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Purpose: To evaluate the discriminative power of optical coherence tomography (OCT) and optical coherence tomography
angiography (OCTA) images, identifying the best image combination for differentiating glaucoma from healthy eyes using deep
learning (DL) with a convolutional neural network (CNN).

Methods: This cross-sectional study included 157 subjects contributing 1,106 eye scans. We used en-face images of the superficial
and choroid layers for OCTA-based vessel density and OCT-based structural thickness of the macula (M) and optic disc (D). Images
were preprocessed, resized, and normalized for CNN analysis. The CNN architecture had two components: one extracted features for
each image type (OCT-D, OCT-M, OCTA-D, OCTA-M), while the second combined these features to classify eyes as healthy or
glaucomatous. Performance was measured by accuracy, sensitivity, specificity, and area under the curve (AUC).

Results: For OCT images, the D+M combination outperformed disc (D) or macula (M) alone in three of the four metrics. For OCTA
images, D+M also performed better than D or M alone, with D+M outperforming disc (D) in all criteria. Across all metrics for
combined OCT+OCTA images, D+M performed better than D or M alone, and the macula (M) outperformed the disc (D). In disc (D)
imaging, OCTA outperformed both OCT and OCT+OCTA in accuracy, sensitivity, and specificity, while OCT+OCTA had a higher
AUC. OCTA consistently outperformed OCT and OCT+OCTA across all metrics for combined D+M images.

Conclusion: The OCTA D+M combination performed best, followed by the OCT+OCTA D+M combination. When both en-face
images are available, OCTA is preferred. Always include both disc and macula images for optimal diagnosis.
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Introduction

Glaucoma is a degenerative neuro-ophthalmic disease, characterized by progressive loss of retinal ganglion cells. It
causes morphological changes in the optic nerve head and the deterioration of the visual field, which if untreated can
ultimately lead to irreversible blindness. It is one of the leading causes of blindness worldwide.! Due to its subtle
symptoms, 50% of patients do not know that they are affected by the disease.”’ Intraocular pressure (IOP), next to
advancing age, is the most important and the only treatable risk factor.*

Individual anatomical differences in optic nerve head appearances, complicate the diagnosis of glaucoma, resulting in
discrepancies in diagnosis between and within observers. Accurate and prompt diagnosis of glaucoma is challenging
since the condition frequently exhibits equivocal symptoms in its early stages.>°

It has been shown that early treatment can significantly reduce the progression of the disease,” allowing patients to
maintain quality of life and social activities.** Early intervention also positively impacts economic health expenditure

and decreases the cost of blindness.'® Therefore, early diagnosis is a “golden tool”.
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The diagnosis of glaucoma is based on examination of the optic disc, visual field, and IOP. Multiple factors, IOP &
non-IOP related, can cause structure and functional changes in, contrast sensitivity, visual field, and visual acuity.11
Therefore, tools that enable early diagnosis are essential in glaucoma treatment to prevent irreversible vision loss.

Fundus pictures, optical coherence tomography (OCT), and optical coherence tomography angiography (OCTA) are
the three main imaging modalities commonly utilized to identify glaucoma with each of their characteristics. Although
fundus photography provides a thorough understanding of retinal and optic nerve disorders, it is limited by its two-
dimensionality, lack of depth perception, and low-resolution image quality. Additionally, the interpretation of the pictures
is qualitative and subjective.'?

OCT allows us to measure quantitatively the retina nerve fibre layer (RNFL) thickness on peripapillary and macular
zones and to detect early loss of RNFL before the symptomatic visual field’s loss."?

OCTA is a relatively new diagnostic tool that reflects the vascular density of the optic disc and macula, both of which
are important in developing glaucoma. It also shows complete choriocapillaris loss in areas of localized peripapillary
atrophy, the so-called deep microvascular dropout.'*

While OCT provides high-resolution cross-sectional images for structural analysis, fundus imaging provides
a complete view of the ocular’s constituent parts. On the other hand, OCTA detects abnormal perfusion by displaying
the vasculature in every layer of the optic disc and retina and the macula (Figure 1).

Several investigations have employed Deep Learning (DL), especially Convolutional Neural Networks (CNN), for
analyses of OCT and OCTA readings to identify ocular illnesses such as retinal vein occlusion or diabetic retinopathy.
However, although DL has already been used on OCT images to detect glaucoma, this is much rarer in the case of OCTA
images.'>!¢

CNNs can automatically extract key image features that are pertinent to the diagnosis of glaucoma. CNNs are well-
known for their efficacy as image classifiers. Their potential as effective glaucoma detectors are further enhanced by the
use of non-clinical variables related to vascular pathways in glaucoma during CNN training.'”

We aimed to develop and evaluate a CNN architecture for both OCT and OCTA, compare their diagnostic accuracy
and secondly assess the value of CNN-derived combined OCT+OCTA images in diagnosing glaucoma.

Participant
The Institutional Ethical Commission of the Cliniques Universitaires Saint-Luc in Brussels approved the study protocol.
This research adheres to the principles outlined in the Declaration of Helsinki for studies involving human subjects. It

Figure | OCTA imaging of the en-face superficial layer of a patient with glaucoma. Decreased vessel density on macular vulnerable zone stretching as an arciform defect
inferiorly.
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complies with all relevant national ethical guidelines, including the General Data Protection Regulation (GDPR) for data
privacy and confidentiality within Europe. While HIPAA is specific to the United States, the GDPR ensures similar
standards in the European context. Written informed consent was obtained from each participant before inclusion in the
study.

All the participants were recruited from our clinic. An experienced glaucoma specialist (SP) determined the ground
truth for glaucoma diagnosis.

Healthy subjects (non-glaucoma) had booked an appointment for an annual check-up or control of refractive error.
They had a normal appearance of the optic disc on direct funduscopy with an intact neuroretinal rim and normal retina
nerve fibre layer (RNFL) on OCT and an IOP < 21 mmHg in both eyes. We did not perform standard visual field testing
if it was not needed, for each healthy subject because of its inability to detect early glaucomatous damage, especially in
the macula.'®

All healthy subjects had a comprehensive ophthalmological examination, including auto-refractometry, BCVA, and
tonometry. After obtaining their consent, we did an OCT/ OCTA examination in conjunction with our “standard of care”.
Thirteen residents of the Ophthalmology Department, five students, three secretaries, and one consultant took voluntary
part in this study as well.

Glaucomatous participants were selected from our database of Glaucoma-OCTA study group, and from referred
glaucomatous patients to one of the glaucoma consultants for surgery. They had an abnormal optic disc with thinning of
the RNFL and the neuroretinal rim with or without visual field loss. The IOP levels were not considered as an inclusion
criterion because most patients were already medically treated.

We did not exclude any participants with high refractive error if the quality of the images was acceptable.

Methods

OCTA and Acquisition of the Images

The AngioVue imaging system, Solix Optovue, Inc. in Fremont, CA, USA (Solix V1.1.100.20 FullRang AngioVue
Expert 8/2020), was utilized to conduct OCTA and Spectral-domain OCT imaging of the nerve head (ONH) and macula.
This system allows for the acquisition of OCTA and Spectral-domain OCT images from the same scans, ensuring precise
alignment and automatic segmentation of the regions of interest being analyzed. AngioAnalytics™ OCT-A Metrics
enables a non-invasive, dye-free OCT-based approach for visualization and quantification of retinal vasculature. It allows
the 6.4 mm AngioVue® Retina scans to assess retinal vascular density, FAZ, flow area, non-flow area, and retinal layer
thickness.

Additionally, it permits optic disc measurements for 6 mm AngioVue® disc scans as well as the determination of
radial peripapillary capillary (RPC) density and RNFL thickness.

DualTrac™ Motion Correction Technology (MCT) with enhanced visualization combines real-time tracking and
patented post-processing to enable true 3D motion correction. It uses the split-spectrum amplitude-decorrelation
angiography (SSADA) algorithm to visualize the perfused retinal vasculature in high resolution in three dimensions at
various user-defined layers of the retina, including the capillary level. This algorithm captures the dynamic motion of red
blood cells from sequential cross-sectional B-scans. The percentage of the measured area filled by flowing blood vessels
—defined as pixels with decorrelation values surpassing a predetermined threshold level—is automatically calculated by
the AngioVue program. As such, the vessel density and thickness values that this software provides are from scans that
have undergone accurate automatic registration.

The vessel density (VD) measurements are determined only with projection artefact removal (PAR) correction. PAR
removes the shadow effect of the higher vascular beds in the visualization of deeper layers.

Comprehensive analysis combining structural and vascular pictures and data, including ONH, ganglion cell complex
(GCC), focal loss of volume (FLV), global loss of volume (GLV), Bruch’s membrane opening (BMO), and vessel density
(VD) registration with Garway-Heath nerve fibre sectors, is provided by the Optovue Solix glaucoma package.

OCTA macula imaging 6.4x6.4 mm? was obtained, centred on the fovea, to ensure the examination of the eventual
enlarged foveal avascular zone (FAZ) that can increase in diameter in glaucoma patients.'’
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The predefined en-face slabs used initially for this study were the superficial retinal capillary plexuses (en-face S) in
a slab from the internal limiting membrane to the inner plexiform layer —10 um and choroid slab (en-face C) extending
from upper limit = BRM-10um to lower limit = BRM+30um. The whole image of 6.4x6.4 mm?® of the macula was
divided into 9 equal sectors grid and the vascular density was calculated by the machine (Figure 2).

The disc images were obtained from the optic disc cube area of 6x6 mm?”. The peripapillary region is defined by two
rings of 2.5mm and 4.5mm centred on the disc centre and as determined by BMO fitted circle (Figure 3), divided into the
middle, superior, and inferior hemi-sectors and 8 equal peripapillary sectors.

The radial peripapillary capillary (RPC) network was visualized with excellent detail as a distinctive pattern of
parallel, long, uniform-diameter vessels around ONH, oriented parallel to the retinal nerve fibre layer.

The whole image of 6x6 mm? of disc scan was also divided into 9 equal sectors grid and the vascular density was
calculated (Figure 4).

Based on the evidence of the publications of two groups, namely Lee et al*” and Schottenhaml et al*! we decided to
use only the data of the en-face superficial layer for our CNN models.

In their work, Lee et al used OCTA and macula-centred OCT pictures from individuals with high myopia to compare
CNN models. The evaluation of ImageNet over various layers with OCTA superficial layers had an AUC of 0.946, which
was similar to OCT GCL+ IPL (ganglion cell layer + inner plexiform layer) at 0.982. With an AUC of 0.779, both

models performed much better than OCTA deep-layer images. This implies that a more successful diagnostic approach

Figure 3 Defining the peripapillary region by two rings of 2.5mm and 4.5mm centred on the disc centre and as determined by Bruch’s membrane opening (BMO) fitted
circle.
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Figure 4 Vessel density calculation in nine equal sectors grid on the en-face layer centred on the optic disc.

than using images from the deep layer is to use a CNN based on OCTA images from the superficial layer. The work by

% images from various levels, comes to a similar

Schottenhamml et al, which contrasted a CNN based on 3x3 mm
conclusion.

All the scans with a quality score (SQ) lower than 6 and/or signal strength index (SSI) values lower than 48 were
discarded as VD measurements are positively correlated with SSI.*> All the en-face pictures were examined by the glaucoma

specialist (SP) and the images with any other abnormality of the macula (drusen, membrane, etc) were rejected as well.

Convolutional Neural Networks (CNN) with Deep Learning

Image Pre-Processing

The OCTA images of en-face S of the macula and optic disc of glaucomatous patients and healthy subjects and the OCT
images of the same anatomical locations were used for the dataset. The gathered images had a resolution of 512x512
pixels in black and white color which were scaled to 128%128 pixels and normalized from 0 — 255 to 0 — 1 for
computational performance. Additionally, the dataset was divided into 48 eyes for testing and 190 eyes for training using
a 5-fold stratified classification. The testing set included only images that had not been used for training purposes by the
model. Twenty completely independent different runs were performed. Each time the performance metrics (accuracy,
AUC, sensitivity, and specificity) of the testing were registered.

Al-GlauOCTA Architecture

The CNN architecture consists of two main parts.”® The first part is tailored to each image type and location (OCT-D, OCT-
M, OCTA-D, OCTA-M), involving convolutional, pooling, and flattening layers. The second part involves concatenating
these flattened vectors and passing them through four fully connected layers, resulting in a binary output that distinguishes
between healthy and glaucomatous eyes. This approach allows for an effective classification process (Figure 5).

IOP Measurements
Eye pressure was measured by calibrated Goldmann tonometry after OCT/OCTA measurements to prevent image distortion.

Visual Field Testing

For the visual field test, we used Humphrey Field Analyzer, Carl Zeiss; 24-2C Sitafaster grid that incorporates 10
additional test points within the central 10° from fixation, 5 in each hemifield, to be able to identify the initial glaucoma
damage in the central visual field which previously was less remarkable with Sita standard 242 algorithm.**
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Figure 5 Al-Glau-OCTA’s intermediate fusion CNN architecture for glaucoma detection with four image types as input.

Results
The baseline demographic characteristics are shown in Table 1. Patients with Glaucoma had significantly worse VFI,
MD, lower RNFL and older age. The average mean deviation of the glaucoma patients was nearly —8 dB which
according to the VF loss classification scoring system, proposed in the 5™ Guidelines of the European Glaucoma Society
refers to a moderate loss of function.

The range of values for the attained accuracy was from 82.35% to 92.44%, the AUC values were from 91.40% to
96.94%, the sensitivity was from 83.74% to 94.71%, and the specificity was from 77.7% to 89.34%.

Table 2 presents the comprehensive outcomes, which include the 95% confidence intervals derived from bootstrap

resampling.

Discussion

We reviewed peer-reviewed articles from 2018 to 2023, analyzing the use of OCT and OCTA in glaucoma diagnosis.
Previous studies, like the comprehensive review by Van Melkebeke et al*® in 2018, highlighted that OCTA demonstrates
strong reliability in both normal and glaucomatous eyes. Glaucoma eyes typically show lower OCTA parameters
compared to healthy eyes, suggesting its potential for diagnostic use. The discriminatory power of OCTA is similar to
OCT, and combining the two enhances diagnostic accuracy, especially in early glaucoma. OCTA parameters, particularly

Table | Patient Characteristics

Normal (Mean * SD) GL (Mean £ SD)
(Min to Max) (Min to Max)
Nr. participant 51 45
Nr. Eyes 103 135
Age (yr) 49.7+ 17 (19 to 84) 66.4 £12 (31 to 86)
Sex: Women/Man% 72.5/27.5 47.7/52.3
RNFL (um) 9322 £9.7 679 + 155
VF MD (dB) —04+ 1.6 (4.7 to 1.9) =79 £+ 7.4 (-27.5 to 0.65)
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Table 2 The 95% Confidence Interval and Bootstrap Metrics Averaged Across Nine Models

OCT OCTA OCT+OCTA

Disc Macula Disc+Macula Disc Macula Disc+Macula Disc Macula Disc+Macula
ACC 0.8235 0.8445 0.8782 0.8950 0.8697 0.9244 0.8697 0.8866 0.8992
(95% Cl) (0.774-0.873) (0.797-0.892) (0.836-0.920) (0.857-0.933) (0.827-0.912) (0.89-0.958) (0.829-0.91) (0.846-0.927) (0.861-0.937)
AUC 0.9140 0.9262 0.9549 0.9501 0.9380 0.9694 0.9534 0.9604 0.9692
(95% Cl) (0.878-0.950) (0.895-0.957) (0.932-0.978) (0.923-0.977) (0.906-0.97) (0.948-0.99) (0.931-0.976) (0.938-0.983) (0.951-0.988)
SE 0.8584 0.8374 0.8966 0.9329 09112 0.9471 0.9184 0.9261 0.9261
(95% Cl) (0.801-0.916) (0.775-0.899) (0.844-0.949) (0.892-0.974) (0.863-0.959) (0.91-0.984) (0.874-0.963) (0.882—- 0.971) (0.883-0.97)
SP 0.777 0.8552 0.8546 0.8446 0.8166 0.8934 0.8057 0.8377 0.8651
(95% Cl) (0.701-0.853) (0.788-0.922) (0.785-0.924) (0.775-0.915) (0.74-0.893) (0.835-0.952) (0.73-0.882) (0.768-0.907) (0.801-0.93)

Notes: Table 2 provides the 95% confidence interval and bootstrap performance metrics (ACC, AUC, SE, SP) for Optical Coherence Tomography (OCT), Optical Coherence Tomography Angiography (OCTA), and combined OCT
+OCTA averaged across nine predictive models. Each metric is presented separately for Disc, Macula, and Disc+Macula regions. The values in bold highlight the best overall model performance, while the best metrics for each
subcategory (OCT, OCTA, and OCT+OCTA) are italicized.
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in the peripapillary area, show promise for detecting early glaucoma and demonstrate less susceptibility to floor effects
compared to OCT, making them valuable for monitoring disease progression.

While OCT excels in structural assessment, various studies emphasize the superiority of OCT for glaucoma diagnosis,*®
particularly when using parameters like circumpapillary vessel density (cpVD) and comparing it with RNFL thickness.
However, limitations exist for OCTA, such as the smaller 3 mm scan area, which might miss lesions in the 3 to 6 mm range.

In our study, we addressed the integration of OCTA with deep learning for glaucoma diagnosis, noting that OCTA
alone outperforms combined OCT+OCTA in sensitivity when assessing the macula and disc areas (OCTA M+D). This
finding suggests that vascular information provided by OCTA plays a crucial role in early glaucoma detection,
particularly in cases where OCT’s structural data is less indicative of early-stage disease.

We observed that the integration of Optical Coherence Tomography Angiography (OCTA) as a diagnostic tool in
glaucoma continues to face challenges due to its ongoing reliance on structural OCT data and in most of the studies the
diagnosis of glaucoma is based solely on OCT results.

Additionally, the absence of comprehensive reports combining structural and functional data hinders the appreciation
of OCTA’s insights. To date, Solix Optovue stands out as one of the few OCT products offering such combined reports.

We did not base our diagnosis only on OCT results but on the whole clinical knowledge of each patient. We neither exclude
any patients with higher refractive errors if the QS and SSI were acceptable We wanted to mimic the “real life” measurements.

We acknowledge the difference in average ages between normal and glaucoma patients as a potential limitation. While age
is a risk factor for glaucoma, our primary focus was on the diagnostic capability of OCT and OCTA. Future studies may benefit
from age-matching the control and glaucoma groups to minimize this bias. In “real life” most of the glaucoma patients are
elderly. However, the significant structural and vascular differences detected by OCT and OCTA in our study support the
conclusion that these methods are effective for glaucoma diagnosis, even with age as a variable.

It’s essential to view OCTA as part of the broader OCT analysis, providing supplementary biomarkers to enhance
diagnostic precision.

Deep learning analyses indicate that OCTA M+D exhibits heightened sensitivity compared to OCT alone, particularly
promising for detecting anatomical and vascular abnormalities in pre-perimetric glaucoma.

The combined assessment of OCTA M+D demonstrates superior sensitivity in identifying early glaucomatous
pathology, aligning with established structural damage patterns in glaucoma.

It emphasizes surprisingly that when we combine the values of OCT with OCTA, it may even reduce the sensitivity in
distinguishing healthy individuals from those with glaucoma.

When OCT and OCTA are combined, the sensitivity for distinguishing between healthy and glaucoma patients may
decrease.

This study marks an initial validation of deep learning techniques for distinguishing between healthy and glaucoma-
tous states, paving the way for more sophisticated investigations into disease detection at earlier, sub-clinical stages.

Our hypothesis regarding the difference between findings in studies that do not employ deep learning (DL) and our
results lies in the understanding that OCTA provides a limited and static perspective of “flow”. Deep Learning enables
the analysis of additional factors beyond what a single value can capture.

Conclusion

AI-GlauOCTA’s intermediate fusion architecture greatly enhances the comparison of various image types crucial for
glaucoma detection such as OCT-D, OCT-M, OCTA-D, and OCTA-M images. In conclusion, this study demonstrates that
OCTA alone showed superior sensitivity in detecting glaucomatous changes in disc and macula areas compared to
combined OCT+OCTA. The integration of both disc and macula regions is pivotal for accurate glaucoma detection.
While OCT+OCTA showed higher accuracy in certain metrics, our results emphasize the value of vascular information
captured by OCTA for early glaucoma detection. This finding aligns with the study’s objective to evaluate the diagnostic
power of OCT, OCTA, and their combination. The use of deep learning models further enhances diagnostic performance,
highlighting the potential for integrating these imaging modalities into clinical practice for more effective glaucoma
diagnosis to assist non-glaucoma sub-specialist ophthalmologists as part of their clinical decision support system for
patient management.
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