
marked by a single observer, the generalisability of the AODS500/
TISA500 percentile cut-offs requires further validation. The
inclusion of deep learning models for detecting the scleral spur
can facilitate the automation of workflow for 360° measure-
ment of ACA dimensions in the diagnostic assessment of angle
closure.’® 3!
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