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Abstract
Purpose: To assess the role of multimodal Optical Coherence Tomography Angiography
(OCTA) analysis in glaucoma diagnosis.
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Methods: This Institutional Review Board (IRB) approved, retrospective, single academic center
study consisted of 357 patients (635 eyes), including 193 healthy, 99 Ocular Hypertension
(OHT), 128 open angle Glaucoma Suspect (GS) and 215 POAG eyes. The following clinical data
was collected for all patients: Retinal Nerve Fiber Layer Thickness (RNFL), Cup/Disc Ratio
(CDR), Central Corneal Thickness (CCT) and history of myopia, hyperopia, Hypertension
(HTN), Diabetes (DM) and Cardiovascular Disease (CVD). OCTA scans of the optic nerve head
and macula were analyzed using Open-Source Software (OpenCV), calculating Vessel Density
(VD), Vessel Length Density (VLD) and fractal dimension (FD). The data was divided into a
training and testing set. Using the training data, we created five diagnostic models
(demographic, VD-FD, VLD-FD, clinical and multimodal). We calculated Receiver Operating
Curves (ROC) using the testing data and compared the models using Area Under the Curve
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(AUC) analysis.
Results: VD, VLD and FD were significantly reduced in the POAG group (p < 0.0001). The
multimodal model performed the best (AUC = 0.898), followed by the clinical model (AUC =

0.888), the VD-FD model (AUC =0.780), the VLD-FD model (AUC =0.774) and the demographic
model (AUC = 0.741). The multimodal model performed significantly better than all other

conditions of the Creative Commons

Attribution (CCBY) license
(https://creativecommons.orgy/li models (P = 0‘035)‘
censes/by/4.0/). Conclusion: Our analysis indicates that diagnosing glaucoma with a multimodal approach

utilizing OCTA is superior to using clinical and structural data alone.
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Introduction

Primary Open Angle Glaucoma (POAG) is a multifactorial progressive glaucomatous optic neuropathy and the second most
common cause of blindness worldwide [1,2]. The disease is characterized by chronic degeneration of the Retinal Ganglion Cells
(RGCs), resulting in irreversible vision loss [3]. There are two primary theories of glaucoma pathophysiology: the mechanical
theory states that increased Intraocular Pressure (IOP) directly damages the retinal nerve fibers at the level of the lamina cribrosa,
while the vascular theory asserts that microvascular ischemia plays a substantial role [2,4-7]. Glaucoma diagnosis is a complex
process and involves careful consideration of demographic, clinical and structural factors. Recently, Retinal Nerve Fiber Layer
thickness (RNFL) has demonstrated especially strong discriminatory ability, playing a central role in the diagnosis of POAG [8].
Optical Coherence Tomography Angiography (OCTA) is a non-invasive imaging technology that provides detailed, replicable
three-dimensional images of both the structural and microvascular components of the retina [9,10]. It provides a new dimension
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in glaucoma diagnosis by quantifying Vessel Density (VD), defined as the total percentage of imaged area covered by vasculature
[11]. Research has shown that glaucoma causes reductions in both macular and peripapillary VD; the latter has been found to be
closely related to RNFL changes [9,10,12-16].

In addition to VD, a handful of studies have explored alternative OCTA metrics such as Vessel Length Density (VLD) and Fractal
Dimension (FD). VLD is an alternative to VD which is theorized to be more sensitive to microvascular changes in capillaries and
small vessels, while FD quantifies the branching, complexity and density of the microvascular network [11,17]. Both VLD and
FD have demonstrated good ability to diagnose POAG, especially when combined with VD [11,18-20]. However, projects
evaluating these alternative parameters have been limited by low sample sizes and homogenous patient populations [11,18-21].
Furthermore, most studies examining VLD and FD have included POAG and healthy groups, whereas borderline populations
such as Glaucoma Suspects (GS) and Ocular Hypertension (OHT) have not been studied in detail [20,22,23].

Thus, the purpose of our study was to evaluate OCTA VD, VLD and FD in a large, heterogenous North Texas population
consisting of healthy, POAG, GS and OHT patients, including their ocular and demographic variables. We hypothesize that
combining these OCTA metrics with clinical and structural data would result in more accurate glaucoma diagnosis.

Materials and Methods

Study Population

This Institutional Review Board (IRB) approved, retrospective, cross-sectional study was conducted at the University of Texas
Southwestern (UTSW) Medical Center. We adhered to the ethical principles described in the Declaration of Helsinki as well as
the privacy standards outlined in the 1996 Health Insurance Portability and Accountability Act. Informed consent was not
obtained due to the retrospective nature of the study, which did not require direct patient interaction.

The study population reviewed the electronic medical records of 478 consecutive patients seen at a UTSW tertiary care
ophthalmology clinic between January 2020 and March 2023. All patients had undergone a full ophthalmologic exam, including
visual acuity, automated visual field exam (24-2 Humphrey Field Analyzer, Carl Zeiss, Inc.), dilated fundus imaging, gonioscopy,
Goldman applanation tonometry and OCTA imaging.

We included in our study population all patients over the age of 18 with open angles on gonioscopy. Exclusion criteria were
moderate to severe myopia or hyperopia (defined as spherical equivalent > 3 diopters), secondary or angle closure glaucoma,
severe vitreoretinal disease, previous optic neuropathy, ocular trauma and Alzheimer’s disease, dementia or stroke. Patients
with Image Quality Index < 4 or signal strength index (SSI) <45 were also excluded.

Healthy individuals were defined as those with normal optic discs on fundoscopy without Visual Field Defects (VFD) or elevated
intraocular pressure (IOP > 21 mmHg). Patients with POAG had characteristic glaucomatous optic disc changes (increased
vertical disc cupping, thinning of the neuroretinal rim, notching, disc hemorrhages, displacement of retinal vessels) combined
with corresponding VFD with or without elevated IOP. Glaucoma suspects included those with suspicious optic disc changes
without corresponding VFD [24]. OHT patients were defined as those with chronically elevated IOP without optic disc changes
or VFD. We included both eyes and analyzed them separately.

Data Acquisition

After defining our study population, a thorough chart review was conducted to gather the following demographic, clinical and
ocular data: age, gender, race, ethnicity, family history of glaucoma, history of Hypertension (HTN), Diabetes (DM) or
Cardiovascular Disease (CVD, defined here as coronary artery disease, peripheral arterial disease or congestive heart failure),
IOP, RNFL and Cup/Disc Ratio (CDR).

Image Acquisition

OCTA imaging was obtained by the RTVue XR Avanti imaging system (Visionix Inc) using the built-in AngioVue imaging
software version 2018.1.1.69. Each patient underwent a 3 x 3 mm macular scan centered on the fovea and a 4.5 x 4.5 mm scan
centered on the Optic Nerve Head (ONH) as seen in Fig. 1. Optimal centering was performed with the aid of DualTrac Motion
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Correction (DTMC) to minimize decentration and motion artifacts. For the macula, the OCTA scanner defines the superficial
capillary plexus (Fig. 1) as the Inner Limiting Membrane (ILM) to 10 microns superficial to the Inner Plexiform Layer (IPL) and
the deep capillary plexus (Fig. 1) as 10 microns superficial to the IPL to 10 microns deep to the Outer Plexiform Layer (OPL). For
the ONH, the radial peripapillary capillary layer (RPC, Fig. 1) was defined as the ILM to the deep boundary of the RNFL layer
in a 3.45 mm diameter circle centered on the ONH.

Figure 1: OCTA scan layers. Examples of analyzed OCTA scans are illustrated above, including scans of the deep capillary
plexus (A), superficial capillary plexus (B) and radial peripapillary capillaries (C).

Image Processing and Quantification

We calculated VD, VLD and FD for each scan as depicted in Fig. 2. For image analysis, we utilized OpenCV, an open-source
computer vision software library written in the Python programming language. Following import of OCTA images (Fig. 2), a
global thresholding algorithm (Otsu) was applied, separating the pixels into background (0, black) and vessels (255, white) based
on each pixel’s value relative to a numerical threshold (Fig. 1). Otsu’s thresholding algorithm is a built-in function of OpenCV
designed to maximize inter-class variance and minimize intra-class variance [25]. Next, we calculated VD from the resulting
binary images (Fig. 2) by determining the proportion of pixels that constituted vessels.

We then applied OpenCV’s built-in skeletonization algorithm to convert the vasculature into 1-pixel-wide skeletonized vessel
maps (Fig. 2). These vessel maps were used to compute VLD, defined as the ratio of the skeletonized vasculature length to the
total image area.

Finally, we created a custom function to calculate the FD of the skeletonized vessel maps using the box-counting algorithm (Fig.
2). This method efficiently estimates FD by splitting an image into different sized grids and counting how many of the grid boxes
(N) include part of the vascular pattern. As this process is repeated for smaller and smaller grid sizes, FD is approximately
equivalent to the slope of the ratio between the logarithm of N (y-axis, Fig. 2) and the inverse of the grid size (x-axis, Fig. 2) [26].
We tested our function by comparing our calculated FD values to the open source software Image], which has its own function
to calculate fractal dimension.
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Figure 2: OCTA image processing steps. Image processing steps are depicted above in Fig. 2. First, the raw OCTA image (A) is
converted to a black-and-white binary map (B). This binary map is used to calculate vessel density and then skeletonized (C).
The skeletonized map is used to calculate vessel length density. Finally, the box-counting algorithm (D) is used to calculate the
fractal dimension.

Exploratory Statistical Analysis

After analyzing images, exploratory statistical analysis was performed for all variables. One-way ANOVA was used to compare
normally distributed continuous variables (CCT, CDR and macular SSI) between diagnosis groups (healthy, OHT, GS, POAG),
while Student’s t-test was used to compare between outcome groups (POAG or non-POAG). Similarly, the Kruskal-Wallis test
was used to compare non-normally-distributed continuous variables (age, RNFL, GCC, VD, VLD, FD and disc SSI) between
diagnosis groups while the Mann-Whitney U test was used to compare between outcome groups. The chi-squared test was used
to compare categorical variables: sex, race, ethnicity, HTN, DM, CVD, myopia, hyperopia and the eye studied. A two-tailed
significance threshold of p = 0.05 was chosen for this analysis.
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Regression Models

Following exploratory analysis, we developed diagnostic models for different categories of data. To compare the highly
correlated OCTA variables, we utilized Least Absolute Shrinkage and Selection Operator, also known as LASSO regression.
Because this technique includes only the most significant predictors in the final diagnostic model, LASSO regression is a powerful
tool for understanding glaucoma diagnosis.

Five different models were created to compare different categories of data: clinical, demographic, VD-FD, VLD-FD and
multimodal (including clinical, demographic and OCTA data except VLD). The clinical model consisted of all clinical data,
namely RNFL, GCC, CDR, CCT, history of mild myopia/hyperopia, HTN, DM and CVD. The demographic model included age,
race, sex and ethnicity. The high correlation between VD and VLD made the OCTA models highly unstable; therefore, we divided
the OCTA data into three models: VD-FD, VLD-FD and multimodal. As LASSO regression can only predict a binary response
variable (POAG or non-POAG), the healthy, OHT and GS groups were combined into a non-POAG group for testing purposes.
Model effectiveness was tested using Area Under the Curve (AUC) analysis and compared using DeLong’s test.

Results

Out of 478 patients, we selected 105 healthy (193 eyes), 53 OHT (99 eyes), 77 GS (128 eyes) and 122 POAG (215 eyes) patients
based on our inclusion and exclusion criteria. Exploratory analysis found significant differences between groups for age, sex,
race, ethnicity, HTN, DM, CVD, RNFL, CDR, GCC, CCT, hyperopia, retina SSI and disc SSI (Table 1).

Variables POAG OHT GS Healthy p-Value
n =215 (%) n =99 (%) n =128 (%) n = 193 (%)
Eye Studied 0.914
Left 101 (47.0%) 50 (50.5%) 64 (50.0%) 206 (49.0%)
Right 114 (53.0%) 49 (49.5%) 64 (50.0%) 214 (51.0%)
Age 71.21+10.42 62.83+12.52 64.14 +12.98 61.35 +12.46 <0.001
Sex <0.001
Male 100 (46.5%) 30 (30.3%) 36 (28.1%) 128 (30.5%)
Female 115 (53.5%) 69 (69.7%) 92 (71.9%) 292 (69.5%)
Race <0.001
White 76 (35.3%) 48 (48.5%) 59 (46.1%) 191 (45.5%)
Black 107 (49.8%) 29 (29.3%) 48 (37.5%) 117 (27.9%)
South Asian 19 (8.8%) 16 (16.2%) 18 (14.1%) 74 (17.6%)
East Asian 5(2.3%) 2 (2.0%) 3 (2.3%) 30 (7.1%)
Unknown 8 (3.7%) 4 (4.0%) 0 (0.0%) 8 (1.9%)
Ethnicity 0.001
Hispanic 15 (7.0%) 20 (20.2%) 13 (10.2%) 47 (11.2%)
Not Hispanic 190 (88.4%) 77 (77.8%) 115 (89.8%) 366 (87.1%)
Unknown 10 (4.7%) 2 (2.0%) 0 (0.0%) 7 (1.7%)
Coexisting Morbidities
Hypertension 0.009
Yes 137 (63.7%) 66 (66.7%) 74 (57.8%) 237 (56.4%)
No 76 (35.3%) 32 (32.3%) 54 (42.2%) 182 (43.3%)
Unknown 2 (0.9%) 1 (1.0%) 0 (0.0%) 1 (0.2%)
Diabetes Mellitus 0.02
Yes 65 (30.2%) 46 (46.5%) 39 (30.5%) 146 (34.8%)
No 150 (69.8%) 52 (52.5%) 89 (69.5%) 273 (65.0%)
Unknown 0 (0.0%) 1 (1.0%) 0 (0.0%) 1(0.2%)
Cardiovascular <0.001
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Disease
Yes 135 (62.8%) 67 (67.7%) 74 (57.8%) 225 (53.6%)
No 80 (37.2%) 31 (31.3%) 54 (42.2%) 194 (46.2%)
Unknown 0 (0.0%) 1(1.0%) 0 (0.0%) 1(0.2%)
Clinical Metrics
RNFL 75.14 +17.22 97.16 +9.17 91.65+11.18 96.06 + 9.52 <0.001
CDR 0.60£0.18 0.42+0.19 0.46 £ 0.15 0.43+£0.17 <0.001
GCC 79.8 +15.3 93.4+7.0 88.9+11.6 92.2+9.7 <0.001
CCT 532.5+41.6 555.3 +32.2 548.4 +37.7 548.9 + 38.8 <0.001
Myopia 0.205
Yes 92 (42.8%) 33 (33.3%) 60 (46.9%) 170 (40.5%)
No 123 (57.2%) 66 (66.7%) 68 (53.1%) 250 (59.5%)
Hyperopia 0.007
Yes 37 (17.2%) 30 (30.3%) 34 (26.6%) 124 (29.5%)
No 178 (82.8%) 69 (69.7%) 94 (73.4%) 296 (70.5%)
Retina SSI 61.73 £ 6.57 64.68 +7.98 66.01 +7.22 65.82 +7.37 <0.001
Disc SSI 57.64 + 6.87 61.10+7.84 62.69 + 8.60 63.13 + 8.41 <0.001

Healthy, GS and OHT eyes were combined into the non-POAG outcome group (420 eyes total). Significant differences were
found between POAG and non-POAG eyes for age, sex, race, ethnicity, CVD, RNFL, CDR, GCC, CCT, hyperopia, retina SSI and

Table 1: Characteristics of study participants, by diagnosis.

disc SSI (Table 2).
Variables POAG n =215 (%) Non-POAG n =420 (%) p-Value
Eye Studied 0.682
Left 101 (47.0%) 206 (49.0%)
Right 114 (53.0%) 214 (51.0%)
Age 71.21+10.42 61.35+12.46 <0.001
Sex <0.001
Male 100 (46.5%) 128 (30.5%)
Female 115 (53.5%) 292 (69.5%)
Race <0.001
White 76 (35.3%) 191 (45.5%)
Black 107 (49.8%) 117 (27.9%)
South Asian 19 (8.8%) 74 (17.6%)
East Asian 5 (2.3%) 30 (7.1%)
Unknown 8 (3.7%) 8 (1.9%)
Ethnicity 0.025
Hispanic 15 (7.0%) 47 (11.2%)
Not Hispanic 190 (88.4%) 366 (87.1%)
Unknown 10 (4.7%) 7 (1.7%)
Coexisting Morbidities
Hypertension 0.074
Yes 137 (63.7%) 237 (56.4%)
No 76 (35.3%) 182 (43.3%)
Unknown 2 (0.9%) 1(0.2%)
Diabetes Mellitus 0.281
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Yes 65 (30.2%) 146 (34.8%)
No 150 (69.8%) 273 (65.0%)
Unknown 0 (0.0%) 1(0.2%)

Cardiovascular Disease 0.0355

Yes 135 (62.8%) 225 (53.6%)

No 80 (37.2%) 194 (46.2%)

Unknown 0 (0.0%) 1 (0.2%)
Clinical Metrics

RNFL 75.14 +17.22 96.06 +9.52 <0.001
CDR 0.60+0.18 0.43+0.17 <0.001
GCC 79.8+15.3 922+9.7 <0.001
CCT 532.5+41.6 548.9 + 38.8 <0.001
Myopia 0.635

Yes 92 (42.8%) 170 (40.5%)

No 123 (57.2%) 250 (59.5%)
Hyperopia <0.001

Yes 37 (17.2%) 124 (29.5%)

No 178 (82.8%) 296 (70.5%)
Retina SSI 61.73 + 6.57 65.82 +7.37 <0.001
Disc SSI 57.64 + 6.87 63.13 £ 8.41 <0.001

Table 2: Characteristics of study participants, POAG vs Non-POAG.

VD, VLD and FD were compared between POAG and non-POAG groups, summarized in Table 3. Significant differences were

found between POAG and non-POAG for all three parameters (VD, VLD and FD) in every scan layer (p < 0.001).

Layer OCTA Variable POAG Non-POAG p-value
VD 0.188 + 0.030 0.207 +0.043 <0.001
Superficial Macula VLD 0.054 +0.010 0.061 +£0.013 <0.001
FD 1.337 + 0.067 1.381 + 0.078 <0.001
VD 0.265 + 0.099 0.325 +0.101 <0.001
Deep Macula VLD 0.074 + 0.029 0.093 +£0.031 <0.001
FD 1.431 + 0.140 1.511 +0.127 <0.001
VD 0.174 + 0.027 0.202 +0.033 <0.001
Radial Peripapillary Capillaries VLD 0. 039 £ 0.006 0.046 = 0.007 <0.001
FD 1.237 £ 0.059 1.294 + 0.054 <0.001

Table 3: OCTA variables, POAG vs non-POAG.

Based on LASSO regression, we designed five diagnostic models to differentiate POAG from non-POAG eyes (Table 4). Notably,
FD, but not VD, was represented in both OCTA-based and multimodal models.

Model LASSO-Calculated Significant Variables
Demographic Age, race, sex
VD-FD Superficial FD, Deep FD, RPC FD, RPC VD
VLD-FD Superficial VLD, Deep FD, RPC FD
Clinical RNFL, CDR, CCT
Multimodal RPC FD, RNFL, CDR, Race, Sex

Table 4: LASSO regression models.
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Fig. 3 shows AUC analysis for all five models: multimodal (0.898), clinical (0.888), VD-FD (0.780), VLD-FD (0.774) and
demographic (0.741). The multimodal model was significantly more accurate than the clinical (p = 0.035), VD-FD (p < 0.001),
VLD-FD (p < 0.001) and demographic models (p < 0.001).
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Figure 3: Model AUC analysis.

Discussion

In this study, we analyzed the demographic, clinical and vascular data of 122 POAG and 235 non-POAG patients to characterize
the efficacy of multimodal OCTA analysis in glaucoma diagnosis. Significant reductions in OCTA VD, VLD and FD were noted
between POAG and non-POAG patients in all scan layers (p < 0.001). LASSO regression analysis found that RPC FD was among
the most significant variables distinguishing POAG from non-POAG, along with RNFL thickness, CDR, race and sex. Finally,
comparison of different diagnostic models demonstrated that a multimodal approach combining OCTA variables with clinical
and demographic data performed the best (AUC = 0.898), followed by the clinical data model (AUC = 0.888), the VD-FD model
(AUC =0.780), the VLD-FD model (AUC = 0.774) and the demographic data model (AUC = 0.741).

One major finding from this study is that FD is highly correlated with glaucoma diagnosis, even when including borderline
populations such as GS and OHT. LASSO regression strongly favored FD compared to the other OCTA parameters, using FD
for % variables in the VD-FD model and 2/3 variables in the VLD-FD model. Furthermore, RPC FD was one of the five variables
included in the final multimodal model. Taken together, this data suggests that FD may be superior to VD in diagnosing POAG.
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One explanation is that FD is more sensitive to microvascular changes than VD; an analysis of RVO patients before and after a
12-week course of intravitreal bevacizumab showed that FD measurement increased following the treatment, reflecting the
improved Best Corrected Visual Acuity (BCVA), while VD continued to decrease [27]. Another possibility is that FD is more
sensitive to changes in glaucoma progression (reflecting both mechanical and vascular theories), allowing for better
differentiation between POAG and GS. This theory was corroborated by Ciancaglini, et al., who demonstrated that FD was
significantly reduced in patients with advanced glaucoma while showing minimal changes in patients with early stage glaucoma
[20]. This means that patients with significantly reduced FD are much more likely to have POAG, making it a highly specific
marker.

The second goal of this study was to characterize OCTA-based glaucoma diagnosis in a diverse patient population. To date, most
studies of OCTA in glaucoma have included only healthy and POAG patients. In contrast, our patient cohort included both GS
and OHT, providing a more representative assessment of OCTA’s utility in glaucoma diagnosis. Our results demonstrate that
OCTA parameters alone may not be as effective as combining them with clinical and structural factors [28,29]. For example, an
analysis by Chen, et al., which included healthy, POAG and GS found that RNFL was superior to OCTA VD alone in
discriminating healthy from POAG (AUC 0.97 vs 0.82, p = 0.009) as well as GS (AUC 0.7 vs 0.6, p > 0.10) [29]. Similarly, a study
by Chihara, et al., indicates that RNFL performs significantly better than VD when including OHT patients (AUC 0.936 vs 0.832,
p = 0.05) [28]. While these results understate the importance of OCTA, our combined model suggests a strong utility for OCTA
as an important adjunctive tool. Furthermore, the OCTA model’s superior performance compared to demographic data suggests
that poor vascular perfusion is an important predictor of glaucoma in addition to traditional risk factors such as age, race and
ethnicity. This has been supported by previous studies which found low superotemporal peripapillary VD to be associated with
POAG progression independent of other factors such as age, sex, RNFL, blood pressure, axial length and IOP [30]. Thus, OCTA
provides a wealth of information that can be utilized in borderline or difficult to diagnose cases.

This study has several strengths. First, its 357-patient population makes it one of the largest studies examining OCTA in POAG
diagnosis. Second, it is one of the few investigations that include both GS and OHT patients. Third, this investigation included
multiple different OCTA parameters, allowing for quantification of both the quantity and quality of patient vasculature. Fourth,
the study’s usage of LASSO regression allowed us to discern which specific OCTA parameters and clinical variables were most
effective in diagnosing glaucoma. Finally, the diverse, multiethnic patient population may provide the basis for future
generalizable conclusions.

This study also had several limitations. First, to maximize the sample size, we included both eyes, which may have limited the
rigor of our statistical inquiry. Second, as our data was collected from a study period of over 2 years, device and software updates
may have affected vascular measurements. Third, LASSO regression may exclude some significant factors due to its tendency to
minimize the number of predictors. Fourth, this study did not compare differences between glaucoma severities. Finally, our
study utilized 1-fold cross validation; 5- or 10-fold validation would reduce model variability.

Conclusion

In conclusion, our analysis of healthy, GS, OHT and POAG eyes demonstrated that OCTA is an excellent additional tool for
glaucoma diagnosis. FD in particular was identified as a promising novel metric for studying microvascular changes in
glaucoma.
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Data Availability
All data is available from the authors upon reasonable request.
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