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Abstract

Differentiating the two main forms of primary glaucoma (open-angle and closed-angle glaucoma) depends on the correct
assessment of the anterior chamber angle (ACA). This assessment will determine the management plan and prognosis for the
disease. The standard method of examining the angle has been, for many years, slit-lamp gonioscopy. This method, although
clinically still useful, is less robust for patient follow up and clinical research, given its low reproducibility. Several imaging
technologies have been developed in recent years to improve the evaluation of the ACA and overcome the shortcomings of
gonioscopy. These recent advances include three-dimensional and 360° analysis by Swept-Source OCT (SS-OCT, CASIA,
Tomey, Nagoya, Japan), the introduction of deep learning algorithms for automatic imaging classification and new
goniophotographic systems. SS-OCT allows for the first time the assessment of the circumferential extension of angle
closure with moderate to good diagnostic performance compared with gonioscopy. Deep learning algorithms are showing
promising results for the automation of imaging analysis, and may potentially save physicians’ time in regards of the
interpretation of the images. Lastly, goniophotograph systems have the distinct advantage of recordability of gonioscopic

findings and are most closely matched to the findings of slit-lamp gonioscopy.

Introduction

The categorization of primary glaucoma into open angle or
closed angle relies on the anatomy of the anterior chamber
angle (ACA). The assessment of the ACA divides the dis-
ease into two major types: primary open-angle glaucoma
(POAG) and primary angle-closure glaucoma (PACG)—
depending on whether the ACA is open or closed. Differ-
entiating these two conditions is important because they
have different management strategies and prognoses [1].
PACG is regarded as more ‘aggressive’ disease than POAG.
In evidence for this, PACG accounts for 50% of the global
bilateral blindness due to glaucoma, despite being less
prevalent than POAG [2]. Furthermore, it is estimated that
the number of people with PACG worldwide will reach
32.04 million in 2040, an increase of 58.4% compared with
2013 [3]. This combination of an aggressive, blinding
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disease, and increased global prevalence marks PACG as a
disease that warrants attention by the global ophthalmic
research community. Crucially, in contrast to POAG,
PACG is potentially a preventable disease if the progressive
angle closure process can be thwarted in the early stages of
the disease [4]. Options for averting the process (i.e.,
opening the ACA or slowing down its closure) include laser
peripheral iridotomy (LPI), laser iridoplasty or cataract
extraction (with or without goniosynechialysis) [5-8]. In
order to determine the effect of these interventions on the
ACA, it is important that an objective, repeatable, and
quantifiable method of angle assessment is used. The
standard method of examining the angle has been, for many
years, manual slit-lamp gonioscopy using a goniolens. This
method, although clinically still useful, is less robust for
patient follow up and clinical research, given its many
limitations (Table 1). Several imaging technologies have
been developed in the recent years to improve the assess-
ment of the ACA. This has obvious advantages not only in
terms of diagnosis of angle-closure but also to monitor the
anatomical effect of any intervention. These recent advan-
ces include three-dimensional and 360° circumferential
analysis of the ACA by swept-source OCT (SS-OCT,
CASIA, Tomey, Nagoya, Japan; Fig. 1), the introduction of
deep learning systems for imaging classification and new
goniophotograph systems (Fig. 2).
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—Lighting conditions during gonioscopic procedure affect pupil diameter leading to angle opening [13, 39].

—Inadvertent indentation due to pressure over the cornea [40].

—Poor inter and intraobserver agreement [9, 38].
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—Steep iris configurations can cover the visualization of the trabecular meshwork without actual iridotrabecular contact (ITC).

—Approximately 9% of POAG referrals resulted to be PACS and ~74% of them did not have the ACA status data [41].

Poor uptake amongst physicians

—Among referred cataract patients with angle closure, 24% did not have documented gonioscopy and 1.5% of those cases were found to have

undetected PAC or PACG [42].

—Gonioscopic findings were recorded only in 50% of patients diagnosed with open-angle glaucoma (150/300) [43].

—Only 51.3% of glaucoma cases had gonioscopy recorded from chart reviews among community-based ophthalmologists [44].

—Resident charts were reported to have only ~77% of recorded gonioscopic examination among glaucoma and glaucoma suspect [45].

Three-dimensional and 360° anterior
segment optical coherence tomography:
swept-source OCT

Anterior segment OCT (AS-OCT) uses low-coherence
interferometry to provide cross-sectional images of the
anterior segment. In these cross-sectional images, the scleral
spur is identified and used as a landmark. Any contact
between the iris and the trabecular meshwork anterior to the
scleral spur is called iridotrabecular contact (ITC); Fig. 3.
Since, with gonioscopy, the physician evaluates quadrants
and with AS-OCT, single meridional scans, the agreement
between these two devices may differ. However, several
studies have shown moderate to good agreement between
AS-OCT and gonioscopy [9-12].

AS-OCT has evolved from 1310-nm infrared light source
time-domain (Visante, Carl Zeiss Meditec, Dublin, CA,
USA) [13] to improved spectral domain systems (SS-OCT,
CASIA SS-1000, Tomey Corporation, Nagoya, Japan) [14],
with enhanced signal-to-noise ratio, image acquisition speed,
and image resolution. The improved resolution with SS-
OCT (10 %30 um) leads to a lower number of ungradable
images (5—8% of ungradable images [9, 12] versus 30% [11]
with Visante). In 2.4 s, this device obtains 128 meridional
scans (256 angle images) of the entire circumference of
the ACA allowing for three-dimensional and 360° analysis.
This feature enables quantification of the amount of cir-
cumferential ITC [12, 15] as well as the amount of PAS
(peripheral anterior synechiae) [16].

The overall diagnostic performance of the SS-OCT to
detect gonioscopic-defined angle closure was better than
that reported for Visante (AUC 0.73 [10] versus 0.84 [12]).
However, in these studies the analysis of the ACA images
was done manually (i.e., the physician graded 128 scans
either open or closed). From a time-saver perspective, a
semiautomatic assessment of SS-OCT images is possible
with the ‘ITC index’, an inbuilt software of the device. This
software still requires the manual localization of the scleral
spur in eight meridional scans (16 angle images) but it is
followed by an automatic measurement of the ITC (Fig. 4).
The ITC index was shown to have a similar diagnostic
performance as the manual assessment (AUC 0.83) [15].

One of the disadvantages of AS-OCT technologies is that,
as seen with Visante, SS-OCT tends to classify more angle
closure than gonioscopy [11, 12, 17]. Whether angle closure
detected on AS-OCT in individuals with open angles on
gonioscopy represents a false-positive finding, or if it was an
indicator of increased likelihood of future angle closure, was
a hypothesis tested by Baskaran et al. [18]. They found that
those with more quadrants of angle closure on AS-OCT at
baseline had the highest risk of demonstrating angle closure
on gonioscopy after 4 years. This finding that AS-OCT
imaging ‘predicts’ incident angle closure on gonioscopy is
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Fig. 1 Cross-sectional Swept Source-OCT (CASIA SS-1000, Tomey Corporation, Nagoya, Japan) image
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supported by the fact that none of the subjects with open
angles on AS-OCT demonstrated gonioscopic angle closure
on follow-up. Interestingly, it was shown in a recent large
community-based study that this disagreement in angle
closure diagnosis between gonioscopy and SS-OCT was
associated with the configuration of the anterior chamber.
Anterior chamber depth (ACD) was found to be a factor
highly associated with diagnostic disagreement (OR 9.31)
and it was observed that gonioscopy and SS-OCT methods

Fig. 2 Frontal view of goniophotograph systems (EyeCam, Clarity
Medical Systems, Pleasanton, CA) showing four quadrants open based
in the visibility of the posterior trabecular meshwork

Fig. 3 SS-OCT image showing
the localization of the trabecular
meshwork (yellow area) and the
scleral spur (red dot) and SS-
OCT scan (bottom image)
showing a closed angle (yellow
frame) defined by the
iridotrabecular contact anterior
to the scleral spur

tend to agree in the angle status diagnosis when these eyes
have either shallow (<2.2mm) or deep anterior chambers
(>2.7 mm). However, they seem to disagree when the ACD
is around 2.4 mm, i.e., an observer performing gonioscopy
may see these angles as open while on SS-OCT it may be
closed [19]. This finding can be explained by the differences
in landmarks, technique and definition of angle closure
between both technologies. However, we do not know to
this date which technology is identifying better the patho-
logical angle closure eyes.

One of the biggest advantages of the 360° analysis done
by SS-OCT is the ability to identify PAS. Lai et al. [16]
quantified the area and the degree of PAS involvement and
showed that it was possible to discriminate synechial angle
closure from appositional angle closure by varying the
lighting condition during the SS-OCT imaging. Further-
more, they demonstrated that the measurements of the area
and the degree of PAS involvement were reproducible.
Synechial angle closure often exhibits an obtuse config-
uration, whereas appositional closure almost always
assumes an acute configuration. A recent study also showed
how the angle configuration and PAS extension changes
after surgery, as seen by SS-OCT. Tun et al. employed the
use of SS-OCT to assess the circumferential reduction of
ITC area after phacoemulsification (PE) alone compared
with PE and goniosynechialysis (PE 4+ GSL) in eyes with
synechial PACG. They found that PE 4 GSL surgery
resulted in a greater reduction of ITC (and the extent of
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Fig. 4 The iris-trabecular contact (ITC) index analysis. a SS-OCT
meridional scan. The colored ‘x’ represents the scleral spur (SS)
marking, and the ‘4’ represents the ITC end point (EP). Both points
are marked by the observer in eight meridional scans. b The ITC chart
with the blue shadow area represents the amount and distribution of

Fig. 5 Swept source OCT image
of a case of peripheral anterior
synechiae pre (a) and post (b)
phacoemulsification with
goniosynechialysis

PAS) than PE alone after adjusting for age, gender and
baseline IOP, baseline PAS and preoperative pupil diameter
(Fig. 5).

AS-OCT quantitative parameters

Some of the parameters commonly used in AS-OCT ima-
ging (Fig. 6) are ACD, anterior chamber width, and
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ITC. ¢ The ITC graph with the y-axis represents ITC (in arbitrary
units), and the x-axis represents the degree of the angle. The distance
between each point of the green line and the red line (representing
the scleral spur) denotes the amount of angle-closure (measured as the
ITC index)

lens-related parameters (LV, lens vault and lens thickness,
LT). Specific parameters to describe features of the angle
includes the angle opening distance (AOD), the angle recess
area, and the trabecular-iris space area. These parameters
can be measured at varying intervals anterior to the scleral
spur, most frequently at 500 or 750 um anterior to the
scleral spur (i.e., AOD500, AOD750). All these parameters
have shown to be significantly associated with angle closure
[20-23] but only ACD and LV performed similarly high
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Fig. 6 SS-OCT image showing
the measurements of anterior
chamber depth (ACD), lens
vault (LV), anterior chamber
width (ACW), iris thickness at
750 um from scleral spur
(T750, SS), angle opening
distance (AOD), trabecular iris
space area (TISA), and angle
recess area (ARA)

enough to diagnose gonioscopic closed angles [24]. Lens
vault measures the distance from the anterior lens surface to
a line drawn between the two scleral spurs. Moreover, these
parameters helped to subgroup different types of angle
closure. Three distinct angle closure subgroups were iden-
tified, characterized by larger iris area (subgroup 1),
larger LV (subgroup 2), and elements of both subgroups
(subgroup 3). Subgroup 1 was characterized by a relatively
greater iris area and it may result in angle crowding and
subsequent angle closure in some persons. The predominant
mechanism for subgroup 2 was a large LV even though
iris area was smaller than seen in subgroup 1, suggesting
more of a pushing mechanism. Subgroup 3 likely had
contributions from all four components to develop pheno-
typic angle closure [25]. These findings are not only helpful
in elucidating mechanisms of angle closure but also help
guide clinicians as to which sub-type might benefit from
which intervention. For example, for a patient with high
lens vault mechanism predominating then lens extraction
(all other things being equal) might be a preferred man-
agement plan.

Automatic detection of angle closure based
on machine learning

A recent development in ACA imaging is the ability to
perform qualitative and quantitative analysis of AS-OCT
images based on deep learning algorithms that use raw
images (pixel by pixel) obtained from the imaging device.

Niwas et al. [26] developed a deep learning algorithm for
mechanistic classification of raw AS-OCT images. The
algorithm aimed to identify the major mechanisms of angle
closure: exaggerated lens vault, pupil block, thick peripheral
iris roll, and plateau iris. It demonstrated 89.2% accuracy
and 89% sensitivity and specificity compared with
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mechanism-based morphologic characteristics classified by
glaucoma specialists as the gold standard.

From a diagnostic perspective, two large studies were
conducted using Visante and SS-OCT. Fu et al. [27] studied
a total of 4135 Visante AS-OCT images from 2113 subjects
with a deep learning angle-closure detection system and
found an AUC of 0.96 with a sensitivity of 90% and a
specificity 92%, against physicians grading of AS-OCT
images as the reference standard. Xu et al. [28] tested
multiclass convolutional neural network classifiers to
automatically detect gonioscopic angle closure in SS-OCT
images. The best-performing classifier was developed by
applying transfer learning and it achieved an AUC of 0.93
on the cross-validation dataset. For detecting angle closure
disease, based on two- and three-quadrant definitions, the
classifier achieved AUCs of 0.96 and 0.95, respectively, on
the test dataset. The authors concluded that these methods
could be used to automate clinical evaluations of the ACA
and improve angle closure detection in high-risk popula-
tions, particularly in areas with poor access to eye care.

Goniophotographic systems

In view to overcome the lack of recordability with slit-lamp
gonioscopy, different systems of goniophotography have
been developed in recent years. These include two com-
mercially available devices EyeCam (Clarity Medical Sys-
tems, Pleasanton, CA) and NGS-1 automated gonioscope
(NIDEK Co, Gamagori, Japan), and two prototypes; the
GonioPEN and Axicon lens assisted gonioscopy adapted
to the slit-lamp. The main problem with these types of
technologies is the limited resolution of the TM due to focus
(all of them require several images to select the best one,
NGS-1 does it semiautomatically) and the interpretation of
the images by the physician.
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Fig. 7 EyeCam image of the A
inferior quadrant showing closed
angle (a) and open angle (b)

The Eyecam (Fig. 7) was originally intended to yield
wide-field photographs of the fundus and was later modified
to document the ACA. It is a portable handheld device that,
as with gonioscopy, requires contact. It has a reported
overall sensitivity of 76.2%, specificity of 80.9%, AUC of
0.79 to detect gonioscopic angle closure and good agree-
ment with gonioscopy [29-31]. Baskaran et al. [32] com-
pared gonioscopy and both manual and automated grading
of EyeCam images and the agreement for angle closure
diagnosis was found to be good (k=0.88 and x=0.74,
respectively). The AUC for detecting eyes with gonioscopic
angle closure was comparable for manual and automated
grading (AUC 0.97 vs. 0.95, P =0.31) of EyeCam images.
Interestingly, Xu et al. [33] reported that gonioscopy and
EyeCam underrepresent the amount of anatomic variation
compared with AS-OCT in a Chinese-American population
base study. The mean gonioscopic grade, EyeCam grade,
and AS-OCT measurement for each quadrant varied by up
to 10.3%, 6.4%, and 46.2% of the superior quadrant value,
respectively.

The recently developed NGS-1 automated gonioscope
(NIDEK Co, Gamagori, Japan) [34] is able to capture cir-
cumferential 360° gonioscopic images of the ACA in <60 s
per eye. Shi et at [34]. reported that not all eyes were able to
be imaged with this device, as it requires good fixation and
reasonable patient cooperation. There were 336 sections in
total evaluated although 28 sections (8.33%) were not
gradable owing to poor image quality after manual selec-
tion. Successful imaging was also achieved of surgical
devices and postsurgical conditions. The learning curve was
about 1 week (mostly involving learning to align the
patient’s eye with the camera). One limitation is that the
ability to perform dynamic (indentation) gonioscopy as
during manual gonioscopy cannot be achieved with this
imaging system. Another limitation is that the two-
dimensional images taken by this system may not provide
enough depth of view for grading. As a consequence, the
appearance of the iris root can be confused with the ciliary

body in some cases. An earlier prototype had a low
agreement with gonioscopy (k=0.09) and the AUC for
detecting eyes with angle closure showed poor accuracy
between automated and manual methods (AUC 0.53). There
was modest inter-rater agreement (k= 0.17) [35].

The GonioPEN combines a high-resolution miniaturized
integrated charge-coupled diode (CCD) camera and light-
emitting diode light source-based probe system, which
enables evaluation of the iridocorneal region inside the eye.
The probe can be attached to a slit lamp, providing the
flexibility to be used by a nontechnical person. The imaging
probe is placed near the limbal region of the cornea to
image the opposite iridocorneal angle. With the use of a
coupling gel, the micro-CCD camera can visualize struc-
tures in the anterior segment in a manner similar to direct
gonioscopy [36].

Axicon lens assisted gonioscopy attempted to improve
the gonioscope image resolution. Even though some
improvements were noted, other difficulties, including
lighting control, magnification adjustments, and expertize
requirement associated with the slit-lamp gonioscope, still
remained [37].

Conclusions and future directions

AS-OCT technology provides a noncontact method of
assessing the ACA and it is more reproducible and less
prone to error than slit-lamp manual gonioscopy. As it is
well tolerated by the patient, it can intuitively be expected to
have better acceptance among physicians. With improved
resolution and lower rate of ungradable images, SS-OCT
allows for first time the 360° evaluation of the ACA,
offering the opportunity of measuring the circumferential
extension of (ITC) and PAS. These features are not possible
with previous AS-OCT versions as Visante. Some dis-
advantages of AS-OCT technology include that it tends to
diagnose more angle closure than gonioscopy. Further

SPRINGER NATURE



58

N. Porporato et al.

research is needed to provide the best evidence in regards of
which technology is superior in identifying angle closure
eyes that will progress. Another disadvantage with AS-OCT
devices is that it is not possible to evaluate neovascular-
ization or pigmentation of the angle. For that reason,
gonioscopy and goniophotograph systems will still play a
role in the qualitative assessment of the ACA. An exciting
development in the field is the automation of the diagnosis
based on deep learning algorithms that will not only aid the
physician in a faster management decision but has the
potential for screening in high risk populations.
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