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Abstract

Glaucoma is the second leading cause of blindness worldwide, affecting eighty 
 million people globally and three million patients in the USA. Primary open-angle glau-
coma, the most common type, is a multifactorial progressive optic nerve neurodegenera-
tive disorder that leads to loss of optic nerve head (ONH) tissue, thinning of the retinal 
nerve fiber layer, and corresponding visual field (VF) defects with or without elevated 
intraocular pressure (IOP). Risk factors include older age, black or Hispanic race, 
elevated IOP, thin central corneal thickness, disk hemorrhage, and low ocular perfusion 
pressure. The two prevalent theories explaining glaucomatous damage are mechanical 
(elevated IOP) and vascular (compromised optic nerve perfusion). Current diagnostic 
methods, such as measuring IOP, VF testing, and ONH evaluation, are subjective and 
often unreliable. Optical coherence tomography angiography (OCTA) is a rapid, non-
invasive imaging modality that provides 3-D, volumetric details of both the structure 
and vascular networks of the retina and optic nerve. Various researchers have shown that 
OCTA provides an accurate and objective evaluation of the retina and the optic nerve in 
glaucoma. This chapter describes the role of OCTA in managing patients with glaucoma.

Keywords: optical coherence tomography angiography, glaucoma, intraocular 
pressure, optic nerve, visual field

1. Introduction

1.1 Overview of glaucoma

Glaucoma is the second leading cause of blindness which affects over 80 million 
people worldwide [1]. Of the various subtypes of glaucoma, the most common is 
primary open-angle glaucoma (POAG), a multifactorial, progressive optic neuropathy 
characterized by cupping of the optic nerve head (ONH) and visual field (VF) defects 
with or without elevated intraocular pressure (IOP) [2]. Glaucomatous optic neu-
ropathy is driven pathologically by degeneration of the retinal ganglion cells (RGCs) 
and atrophy of the retinal nerve fiber layer (RNFL), Figure 1.
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Early work in 1858 by German anatomist Heinrich Mueller led to the concept of the 
mechanical theory: elevated IOP leads to the compression of optic nerve fibers at the level 
of the lamina cribrosa which in turn causes blockages to the axoplasmic flow [3]. In the 
same year, another German scientist, Eduard von Jaeger proposed an alternative vascular 
theory where he suggested that the underlying cause of optic nerve damage was due to 
poor perfusion to the ONH with or without elevated IOP [4]. Today, it is widely accepted 
that glaucoma being a multifactorial disease may be consistent with both the mechani-
cal and vascular models. Schematics in Figures 2 and 3 show the pathological changes a 
human eye undergoes during glaucoma as per the vascular and mechanical theories.

1.2  Optical coherence tomography angiography addresses current challenges  
in glaucoma diagnosis

Glaucoma is diagnosed using three parameters: measurement of IOP, evaluation 
of the optic nerve anatomy, and VF testing. However, this approach is limited by its 
inherent subjectivity and measurement inconsistencies. One key challenge is that IOP 
measurement is not standardized and can be affected by the central corneal thickness 
(CCT), type of tonometer used, time of day, as well as the skill and training of the clini-
cal staff obtaining the measurements. Similarly, visual assessment of the optic nerve and 
VF testing are subject to high degrees of inter- and intra-examiner variation, limiting 
their abilities to diagnose and follow patients with glaucoma accurately and objectively.

Due to these challenges, optical coherence tomography (OCT) technology has 
grown in popularity due to its ability to provide additional objective information 
about the structure and morphology of the optic nerve and retina. Specifically, 
peripapillary retinal nerve fiber layer (RNFL) analysis is widely used for glaucoma 
diagnosis, as RNFL thinning can indicate glaucomatous damage [5]. While OCT 
has greatly improved the accuracy and consistency of glaucoma diagnosis, it is still 
limited since it cannot probe the vascular degradation that occurs in glaucoma. 
Particularly, it is extremely challenging to distinguish between differing degrees of 
glaucoma severity, identify patients with optic cupping who have normal vascular 
perfusion, as well as monitor patient response to treatment over time.

Figure 1. 
Cross-section of the retina illustrating the retinal layers and underlying vascular supply in a healthy eye.



3

The Role of Optical Coherence Tomography Angiography in Glaucoma
DOI: http://dx.doi.org/10.5772/intechopen.110272

Figure 2. 
Aqueous humor dynamics in the healthy (top) and glaucomatous (bottom) eye as hypothesized by the mechanical 
theory (left) and vascular theory (right).

Figure 3. 
Cross section of the optic nerve in the healthy (top) and the glaucomatous (bottom) eye as hypothesized by the 
mechanical theory (left) and vascular theory (right).
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Improvements in the OCT technology has led to the development of optical 
coherence tomography angiography (OCTA), a rapid, noninvasive imaging modality 
that can provide quantitative and volumetric assessment of both the structure and 
vascular aspects of the retinal and optic nerve. Thus, OCTA has addressed prior limi-
tations of OCT and has revolutionized the evaluation of several ophthalmic diseases, 
including glaucoma by allowing clinicians to distinguish between glaucoma suspect, 
healthy, and glaucomatous eyes [6–9].

2. Optical coherence tomography angiography

2.1 The development of optical coherence tomography

OCT technology was first developed at the Massachusetts Institute of Technology 
by David Huang in 1991 [10] (Figure 4). It is a non-invasive imaging methodology for 
acquiring high resolution images of the retina and optic nerve using low-coherence 
interferometry. In this technique a beam of light is shone into the eye and reflected 
light is captured and measured. By comparing the reflected light to an unobstructed 
reference path, the location and morphology of ocular structures can be determined 
to generate a cross sectional image of the eye [10, 25]. This imaging modality provides 
key structural information such as retinal thickness (μm), RNFL thickness (μm), and 
abnormal reflectivity on retinal layers which could indicate the presence of edema, 
exudates, calcifications, or atrophy [26, 27]. Thus, OCT technology introduced a 
novel and precise method for visualizing and measuring defects in the optic nerve, 
retina, and nerve fiber layer. Soon after the publication of the first images of the optic 
disk, Humphrey instruments introduced the first commercial OCT scanner in 1996 
[11]. Ten years later, Optovue’s spectral domain (SD-OCT) scanner was the first to 
obtain FDA approval for clinical use [12].

Figure 4. 
Milestones in the development of optical coherence tomography angiography [10–24].
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2.2 The development of optical coherence tomography angiography

Although OCT can provide information about the structure of the retina and the 
optic nerve, it is unable to assess the vascular impairment and degradation known 
to play a key role in glaucoma pathophysiology. To fully assess damage in glaucoma 
patients, additional details about the retina and optic nerve vasculature are needed.

Initial work by White et al. showed that SD- OCT could be used to probe the 
retinal vasculature and was expanded upon by Zhang et al. who used a technique 
called swept source (SS) OCT to visualize blood flow in 2005 [14, 15]. This was 
accomplished by repeatedly scanning a transverse cross-sectional area of the retina 
and analyzing the scan differences caused by movement [6]. Since the presence of 
blood flow creates movement which affects the reflectance in each scan, successive 
scans or “angiograms” can be used to probe the underlying vasculature of the eye.

In 2018, Nesper et al. demonstrated the complexity and connectivity of parafoveal 
capillary plexuses and identified the location of specific arterioles seen in prior histologi-
cal studies [28]. This enhanced understanding of vasculature and their perfusion greatly 
improved the assessment of many ophthalmological diseases, including glaucoma.

Work in the past decade has focused on accurately delineating blood vessels by 
employing sophisticated algorithms. In 2012 Reif et al. introduced a phase-based algo-
rithm known as optical microangiography (OMAG), which uses intensity and phase 
information from repeated B-scans to delineate blood vessels [19]. In the same year, 
Spaide et al. showed that an amplitude-based method called split-spectrum amplitude 
decorrelation angiography (SSADA) could delineate blood vessels by measuring the 
decorrelation between two consecutive B-scans [6]. Research has found SSADA to be 
superior in the detection and connectivity of microvascular networks compared to 
other algorithms [18]. Current investigations of OCTA technology aim to implement 
novel deep learning (DL) and machine learning (ML) techniques to reduce or remove 
image artifacts to enhance OCTA accuracy.

3. Optical coherence tomography angiography in glaucoma

3.1 Optical coherence tomography angiography metrics for glaucoma evaluation

Early OCTA work in glaucoma by Jia et al. in 2012, was limited to the observation 
and quantification of the optic disk alone (disk flow index and disk perfusion) [29]. 
As this technology has progressed, a broad range of OCTA metrics were introduced to 
quantify microvasculature and aid in the diagnosis of glaucoma. Specifically, density 
parameters are used to track disease progression [18, 30–33] and more recent work 
has explored how changes in the macular regions, foveal avascular zone (FAZ), and 
deep retinal layer microvasculature contribute to disease severity [9].

Current clinical evaluations of glaucoma using OCTA rely predominantly on 
eight parameters: RNFL (μm), cup/disk ratio (CDR), macular ganglion cell complex 
(mGCC) in μm, focal loss volume (FLV, %), global loss volume (GLV, %), whole 
image ONH vessel density (VD, %), whole image macular VD, (%), and FAZ area 
(mm2). Recently, a key study by AlSalem et al. explored the efficacy of each of 
these metrics for classifying the severity of glaucoma progression into three catego-
ries: mild, moderate, severe [9]. Their parameter classifications are summarized 
in Table 1. Of note, the authors described how severe cases of POAG showed a 
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significant decrease in signal strength intensity (SSI) for RNFL and ONH VD scans, 
whereas four parameters (whole image ONH VD, whole image macular VD, average 
RNFL thickness, and average mGCC thickness) decreased in a stepwise fashion as 
glaucoma progressed. These findings enable researchers to use both structural and 
VD parameters as indicators of glaucoma severity, adding new prognostic metrics that 
could not be obtained through VF tests alone.

3.1.1  Optical coherence tomography angiography features of the optic nerve head  
in glaucoma

Evaluation of the ONH microcirculation is commonly used to detect vascular 
damage in the glaucomatous eye, as there is a significant correlation between glau-
coma severity and degree of VD loss in this region [9]. While the ONH of a healthy 
eye displays a dense microvascular network with no focal capillary dropout and a full 
RNFL thickness, the ONH microcirculation of a glaucomatous eye shows decreased 
perfusion and loss of the RNFL [9, 18].

In 2012, Jia et al. developed the SSADA algorithm to visualize and quantify ONH 
microcirculation [18]. In this pilot study, the SSADA results were applied to patients 
with early glaucoma to detect ONH perfusion abnormalities. The researchers found 
that ONH flow index and VD in patients with early glaucoma were significantly 
reduced compared to healthy controls. Furthermore, the ONH perfusion defects 
preceded VF changes, aiding in the early detection of disease.

Four years later, Chen et al. used OMAG-based OCTA to evaluate ONH blood ves-
sels and perfusion and found that ONH perfusion decline was significantly correlated 
to the presence of structural and functional defects as well as disease severity [30]. 
Recently, Eslami et al. showed that OCTA ONH parameters can also discriminate 
between stages of glaucoma. Their cross-sectional investigation of patients with 
moderate and advanced glaucoma found that the VD of the inferior hemifield of the 
ONH area had the best performance in discriminating POAG stages [33].

Variables Controls  

(n = 69) (%)

Mild Glaucoma 

(n = 54) (%)

Moderate 

Glaucoma  

(n = 25) (%)

Severe 

Glaucoma  

(n = 12) (%)

P value* 

(All 

groups)

RNFL (μm) 96.11 ± 9.80 82.95 ± 11.75 76.91 ± 14.45 60.13 ± 7.51 <0.01

CDR 0.49 ± 0.14 0.54 ± 0.15 0.57 ± 0.17 0.73 ± 0.12 <0.01

mGCC Average (μm) 94.29 ± 9.65 83.71 ± 8.65 80.31 ± 14.99 67.92 ± 10.90 <0.01

FLV (%) 1.08 ± 1.21 2.93 ± 3.46 6.12 ± 3.92 9.39 ± 4.03 <0.01

GLV (%) 4.53 ± 4.78 12.37 ± 7.82 17.05 ± 11.31 29.39 ± 8.89 <0.01

Whole Image ONH 
Vessel Density (%)

56.71 ± 4.36 52.85 ± 5.15 49.82 ± 4.06 43.12 ± 4.19 <0.01

Whole Image 
Macular Vessel 
Density (%)

50.27 ± 4.23 48.12 ± 3.80 46.13 ± 3.91 43.43 ± 4.71 <0.01

FAZ Area (mm2) 0.34 ± 0.14 0.33 ± 0.14 0.40 ± 0.16 0.36 ± 0.16 0.51

Table 1. 
Structural and vessel density characteristics of healthy controls and glaucomatous eyes, adapted from AlSalem 
et al. [9].



7

The Role of Optical Coherence Tomography Angiography in Glaucoma
DOI: http://dx.doi.org/10.5772/intechopen.110272

3.2  Optical coherence tomography angiography features of the peripapillary 
region in glaucoma

Compared to healthy eyes, glaucomatous eyes show significantly lower peripapil-
lary VD and blood flow index. A systematic review conducted by Bekkers et al. 
determined that the peripapillary microvasculature zone was the most discrimina-
tive region to aid glaucoma diagnosis as it provided an area under receiver operator 
characteristic curve AUROC of 0.8. [32]. Further gains in AUROC were obtained 
when model parameters were constricted to the superficial capillary plexus within the 
peripapillary region (AUROC =0.87).

Later work by De Jesus et al. confirmed that the superficial layer of the peripapil-
lary region was the most useful OCTA metric to discern a glaucoma diagnosis, as 
damage was most prominent in this zone of the eye when compared to healthy 
controls [31]. Thus, analyzing the peripapillary region is a powerful application of 
OCTA as it provides the highest discriminant power to differentiate between healthy 
and glaucomatous eyes.

3.3  Optical coherence tomography angiography features of the macula  
in glaucoma

The macula is an area of great interest in glaucoma since it contains the highest 
density of RGCs. These multilayered cells are believed to be damaged early in the 
disease process [34]. Not only does a correlation exist between mean macular thick-
ness and VF sensitivity, but the macular region has also been shown to have a signifi-
cantly lower VD and blood flow index in patients with glaucoma compared to healthy 
controls [31].

In an age-matched study, Takusagawa et al. assessed macular thickness and 
circulation in patients with preperimetric glaucoma (PPG) and found that they had 
significant macular perfusion defects compared to healthy controls [35]. The authors 
additionally found that within the macular region, the hemispheric superficial vas-
cular complex (SVC) VD values were highly correlated with the corresponding GCC 
thickness and VF sensitivity in glaucoma patients. Their landmark findings indicate 
that early in the disease process, glaucoma preferentially affects perfusion in the SVC 
of the macula rather than the deeper plexuses.

3.4  Optical coherence tomography angiography features of the choroidal 
microvasculature in glaucoma

According to vascular theory, changes in the choroidal microvasculature may play 
a key role in the pathophysiology of glaucoma as it supplies nutrition to both the optic 
nerve and the outer layers of retina. In a study evaluating parapapillary choroidal 
microvasculature dropout (MVD), Kim et al. found that MVD was associated with 
progressive RNFL thinning and worsening VF parameters [36]. The authors proposed 
that progressive retinal ganglion cell damage decreases metabolic demand and leads 
to reduced vascular perfusion and more extensive MVD.

Recently, Chatziralli et al. found that the peripapillary and MVD were lower in 
eyes with pseudoexfoliative glaucoma (PXG) [37]. This indicates optic nerve hypo-
perfusion may play a greater role in patients with PXG.
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3.5  Using optical coherence tomography angiography to monitor disease 
progression in glaucoma

OCTA may have a role in the early detection and monitoring of the progression 
of glaucoma progression. AlSalem et al. found that whole image ONH VD, whole 
image macular VD, average RNFL thickness, average mGCC thickness, and cataract 
status were predictive of worsening VF MD [9]. They also determined that structural 
properties and VD were equally effective at determining the glaucomatous stage. This 
was supported by the findings of Geyman et al. and Chen et al. who also determined 
that structural properties and VD values were equally effective at determining the 
glaucoma stage [38, 39]. Tracking the previously described OCTA parameters over 
time may enable physicians to objectively gauge glaucoma progression.

3.6  Use of optical coherence tomography angiography in healthy, glaucoma 
suspect, and eyes with POAG

Using a standard OCTA protocol, typical qualitative and quantitative findings in 
healthy, glaucoma suspects, and eyes with POAG are shown in Figure 5. A, E, and I 
are images of the ONH and corresponding CDR. The B, F, and J show a map of the 
superficial retinal vessels and VD in different zones around the macula. C, G, and K 
show the nerve fiber layer thickness in the corresponding zones. D, H, and L are area 
maps of the radial peripapillary capillary VD.

The healthy eye (5A-D) has normal retinal morphology and OCTA parameter 
values. The CDR is 0.35, the retinal VD is 46%, the RNFL thickness is 113 μm, and the 
peripapillary capillary density is 53%. In a glaucoma suspect eye (5E-H), the enlarged 
CDR (0.80) alone may mislead the clinician. However, OCTA measurements of the 
VD (43%), RNFL (115 μm), and peripapillary capillary density (54%) are in the 
normal range. The OCTA scans of an eye with POAG (5I-L) show several abnormal 
findings characteristic of glaucoma. There is a severe degree of cupping (CDR 0.85), 
the overall retinal VD is reduced to 34%, the RNFL thickness is 55 μm, and the radial 
peripapillary VD is 34%.

3.7 Using optical coherence tomography angiography to characterize myopia

In clinical practice, detecting glaucoma in myopic patients has always been 
extremely challenging. As myopia increases, findings such as ONH tilt, increased 
ovality of the ONH, and peripapillary atrophy become more prominent [40]. The 
peripapillary RNFL thickness peaks also shift in myopic eyes, leading to difficulties in 
detecting thinning (40. Examples of changes seen in a patient with moderate myopia 
are shown in Figure 6.

In patients with high myopia, OCTA can be helpful in identifying the narrowing of 
vessel diameters which leads to reduced retinal VD and indirectly implying impaired 
blood flow. Suwan et al. found that patients with myopia alone had lower peripapil-
lary VD compared to healthy controls [41]. Furthermore, patients with both myopia 
and glaucoma had an even greater reduction in VD that allowed the researchers to 
distinguish these patients from healthy controls, myopia only patients, and patients 
with glaucoma alone [41].

Recent work by Chang et al. found that both peripapillary and macular perfusion 
density were significantly reduced in patients with high myopia (HM) compared 
to non-high myopic (NHM) healthy controls [42]. However, macular perfusion 
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density was not decreased between patients with and without HM and could not be 
used for accurate diagnosis. They recommended that both macular OCTA and OCT 
imaging may be useful in diagnosing early glaucoma in patients with myopia. Shin 
et al. showed that peripapillary VD correlated more with VF mean sensitivity than 

Figure 5. 
Comparison of OCTA scans in healthy, glaucoma suspect, and eyes with POAG captured using the RTVue XR 
Avanti scanner (SSADA algorithm).

Figure 6. 
OCTA scans from a non-glaucomatous myopic eye captured using the RTVue XR Avanti scanner (SSADA 
algorithm).
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peripapillary RNFL thickness and peripapillary perfusion density was significantly 
lower in patients with high myopia [43].

Bowd et al. took a different approach and created a novel en face texture-based 
analysis method to accurately discriminate between highly myopic glaucomatous and 
healthy eyes using macular tissue thickness measurements [40]. Their success was 
most likely due to the minimal tissue segmentation required in their approach com-
pared to prior multilayer segmentation methods that often fail in highly myopic eyes. 
Another method by Yilmaz et al. found that utilizing a myopic normative database for 
peripapillary RNFL was very helpful in assessing differences in patients with varying 
degrees of myopia or when glaucoma co-existed with myopia [44]. Altogether, these 
recent works indicate that OCTA technology may improve the accuracy of glaucoma 
detection in patients with high myopia.

4. Limitations of optical coherence tomography angiography

Image artifacts are frequently encountered in OCTA and can hinder the inter-
pretability of the microvascular structure and VD. In addition, media opacities and 
pupillary size can similarly affect the quality of OCTA maps and the calculation of 
VDs. Optimizing interscan time can also present a challenge in OCTA. While short 
capture times cannot detect slow flow velocities such as those observed in cases of 
venous occlusions [45], long interscan times are more sensitive to motion artifacts. 
Lastly, the lack of standardization across different devices and protocols remains a 
lingering limitation. For example, different commercially available OCTA devices 
differ in their methods of segmentation of the angiography slabs and axial and lateral 
resolutions [46].

4.1 Image artifacts in optical coherence tomography angiography

Image artifacts may be the result of errors during image acquisition, processing, 
and analysis and may be either patient related (Figure 7) or machine/operator related 
(Figure 8) [46].

4.1.1 Patient-related motion artifacts

One common cause of image artifacts is from eye movements caused by breathing, 
palpitations, or tremors (Figure 7). In general, eye movement artifacts appear as thin 
horizontal or vertical white lines (7A). They may cause duplication or removal of the 
retinal vessels shown in the image leading to an overall loss of vessel integrity. Blink 

Figure 7. 
Examples of patient related motion artifacts.
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artifacts occur when a patient blinks during scan capture which causes loss of reflec-
tance intensity in an area of adjacent B-scans (7B). The displacement of multiple B- 
scans can cause horizontal or vertical black lines on the en-face angiogram. Refraction 
error, also described as banding, is caused by a temporary change in corneal refractive 
power when the patient-device distance fluctuates during acquisition (7 C). Criss-
cross is an eye movement artifact that appears as a rectangular pattern when the 
software fails to correct multiple saccades (7D).

4.1.2 Operator/machine-related motion artifacts

There are several operator/machine related artifacts that affect the accuracy and 
precision of OCTA measurements. Poorly focused images cause defocused artifacts 
(8A) that are caused by a decrease in reflective intensity resulting in reduced defini-
tion of retinal microvasculature Projection artifacts (8B) occur when the shadow 
of vessels in the superficial layer imprint onto the deeper layer. Segmentation 
errors (8C) are produced when the automated segmentation algorithm inaccurately 
identifies the layers of the retina or optic nerve. Decentration artifact (8D) occurs 
if the fovea or ONH is translocated to the periphery of the scan, preventing the 
algorithm from correctly identifying these areas. Cropping (8E) refers to loss in 
image data caused by B-scan not being fully within the capture window. Lastly, 
vitreous floaters may result in shadow artifacts (8F) because of decreased intensity 
of retinal layers in focused areas and may prevent clear visualization of structures in 
the affected area.

Figure 8. 
Examples of operator or motion related OCTA artifacts.
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4.1.3 Key factors that produce optical coherence tomography angiography artifacts

Since OCTA artifacts may affect the accuracy of glaucoma diagnosis it is important 
to understand when and why these alterations are likely to occur. Older patients often 
have poor-quality scans due to a higher frequency of media opacities such as cataracts 
and age-related retinal pathologies. Recently Kamalipour et al. showed that 40% of 
OCTA images in the glaucoma group had poorer quality compared to healthy controls 
[47]. This was confirmed by Cheng et al. who found that the presence of glaucoma 
significantly increased the odds for the presence of any artifacts [48]. Similarly, patients 
with glaucoma were found to have two times the odds of incorrect automatic segmenta-
tion of the retinal superficial layer even after adjustment for age and VF loss [48]. Image 
quality was also found to decrease as glaucoma progressed. Declining retinal thickness 
reduces the signal intensity of reflected waves causing increased prevalence of artifacts.

4.1.4 Prevalence of optical coherence tomography angiography artifacts

In a well-diversified population of North Texas consisting of 292 patients, Mekala 
et al. found that most patients (99.3%) had at least one artifact [49]. The most com-
mon artifacts were due to eye movements (66.1%), defocus (64.7%) and shadows 
(40%). The most severe (affecting more than 10% of the scan area) were seen in 
patients with POAG (31.4%) and myopia (30.75%). A similar study by Weijing et al. 
found that 88.34% of images had at least one artifact, the most common of which was 
projection (100%), followed by motion (75.22%), blur (24.78%) and decentration 
(21.28%) [50]. Another study by Kamalipour et al. excluded 33.9% of scans due to 
poor image quality and found that 13.6% had one artifact and 9.8% had two or more. 
In this study the most common artifact was eye movement (10.6%), followed by 
defocus (9.6%), correctable segmentation errors (7.6%), and uncorrectable segmenta-
tion errors (5.4%) [48]. Given that multiple studies have confirmed the presence of 
artifacts in a significant percentage of images, it is crucial to account for artifacts 
when evaluating OCTA in a clinical setting.

4.1.5 Current methods for reducing optical coherence tomography angiography artifacts

Eye tracking technology was first introduced in 2004 as a way to compensate for 
eye movement and improve the quality of OCT scans [51]. Since then, this technology 
has shown to decrease the odds of acquiring poor-quality images by half [47]. It is 
highly effective in reducing eye movement and defocus artifacts but does not cur-
rently decrease the occurrence of segmentation artifacts.

Work by Venugopal et al. found that high-density (HD) scans, which increase 
sampling density from 304 × 304 A-scans to 400 × 400 A-scans, showed significantly 
greater VD values and fewer poor-quality scans than non-HD scans [52]. Thus, both 
eye tracking technology and HD scanning are proven methods for reducing the 
presence of OCTA artifacts. However, additional work is needed to further reduce the 
prevalence of other artifacts in OCTA.

4.2  Repeatability and reproducibility challenges in optical coherence  
tomography angiography

OCTA’s use is slowly becoming popular among clinicians for the diagnosis and 
monitoring of glaucoma. There are a number of commercially available OCTA devices 
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including RTVue XR Avanti (Visionix USA Inc., previously Optovue Inc., Lombard, 
IL), Cirrus 5000 (Carl Zeiss Meditec Inc., Dublin, CA), PLEX Elite 9000 (Carl Zeiss 
Meditec Inc., Dublin, CA), and SPECTRALIS 2 (Heidelberg Engineering, Heidelberg, 
Germany). These devices all vary in terms of scan speed, wavelengths, eye tracking, 
image size, and vessel delineation algorithms. Differences in scan parameters and 
methodologies have led to discrepancies between images that limit direct comparisons 
across multiple centers and studies.

Several investigators have evaluated intra and inter-visit repeatability and of 
OCTA measurements in the ONH, peripapillary, and macular regions. Manalastas 
et al. compared the reproducibility of VD measurements between healthy and 
glaucoma eyes using the coefficient of variation (CV) the relative dispersion of 
data points around the mean, with a lower number indicating less variation [53]. 
The authors found that the CV of intra- and inter-visit global VD measures in 
healthy eyes ranged from 2.5–9.0% in macular scans and 1.8–3.2% in ONH scans, 
while the CV was higher in glaucoma (3.2–7.9% in macular scans vs. 2.3–4.1% in 
ONH scans. Venugopal et al. described similar results for peripapillary region 
(normal 2.5–4.4% vs. glaucoma 2.6–6.6%) and macular region (normal 3.3–4.7% 
vs. glaucoma 3.7–5.6%) [51]. Together, these studies suggest that glaucoma 
patients have sparser VD with slightly poorer reproducibility than healthy 
 subjects [52].

Manalastas et al. examined the intra-visit and inter-visit reproducibility of 
SD-OCT RNFL thickness and GCC thickness in the scans from the prior studies [53]. 
The CVs of the global RNFL and GCC thickness were ≤ 4%, and the superior and 
inferior RNFL and GCC ≤ 3.5% in both healthy and glaucoma eyes. In agreement with 
the prior VD studies, glaucomatous eyes had worse RNFL and GCC reproducibility 
than healthy eyes (p < 0.001). The reproducibility of the global VD measures pro-
vided by OCTA is slightly worse than that of RNFL and GCC measures traditionally 
found in OCT.

AlSalem et al. studied reproducibility between patients across all stages of POAG 
and concluded that the range of CV for structural properties was greater than VD as 
glaucoma progressed [9]. Thus, as VD provides better reproducibility than structural 
values it may be a more consistent metric in severe POAG.

5. The future of optical coherence tomography angiography in glaucoma

Recently, artificial intelligence (AI) techniques such as machine learning (ML) 
and deep learning (DL) are increasingly being used in conjunction with OCTA to 
improve glaucoma diagnosis and track disease progression. However, further work 
is required to standardize the nomenclature and datasets utilized for ML and DL to 
maximize the impact of AI technology in OCTA.

5.1 Standardization of optical coherence tomography angiography

A major barrier that has prevented the compilation of large OCTA databases 
for ML and DL is the lack of standardization among OCTA instruments, imaging 
protocols, data analysis methods, and inconsistent nomenclature. This has made it 
very challenging to apply new technologies or methods to analyze data from different 
OCTA scanners and ophthalmology clinics. Therefore, establishing standardized 
protocols for imaging, data analysis, and terminology is crucial [54, 55].
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5.2 Machine learning using optical coherence tomography angiography imaging

5.2.1 Overview of machine learning methodology

Broadly speaking, AI refers to computer science techniques which simulate human 
cognitive processes such as visual perception, speech recognition, and decision-
making. ML is a subfield of AI that allows software systems to automatically learn 
and improve from experience without being explicitly programmed through the use 
of algorithms and statistical models that analyze and draw inferences from patterns 
in data. It involves training a model on a dataset and allowing the model to make 
predictions or decisions without human intervention [56, 57].

ML requires four sequential steps: an input of high-volume and high-quality 
data, extraction of features, model building, and performance evaluation [56]. The 
quality of the manual feature extraction from a dataset to be used as an input for ML 
is critical for optimal model performance. During this process, unique properties and 
patterns are identified which the model then uses to learn how to perform the task. 
These can include higher level features, such as glaucomatous eyes, or lower-level 
features such as image edges and shapes. The main caveat to high quality feature 
extraction is that it requires large data sets and many hours of precise identification of 
objects of interest by the researchers. One approach to reduce this burden is to use DL 
automated feature learning, where the model learns to extract and identify relevant 
features from a dataset automatically, without human intervention.

Once the features have been extracted and the model has been chosen, the next 
step is to train the model on a data set. During this process, the model’s parameters 
are adjusted to minimize the error between the model’s predictions and true value. 
The success of an ML model is usually evaluated in three categories: performance, 
resources required, and prediction accuracy [56]. Of these three, accuracy is 
perhaps the most important and difficult metric to assess because it requires an 
additional independent test dataset. The test dataset is given to the ML model and 
the predictions are compared against the true value or ground truth. If the model’s 
performance is not satisfactory, it may be necessary to fine-tune the model by 
adjusting its hyperparameters or by training the model on additional data sets. Once 
the model has been trained and evaluated, it can be deployed to make predictions on 
new, unseen data.

5.2.2 Using machine learning for optical coherence tomography angiography analysis

Recently, ML image analysis methods have become an area of interest in OCTA 
research. Specifically, researchers aim to use AI to accurately detect pathology, 
precisely quantify retinal vasculature, and reliably diagnose disease [58]. In 
2019, Chan et al. used features of the ONH and retina to automatically diagnose 
glaucoma from macular and disk images [59]. In this pilot study, the authors used 
the AdaBoost Classifier model, a self-adjusting classification tool. They reported 
excellent model accuracy of 94.3% on 109 images (57 normal, 52 glaucoma). This 
milestone study showed that ML could aid clinicians in glaucoma detection at an 
early stage.

In 2022, Kooner et al. developed an ML tool to identify the parameters which 
provided the most accurate diagnosis of glaucoma [60]. The authors analyzed six ML 
algorithms, and over 2500 ML models were optimized using random search. In this 
study, the XGBoost algorithm, a highly effective and scalable ML model, achieved 
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the highest accuracy of 83.9%. They also explored the ML decision tree models to 
understand the most useful diagnostic parameters (inferior temporal VD, inferior 
hemisphere VD, and peripapillary RNFL thickness).

5.2.3 Overview of deep learning methodology

DL is a subset of ML which uses artificial networks composed of “neurons” or 
nodes layered to resemble the human brain. DL algorithms can understand complex 
patterns and relationships in the data by adjusting the weights and biases of the 
connections between the neurons in the network. While DL architectures are more 
powerful learners than ML algorithms, they are less customizable and interpretable 
[56]. Additionally, DL models are very practical since they are able to automatically 
extract features from raw input data resulting in increased efficiency and pattern 
recognition. Convolutional neural networks (CNNs), a type of DL architecture 
specialized for image input data, are particularly useful for extracting features for DL 
training. They operate in a bottom-up manner, first identifying basic features such 
as corners and working up towards more complex structures. Similar performance 
metrics are utilized for both ML and DL models.

A disadvantage of DL is the need for a large volume of clinical data during the 
training process. This data acquisition process can be affected by privacy concerns 
and time constraints. DL tools which can be used to address this need for data are 
known as generative adversarial networks (GANs). GANs are a type of DL algorithm 
that are used for generating new, synthetic data that is similar to a given dataset. 
GANs are composed of two neural networks: a generator network, which is respon-
sible for generating new data, and a discriminator network, which can distinguish 
the synthetic and real data. The goal of GANs is to generate synthetic data that 
is indistinguishable from real data, addressing issues posed in conventional data 
acquisition processes.

5.2.4 Using deep learning for optical coherence tomography angiography analysis

In recent years, the use of CNNs for automated glaucoma diagnosis has grown in 
popularity over prior ML techniques. In 2022, Bowd et al. used CNNs to improve the 
performance of feature-based gradient boosting classifier (GBC) analysis, an ML 
technique that combines multiple subsets of models to create a powerful classification 
tool, in 405 images (130 healthy, 275 glaucoma) [61]. GBC models were separately 
trained on OCT and OCTA scans of the ONH, while the CNN model was trained 
solely on region proposal classifier (RPC), a type of DL architecture used for object 
detection tasks. To account for the imbalance of healthy and glaucomatous eyes, areas 
under the precision recall curves (AUPRC) were computed to evaluate the perfor-
mance of the two models. The CNN model had an AUPRC of 0.97, compared 0.93 
for the best ML model, indicating that the DL models improve on feature-based ML 
models for classifying healthy and glaucomatous eyes.

In 2022 Kumar et al. used GANs to create synthetic OCT circumpapillary images, 
evaluate them for gradeability and authenticity, and use them to train DL models 
[62]. The researchers created two models to generate both healthy and glaucomatous 
synthetic OCT images of the circumpapillary ONH. The optimal DL network trained 
on synthetic images (AUC = 0.97 internal test data vs. 0.90 external test data), while 
the DL network trained with real images performed worse (AUC = 0.96 internal test 
data vs. 0.84 external test data). The accuracy of DL networks trained with synthetic 
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images were comparable to those trained with real images, indicating their potential 
use for other modalities such as OCTA and similar DL applications.

DL can also be used to enhance the quality of OCT and OCTA images affected by 
artifacts and speckle noise (noise caused by the coherent scattering of the light waves 
used to acquire the image). Early studies by Yamashita et al. used modified CNN 
tools to enhance the scan quality of noisy ONH OCTs [63]. Recently, Omodoka et al. 
denoised RPC OCTA images to improve the quality of calculated RPC vessel area 
density and vessel length density [64].

Since DL automated feature extraction acts like a “black box” concept, studies 
explaining DL decision making are vital. These “explainability” studies attempt to 
address the interpretability of DL, which will be crucial for clinical implementa-
tion. To better understand DL decision making, Hemelings et al. conducted a study 
on fundus images to determine the importance of the regions outside of the ONH 
for DL-based glaucoma detection and vertical CDR (VCDR) [65]. The researchers 
trained DL models on a database of 23,930 images and compared classification accu-
racy. They showed that models trained on the original unaltered images (AUC = 0.94, 
VCDR estimation = 77%) outperformed models that were trained on images with 
the absence of the ONH (AUC =0.80, VCDR estimation = 37%). Thus, these results 
provide evidence that DL models that use areas beyond the ONH, such as VCDR, are 
superior in classifying glaucomatous eyes.

6. Conclusion

Since the introduction of OCTA concept, the technology has increased the 
understanding of both the structural and vascular damage seen in patients with 
glaucoma. Not only is OCTA a safe, non-invasive, and quick test it provides the 
same structural information as OCT such as retinal and RNFL thinning, but it can 
also visualize relevant vascular parameters such as ONH VD and macular VD that 
typically undergo glaucomatous damage. However, significant limitations of OCTA 
such as a high prevalence of artifacts and lack of standardization across different 
machines currently do exist and must be accounted for while using this technology. 
Despite these limitations, the advantages of being able to observe both the struc-
tural and vascular damage caused by glaucoma show why OCTA is currently being 
adopted by ophthalmologists. In addition, the progress made in incorporating ML 
and DL techniques with OCTA will aid both in the diagnosis and progression in 
glaucoma.

Terminology

Disk perfusion: Refers to flow index and vessel density of the disk region.
Flow index: Average decorrelation values provided by the SSADA algorithm.
Focal loss volume (%): Describes the average focal loss of ganglion cells in the 

ganglion cell complex layer of the retina.
Global loss volume (%): Describes the average overall loss of ganglion cells in the 

ganglion cell complex of the retina.
Vessel density (%): Area occupied by blood vessels in any particular segment of 

the retina or ONH.
Vessel length density (%): Length of the vasculature divided by total image area.
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CV  Coefficient of variation
DL  Deep learning
FAZ  Foveal avascular zone
GAN  Generative adversarial network
IOP  Intraocular pressure
LPQ  Local phase quantization
mGCC  Macular ganglion cell complex
ML  Machine learning
MVD  Microvascular dropout
NFL  Nerve fiber layer
OCT  Optical coherence tomography
OCTA  Optical coherence tomography angiography
OMAG  Optical microangiography
ONH  Optic nerve head
PCA  Principal component analysis
POAG  Primary open angle glaucoma
PPG  Preperimetric glaucoma
PXG  Pseudoexfoliative glaucoma
RGC  Retinal ganglion cell
RNFL  Retinal nerve fiber layer
RPC  Region proposal classifier
SSADA  Split-spectrum amplitude decorrelation angiography
SSI  Signal strength intensity
SVC  Superficial vascular complex
VCDR  Vertical cup/disk ratio
VD  Vessel density
VF  Visual field
VFMS  Visual field mean sensitivity
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