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Work smarter, 
not harder: 

 

Introduction
Glaucoma is a group of optic neuropathies primarily classified 

according to the status of the angle between the iris and the 
cornea. The iridocorneal angle has long held central importance in 
glaucoma classification because patients with closed angles behave 
differently from those with open ones. Broadly, an angle is open 
when the trabecular meshwork is visible for more than 180 degrees 
and closed when it is not using gonioscopy (Figure 1). While many 
with angle closure never develop glaucoma, some do, mainly due to 
elevations in intraocular pressure (IOP). Proper IOP regulation relies 
on an open access of aqueous humor to the drainage pathway; 
blockage of this pathway is a common mechanism of IOP elevation 
and a hallmark of ACG. 
ACG is a major health concern, with an estimated 23 million 

people affected.1 Certain populations, primarily women, the 
elderly, and Asians, are at especially high-risk for ACG. Older Chinese 
women, in particular, have nearly a 25% chance of having angle 
closure.2 Angle closure has potentially destructive consequences. 
In the long-term, angle closure can cause severe, bilateral vision 
loss through sustained elevation in IOP. Despite accounting for only 
about one quarter of glaucoma cases, ACG is the cause of half of all 
glaucoma-related blindness and represents an aggressive form of 
disease.3 In China, ACG is responsible for over 90% of glaucoma-
related blindness.4 Angle closure is also the primary risk factor for 
the development of an acute attack, with potential for devastating 
vision loss over the course of hours. Furthermore, the recent 

Automated anterior chamber 
angle assessment

EAGLE Trial documented the benefit of early lens extraction in ACG 
making it essential that clinicians assess the angle to select the best 
treatment approach for patients.5

 
Gonioscopy: a flawed standard
Gonioscopy is currently the standard approach to angle 

assessment. However, it has several shortcomings that make it a sub-
optimal standard and likely contribute to insufficient or improper 
angle assessment by ophthalmologists.6 Gonioscopy requires the 
instillation of numbing drops, a slit lamp, and a trained gonioscopist, 
usually a physician. Slit lamp gonioscopy also has a steep learning 
curve, and there is some evidence that ophthalmologist trainees 
feel inadequately prepared in this technique.7 Perhaps the main 
problem with gonioscopy is that it is a subjective measure with only 
moderate inter-examiner agreement and documented variation 
with different light conditions.8,9 Lastly, gonioscopy requires 
physical contact with the cornea that comes with a host of other 
concerns: corneal trauma, the need for anesthetic drops, anatomic 
distortion from lens compression, and patient discomfort.
Despite the significant drawbacks of gonioscopy, it continues 

to be the most widely used technique for angle assessment. 
Currently, only half of glaucoma patients have documented angle 
assessment.10 Likewise, a recent study found that nearly 1 in 11 
patients referred by ophthalmologists to a tertiary care center with 
the diagnosis of open angle glaucoma had angle closure.11 Clearly 
there is need for a better approach to assessing the angle. 
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Primary angle-closure glaucoma (ACG) is a severe disease 
with a high risk of vision loss and follows a different 
treatment paradigm from primary open angle glaucoma. 
Anterior angle assessment is crucial for the diagnosis 
and management of glaucoma, but gonioscopy, the 
current reference standard, is not always performed and 
is subjective. Recent developments in anterior segment 
imaging and artificial intelligence (AI) offer the possibility 
of improved angle evaluation. We review recent 
developments in automated angle assessment and 
document both the strengths and weaknesses of current 
AI angle assessment systems. Recent AI performance is 
impressive, and, while challenges remain, automated 

angle assessment is largely ready for clinical use. Professor David S. Friedman, 
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Figure 1. Conventional aqueous humor outflow pathway: Aqueous humor is secreted by the ciliary body and circulates (blue arrows) from the posterior chamber to the anterior 
chamber through the pupil. With an open angle (left), aqueous humor exits the eye through the angle where it enters the trabecular meshwork, flows into Schlemm’s canal, and merges 
into collector channels before finally emptying into the episcleral veins. With a closed angle (right), the outflow pathway is impaired. 
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Artificial intelligence in angle-
assessment 
New, objective, and increasingly 

automated methods of angle imaging offer 
the possibility of improved angle evaluation. 
The two main angle imaging techniques 
are ultrasound biomicroscopy (UBM) 
and anterior segment optical coherence 
tomography (AS-OCT). These methods 
allow for objective angle assessment, the 
long-term storage of angle images, and 
automation. 
Anterior segment images can be analyzed 

and classified by human graders, feature-
programmed machine learning, or deep 
learning. Feature-programmed machine 
learning involves classifying images using 
up-front, manual-selected features. 
Deep learning does not use pre-selected 
features; instead, a trained algorithm 
(neural network), learns the most predictive 
features directly from the images (Figure 2). 
The process of training the neural network 
requires large datasets in which images have 
been expertly classified. For each image, the 
developing network compares its output to 
the training set value. The neural network 
then modifies its internal parameters to 
decrease classification error. With the right 
training data and after many repetitions, the 
neural network learns to classify an image 
accurately and efficiently—without human 
input. 

The use of machine and deep learning 
in medicine has triggered considerable 
excitement and has demonstrated early 
success in the field of ophthalmology. 
Automated assessment of diabetic 
retinopathy screening recently gained FDA-
approval, and there have been numerous 
studies using deep learning for age-related 
macular degeneration and glaucoma 
screening.12–15 Using deep learning in the 
assessment of the anterior chamber angle 
has also gathered attention and undergone 
significant pre-clinical testing. 

Ultrasound Biomicroscopy
UBM provides high-resolution images 

of the anterior segment, but its clinical 
use is limited by practical drawbacks: 
it is a cumbersome test that requires a 
skilled examiner, an immersion bath, and 
physical contact with the eye. UBM’s main 
advantage is its ability to image posterior 
chamber structures, most importantly the 
ciliary body and lens zonules. This makes 
UBM a particularly helpful adjunct tool 
in diagnosing plateau iris, tumors, and 
ciliary body cysts.16 Using UBM, a team of 
researchers recently described the use of 
a convolutional neural network (CNN) for 
angle classification as open, narrow, or 
closed.17 They achieved high sensitivity 
and specificity (all above 96%) compared 
to physician UBM image grading for each 

classification using a test set of almost 
200 images of each angle type. Likewise, a 
similar, more recent study demonstrated 
excellent accuracy and consistency in 
identifying relevant angle anatomy (Figure 
3).18 All intraclass correlational coefficients 
were above 0.93. Together, these studies 
demonstrate the promise for automated 
angle classification of UBM images. 

Anterior Segment OCT
AS-OCT is a non-contact and objective 

imaging modality that can be performed 
rapidly and reproducibly.19 While UBM 
and gonioscopy require a highly-skilled 
examiner, AS-OCT images can be captured 
by examiners with less training. AS-OCT 
clinical applications have expanded over 
the years as improvements in technology 
enabled faster image capture and enhanced 
resolution. Modern swept source systems 
can now capture circumferential anterior 
chamber imaging with a resolution of <10 
nm x <30 nm at 30,000 A scans per second.20

Manual angle assessment requires 
the localization of landmark structures, 
particularly the scleral spur. Initially, 
the limited angle resolution of early AS-
OCT devices was a major limitation; the 
trabecular meshwork could not be reliably 
identified, and the scleral spur was not 
visible by expert observers in 15-28% of 
images.21,22 Reassuringly, spectral domain 

Figure 2. Key distinctions between machine learning and deep learning: Machine learning (top) involves classification based on pre-selected and defined features, whereas deep 
learning (bottom) enables classification simultaneously with feature selection and testing. 
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Figure 3. Ultrasound biomicroscopy angle parameter measurement results from 
manual (top) or deep learning (bottom) algorithms of narrow (left) or wide (right) 
angles: TIA500 is the angle between points C, R, and I; AOD500 is the distance between 
points C and I; ARA500 is the area of the purple section. Adapted with permission from 
Wang et al. Transl. Vis. Sci. 2021.18
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TIA500: 25.41 degrees
AOD500: 292.30 µm
ARA500: 0.1393 mm²

TIA500: 25.79 degrees
AOD500: 284.20 µm
ARA500: 0.1252 mm²

TIA500: 45.24 degrees
AOD500: 777.60 µm
ARA500: 0.4080 mm²

TIA500: 45.04 degrees
AOD500: 758.40 µm
ARA500: 0.3854 mm²

AS-OCT devices allow for a substantially improved axial resolution 
and visualization of the scleral spur with high interobserver 
agreement.23 Currently, localization of the scleral spur is of primary 
importance as angle closure in AS-OCT has been defined as any 
contact of the iris with the angle wall anterior to the scleral spur. 
Moreover, the scleral spur is used as the reference point to measure 
other useful angle parameters, including angle opening distance 
either at 500 or 750 μm anterior to the scleral spur (AOD500, AOD750), 
angle recess area (ARA), trabecular iris angle (TIA), and trabecular-
iris space area (TISA) (Figure 4). Overall, AS-OCT has excellent 
sensitivity (>98%) but poor specificity (~45-65%) in detecting angle 
closure compared to gonioscopy.24,25 Pressure- or light- induced 
angle widening during gonioscopy has been suggested as the cause 
for this high false positive rate. Therefore, one cannot be certain if 
gonioscopy is a suitable “gold standard” against which to determine 
the performance of AS-OCT.
Yanwu Xu et al. demonstrated an early role for AI in AS-OCT angle 

assessment. They used a computer-aided image processing system 
(histograms of oriented gradients) to localize the anterior chamber 
angle and extract several angle features.26 By combining these 
extracted features together through the support of vector machine 
learning, they were able to classify angles as open or closed with 
higher accuracy (AUC = 0.83) than when using any individual angle 
feature alone. The next year, the same group presented an improved 
automated angle assessment system, trained on the same dataset 
of about 2000 images with an AUC of 0.92.27

Fu and colleagues then demonstrated the particular strength 
of deep learning in angle assessment.28 They developed a deep 
learning system for angle classification and compared it to an 
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Figure 4. Measurement of various angle parameters: a) the trabecular iris angle (TIA) specifies the anterior chamber angle and is defined as the angle from the apex of the iris recess 
to the point on the trabecular meshwork 500 μm anterior to the scleral spur and the perpendicular point on the iris. b) the angle-opening distance (AOD500) is the distance from the 
point on the trabecular meshwork 500 μm anterior to the scleral spur and its perpendicular intersection on the iris. c) the trabecular-iris space area (TISA) is the area bound by the 
AOD500, iris, inner scleral wall, and line perpendicular to the scleral spur. d) the angle recess area (ARA) at 500 μm is the area of the angle enclosed by the AOD500. 
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automated, quantitative feature-based 
system, using physician AS-OCT angle 
grading as the reference standard (Figure 
5A). Their quantitative-feature method 
resembled earlier angle assessment models 
with automatic segmentation and key 
feature measurement. Their deep learning 
model consisted of a VCG-16 network and 
appropriately identified and focused on 
the most relevant region to assess angle 
status (Figure 5B). When tested on a set of 
over 8,270 images (7,375 open angle and 
895 closed angle), the deep learning system 
performed better than the automated 
quantitative feature-based system when 
compared to physician grading  of the images 
(AUC 0.96 vs 0.90). This study indicated the 
ability of neural networks to extract and 
consider predictive features beyond what 
physicians currently recognize as relevant. 
In 2020, researchers using data from the 

Chinese American Eye Study developed 
and tested the ability of a CNN to locate the 
scleral spur.29 They trained a ResNet-18 CNN 
on a dataset of over 17,000 images with the 
coordinates of the scleral spur marked by 
one reference grader. In a test set of over 
900 images, the CNN performed similarly 
to a human expert grader with over 80% of 
predicted coordinates falling within 80 μm 
of the reference coordinates in both X- and 
Y-axes, the suggested standard of clinical 
significance. Moreover, the CNN performed 
well in variable angle conditions, including 
eyes with narrow or closed angles, where 
the scleral spur is more difficult to assess. 
Work by Pham et al. similarly demonstrated 
the ability of a CNN to locate the scleral 
spur as accurately as an experienced 
ophthalmologist.30 
Most recently, an international multi-

center study using a total of over 1 million 
images was published. They used a 
3-dimensional (3D) deep-learning system 
and “digital gonioscopy” to assess for angle 
closure and peripheral anterior synechiae 
(PAS).31 This study was unique in several ways. 
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Figure 5A. Overview of automated angle closure detection systems: quantitative feature-based method (top) and deep learning method (bottom). 5B. Attention map of deep learning 
network highlighting locations of features used in angle classification in open angles (left) and angle-closure (right). Adapted with permission from Fu et al. AJO 2019.28

First, it used 3D volume scans to improve 
image accuracy; second, gonioscopy was 
used as the reference standard; third, 
angles were evaluated in both light and dark 
conditions to simulate dynamic gonioscopy 
and evaluate for PAS. This deep learning 
system again demonstrated excellent 
accuracy, sensitivity, and specificity in 
detecting angle closure (0.94, 0.87, 0.88 
respectively), which was comparable to 
expert ophthalmologists. More impressively, 
this “digital gonioscopy” was able to capture 
PAS using light and dark conditions with 
90% sensitivity and specificity (AUC = 0.90) 
and provide insight into the mechanism of 
angle closure.

Challenges and Future Directions
Despite the many recent advances, 

challenges remain that will need to be 
addressed for AI to change the landscape 
of angle assessment in clinical practice. 
First, machine learning algorithms are 
only as good as the data on which they are 
trained. Currently, most automated angle-
assessment AI systems are trained with 
datasets of homogenous populations. Thus, 
few automated systems have been trained 
or tested against diverse populations more 
reflective of the real-world. 
Second, the absence of ground truth 

in angle classification poses problems 
for developing and accessing automated 
models. What should automatic AS-
OCT classification be compared against? 
Manual AS-OCT classification is somewhat 
subjective and variable, and gonioscopy, 
too, is a flawed standard. Additionally, 
almost all training sets have been assigned 
“true value classifications” by one or 
two ophthalmologists. Consequently, 
automated systems learn any idiosyncratic 
grading style of their reference trainers, 
which may threaten external validity. 
Planning how interpersonal variation 
should be accounted for will help ensure 
consistency and widespread applicability. 

Key points:
 • Current angle evaluation 
strategies are subjective and 
cumbersome.
 • Imaging can reduce the burden 
of assessing the angle.
 • Deep learning is an attractive 
strategy to bring angle 
assessment into the modern era.
 • Deep learning in UBM and OCT 
have improved tremendously 
over the years and now 
demonstrate accuracy and 
reproducibility comparable to 
human experts.
 • While challenges remain, 
angle closure screening using 
automated AI is essentially ready 
for clinical care. 

Third, cost barriers and the variety of 
AS-OCT imaging modalities are challenges 
for widespread use of automated angle 
assessment. General adoption of swept 
source OCT anterior segment devices 
have been limited by their high costs, and 
less expensive alternatives are needed 
for widespread adoption to be feasible. 
Current AI algorithms are also limited 
to a single imaging modality with poor 
performance when tested on images from 
a new device. Thus, approval of no single AI 
system will enable wide-spread accessibility 
to automated angle assessment, which 
may slow the pace of development and 
regulatory approval.
Last, artificial intelligence in angle 

assessment is still a nascent field with 
hopefully many more advances and 
applications to come. One of the more 
exciting possibilities is the use of AI to predict 
more accurately who will benefit from 
prophylactic laser peripheral iridotomy. For 
AI to realize this potential, continued work 
is necessary with strategic focus on the 
transition to clinical models. 

NEW PERSPECTIVES
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