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Purpose: The aim of this study is to transform optical coherence tomography angiography (OCTA) scans into innovative OCTA 
graphs, serving as novel biomarkers representing the macular vasculature.
Patients and Methods: The study included 90 healthy subjects and 39 subjects with various abnormalities (29 with diabetic 
retinopathy, 5 with age-related macular degeneration, and 5 with choroid neovascularization). OCTA 5µm macular coronal views 
(MCVs) were generated for each subject, followed by blood vessel segmentation and skeleton processing. Subsequently, the blood 
vessel density index, blood vessel skeleton index, and blood vessel tortuosity index were computed. The graphs of each metric were 
plotted against the axial axes of the OCTA B-scan, representing the integrity of vasculature at successive 5µm macular depths.
Results: The results revealed two significant findings. First, the B-scans from OCTA can be transformed into OCTA graphs, yielding 
three specific OCTA graphs in this study. These graphs provide new biomarkers for assessing the integrity of deep vascular complex 
(DVC) and superficial vascular complex (SVC) within the macula. Second, a statistically significant difference was observed between 
normal (n=90) and abnormal (n=39) subjects, with a t-test p-value significantly lower than 0.001. The Mann–Whitney u-test also 
yielded significant difference but only between the 90 normal and 29 DR subjects.
Conclusion: The novel OCTA graphs offer a unique representation of the macula’s SVC and DVC, suggesting their potential in 
aiding physicians in the diagnosis of eye health within OCTA clinics. Further research is warranted to finalize the shape of these newly 
derived OCTA graphs and establish their clinical relevance and utility.

Plain Language Summary: The current state of optical coherence tomography angiography (OCTA) machines lacks the provision 
of OCTA graphs depicting macula vasculature. This article presents a new technique that transforms OCTA B-Scan data into OCTA 
plots, representing the vasculature through graphs or curves. The results showed that: 

● The method is an innovative and successful endeavor to transform the OCTA scan data into a graphical representation, introducing 
an innovative representation of the macula capillaries’ plexuses’ diffusion.

● The method successfully characterized and distinguished the superficial from the deep capillaries plexuses in the macula.
● The physicians observed that the new method can be of futuristic advantage to OCTA clinics in monitoring patient’s health and 

probably differentiating the normal from abnormal OCTA patients, but this needs dedicated clinical research.

Keywords: macula vasculature, medical imaging informatics, medical imaging processing procedures, optical coherence tomography 
angiography, vision science
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Introduction
Medical imaging informatics is a research field that transforms medical image data into attributes known as biomarkers, 
which represent normal anatomical integrity and pathological occurrences. The World Health Organization defines 
biomarkers as substances, structures, or processes measurable in the body or its products, capable of influencing or 
predicting the occurrence of diseases or outcomes.1 In medical imaging, these biomarkers play a crucial role in helping 
clinicians assess disease progression, make diagnostic decisions, and extract reliable measurements for patient evalua-
tion. As a result, biomarkers have widespread applications in medical imaging research, clinical practice, and education.2 

A graphical summary created from image-data, for instance, can help track the progression of an illness, the effectiveness 
of treatment, and the identification of atypical physiology. As an example, graphs of the thickness of the retina nerve fiber 
layer (RNFL biomarker) from optical coherence tomography (OCT) imaging of the eye assist physicians in diagnosing 
their patients and recommending treatments.3

Optical coherence tomography angiography (OCTA) has emerged as the leading imaging technique for assessing the 
vasculature of the eye,4 particularly in the macula. Due to its non-invasive nature and high-resolution imaging 
capabilities, OCTA provides valuable insights into the intricate vascular network of the ocular region. By leveraging 
the principles of optical coherence tomography, OCTA enables the visualization of blood flow patterns and the 
identification of vascular abnormalities, offering clinicians a powerful non-invasive tool for diagnosing and monitoring 
various ocular conditions.4,5 OCTA devices offer recognized biomarkers, which provide valuable quantitative and 
qualitative information, for assessing the eye’s vasculature and thus aiding in the diagnosis and management of ocular 
conditions. One of the OCTA biomarkers is the density maps of blood vessels in various macular regions. These maps 
enable the visualization of disruptions in capillary networks caused by conditions such as choroidal neovascularization 
(CNV), age-related macular degeneration (AMD), and diabetic retinopathy (DR). By assessing the density of blood 
vessels, clinicians can gain insights into the extent and severity of vascular changes associated with these conditions.5,6 In 
addition to vessel density maps, OCTA machines calculate metrics such as the area, perimeter, and circularity of specific 
macular regions, including the Fovea Avascular Zone (FAZ).5,7 These metrics provide quantitative measurements that 
help assess the size, shape, and characteristics of the FAZ. Analyzing these parameters can aid in the evaluation of 
conditions affecting retinal perfusion and the identification of changes in the FAZ associated with various retinal 
diseases. The macular layers’ thicknesses are also displayed in the form of a table, providing a complementary diagnosis 
of the macula’s health.5,6,8 Moreover, OCTA devices display the percentage of asymmetry between the right eye (OD) 
and left eye (OS) in macula vascular density through maps.9,10 These maps represent quantitative differences in vascular 
density between the two eyes. However, currently, available OCTA machines do not provide OCTA graphs or charts 
specifically illustrating the diffusion of macula vasculature. The study presented in this paper aims to address this gap by 
focusing on developing OCTA graphs/charts, providing a novel approach to analyzing and visualizing vascular 
characteristics.

The exploration and development of OCTA biomarkers have been a prominent research topic in the literature since 
the 2010s. The continuous advancements in OCTA technology and analysis techniques have significantly contributed to 
the growing body of literature on OCTA biomarkers over the past decade.11,12 Numerous studies have focused on 
investigating and establishing novel quantitative and qualitative OCTA biomarkers of the ocular vasculature, offering 
valuable insights into various retinal and choroidal conditions. Indicators such as perfusion, area, and skeleton have been 
examined to estimate vascular density. These metrics provide a perception of blood flow, spatial coverage, and vessel 
architecture, aiding in the assessment of ocular conditions.13–16 According to the findings, they were useful in observing 
the spatial distribution of vessels, which can be harmed by conditions including AMD, DR, and CNV. As an alternative, 
researchers suggested certain OCTA complexity measurements such as the tortuosity of the vasculature, fractal dimen-
sion analysis, texture, and branching points.15,17–19 The findings demonstrated their ability to evaluate the macular 
vasculature for being intact (ie, normal) or disrupted (ie, abnormal). All of these metrics have one thing in common: they 
finally give quantitative representations that, rather than OCTA graphs, indicate the morphology and spatial propagation 
of arteries in the macula. This study examines the viability of creating new OCTA graphs depictions of capillary plexuses 
from OCTA examination data.
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This study introduces a new method for generating OCTA graphs, which effectively represents the vasculature at 
successive 5µm macula depths using OCTA B-Scan data. Three new OCTA graphs have been proposed and tested on 
a dataset of 129 OCTA exams, consisting of 90 normal cases and 39 cases with DR, AMD, and CNV. The results 
demonstrate that the new OCTA graphs can monitor the macular blood vessels at 5µm sequential depths and may have 
a possible potential to differentiate between abnormal and normal vasculature. These findings suggest that the new OCTA 
graphs could be valuable in the diagnosis procedures of OCTA clinics. However, further research is needed to refine the 
presentation of these OCTA plots and demonstrate their clinical applicability.

Material
Macula
The macula, a pigmented area with an oval shape in the center of the retina of the human eye, contains high-resolution 
photoreceptor cells (ie the Rods that are responsible for scotopic vision, and the Cones that are responsible for photonic 
vision), hence any damage to the macula will affect vision for human.20,21 It is made up of the perifovea, parafovea, and 
fovea, which also contains the foveolar and Umbo areas. Seven distinct structures (ie layers) can be seen in macular 
histology: the Internal Limiting Membrane (ILM), Nerve Fiber Layer (NFL), Ganglion Cell (GC), Inner Plexiform Layer 
(IPL), Inner Nuclear layer (INL), Outer Plexiform Layer (OPL), Outer Nuclear Layer (ONL), External Limiting 
Membrane (ELM), and Retinal pigment epithelium (RPE) and the Bruch’s Complex (BC).22,23 The NFL, IPL, and 
OPL are the three layers in which the vascular plexuses are normally located. The superficial vascular complex (SVC) 
and deep vascular complex (DVC) are further terms used to classify the vasculature plexuses. Approximately, the NFL, 
GC, and IPL levels are part of the SVC, and the OPL and ONL layers are part of the DVC.24 Figure 1 depicts the layers 
and zones of the macula; the figure was created using images that were posted online by the Cleveland Clinic and 
Wikipedia.25,26

Optical Coherence Tomography Angiography (OCTA)
In order to visualize the erythrocyte flow in the eye, OCTA uses interference between transmitted and reflected LASER 
beams, an ocular non-invasive vascular imaging approach.5,27 The OCTA 3D volume of axial cross sections is produced 
by a sequence of OCTA A-Scans, as seen in the blue cross sections of Figure 1. To find the blood flow, each A-Scan is 

Figure 1 Macula in human eye: layers, zones, and OCTA FOVs.
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performed multiple times at predetermined time intervals. The OCTA B-Scan, or “cube of OCTA A-Scans”, is created 
from the accumulation of all A-scans and allows the identification of many retinal illnesses.28 A frame-still of an A-Scan 
frame from the OCTA B-Scan is shown in (Figure 2A). Blood appears to be flowing as a bright white light.

The 3×3mm and 6×6mm fields of view (FOV) are two options, as shown in Figure 1. The former was referred to as 
the 3M-OCTA and shows the vasculature at the fovea and parafovea areas, while the latter, which also shows the 
perifovea region, was referred to as the 6M-OCTA. Four projections of the choriocapillaris and choroid vasculature are 
produced by the OCTA device from the OCTA B-Scan: the ILM-IPL (superficial), IPL-OPL, OPL-BM, and BM 
+30µm.22–24,27 These projections demonstrate blood flow in macular slabs, enabling the diagnosis or follow-up of 
various eye illnesses.28,29 Depending on the predetermined FOV of the OCTA test, each projection is either 3×3mm or 
6×6mm in size. Figure 2B–E displays instances of the four projections obtained from the OptoVue OCTA machine.

RTVue-XR (OptoVue, Canada), is a spectral domain OCTA device. The split-spectrum amplitude-decorrelation 
angiography (SSADA) algorithm is a specific computer program used by this OCTA device to detect, process, and 
display OCTA data. It uses a 70KHz LASER beam of 840nm wavelength. The spatial resolution of the OCTA images 
produced by 70,000 A-Scans per second is 5µm, 10µm, and 15µm for the axial axis, 3M-OCTA transversal axes, and 
6M-OCTA transversal axes, respectively. This OCTA machine served as a source for all of the research subjects in this 
publication.

OCTA Dataset
From the OCTA-500 dataset version no. 1,29,30 which contains 200 3M OCTA (160 healthy and 40 abnormal subjects), 
a dataset of 129 subjects was obtained. The 129 subjects were all 3M-OCTA B-Scans, consisting of 90 normal cases and 
39 abnormal ones (29 DR, 5 CNV, and 5 AMD instances). The decision was made based on the criterion that the 3M- 
OCTA B-Scan was obtained in a way that the macula layers appeared almost horizontal within the OCTA volume, as 
shown in Figures 2A and 3. It will be clarified in the following sections of the study why this criterion is so important for 

Figure 2 Examples of OCTA A-Scan frame (A) and the four typical projections from OptoVue OCTA machine for a normal subject (B–E): ILM-IPL projection (B), IPL-OPL 
projection (C), OPL-BM projection (D), and BM-+30µm projection (E).
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reaching the research goals. All 3M-OCTA subjects were acquired using the OptoVue OCTA machine, and the volume of 
the 3M OCTA B-Scan was 304x304x640px after bilinear interpolation.30 In other words, the 3M-OCTA B-Scan was 
composed of 304 A-scans, each of which encompassed a rectangular plane of OCTA information with the dimensions 
304×640px, as shown in (Figure 2A). The 3M OCTA B-scan, therefore, exhibited a transversal resolution of 10µm 
(3mm/304≈10µm) and an axial resolution of 5µm (3mm/640≈5µm). Table 1 gives a description of the experimental 
dataset. The Institutional Human Subjects Committee gave its approval after the OCTA-500 subjects were recruited in 

Table 1 Summary of the Experimental Dataset

OCTA Clinical Status # Subjects Age # OD # OS # Male # Female OCTA B-Scan 
Volume Size

OCTA MCV 
Volume Size

Normal 90 29.4±15.0 44 46 42 48 304×304×640px 640×304×304px

DR 29 47.3±11.6 14 15 19 10

ARMD 5 55.8±8.3 3 2 4 1

CNV 5 35.2±12.8 3 2 2 3

Total 129 — 64 65 67 62

Figure 3 Method block diagram for generating OCTA graphs from OCTA scans and the BVAI graph of 90 normalsubjects.
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accordance with the ethical research standards outlined in the Declaration of Helsinki.29,30 Therefore, there were no 
medical records in the 129 subjects except of being anonymous OCTA images along with their diagnosis only. The 
severity of all subjects is unknown. Research consent is not required by the Institutional Review Board at Isra University 
as there are no human or animal volunteers involved in this research.

Al-Hinnawi et al suggested the idea of “slice top-to-Bottom” the OCTA data in the OCTA B-Scan cube in order to 
reconstruct and visualize the macula coronal views (MCVs) of the capillary network.31,32 Twenty instances from the 
OCTA-500 dataset were used in the investigation. The trials produced a renovated OCTA cube with the dimensions 
640x304x304px, which is known as the OCTA MCV volume (Table 1). The Supplemental Video, named “Example of 
640 OCTA MCVs (#10323 Normal)”, provides an illustration. The resulting OCTA volume specifically consisted of 640 
MCVs, each of which is a square measuring 304×304px. As a result, the OptoVue OCTA machine’s axial resolution 
(5µm) became the MCV thickness (ie each MCV shows the macula vasculature in a 5µm macula thickness). They stated 
that the resulting 640 5µm-thickness MCVs could help the ophthalmologist precisely visualize and then diagnose the 3D 
shape and 3D spread of any vasculature disease. Figure 4a shows a sample of one MCV out of the 640 MCVs of the 
subject in Figure 2A. All subjects in the research dataset were processed to produce the OCTA 3D volume (Table 1). The 
experimental dataset in this paper is deposited at IEEE Data Port,32 which is the same depository place of the previous 
publication in reference.31 The dataset is also deposited at Mendeley Data.33

Methods
The current state of OCTA machines lacks the provision of OCTA graphs depicting macula vasculature. This article presents 
a new technique that converts OCTA B-Scan data into OCTA plots, representing the vasculature through graphs or curves. By 
employing this innovative approach, three distinct OCTA graphs were successfully generated, applicable to any OCTA exam.

Figure 3 visually portrays the block diagram of the suggested method and highlights one of the resulting OCTA 
graphs, effectively showcasing the creative reflection of the OCTA signal at successive macula depths. The subsequent 
subsections expound upon the detailed steps involved in the processing, providing an in-depth understanding of the 
proposed methodology.

MCV Threshold and Skeleton
The capillary network in the 640 MCVs was segmented. A threshold of 10% of the greatest intensity found in each MCV was 
used for this procedure. As a result, the remaining MCV pixels are set to white, while all MCV pixels with values lower than 
10% are set to black. In each frame of the 640 MCVs, this produced an MCV binary image that highlighted the blood vessels. 
An illustration of segmenting the image in Figure 4a is shown in Figure 4b. The segmented blood capillaries in all MCVs were 
then subjected to a skeleton procedure. A sample of the resulting skeleton is shown in Figure 4c (notice that Figure 4c depicts the 
skeleton of Figure 4b). Blood vessels of less than 5px were eliminated since they lacked useful measures (see the section after 

Figure 4 A sample macula coronal view (MCV) (a), segmented vessels (b), skeletonized vessels (c) for 28 years old female normal OD subject.
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that). The connecting parts were then grouped, allowing each blood vessel to be identified by a different label. The placement of 
the MCV in the macula’s axial cross-section determines how many labels (or blood vessels) are present (red rectangular in 
Figure 1). For instance, the MCV in the IPL layer should result in more blood vessels than in the INL layer (Figures 2A and 3).

Blood Vessels Metrics
On the “binary” display of every blood vessel in each MCV, three suggestive metrics were derived. The three measurements are 
the Blood Vessels Area Index (BVAI), Blood Vessels Skeleton Index (BVSI), and Blood Vessels Tortuosity Index (BVTI). The 
segmented blood vessel image (Figure 4b) was used to calculate the BVAI, while the skeleton image (Figure 4c) was used to 
compute the BVSI and BVTI. The computation of these metrics is described by Equations 1 through 3.

Where:
BVAI: Blood vessel Area Index in one MCV
BVSI: Blood vessel Skeleton Index in one MCV
BVTI: Blood vessel Tortuosity Index in one MCV
M, N: the size of the MCV image, which is 304×304px in case of 3M OCTA
n: the number of vessels in one MCV
The sum of the pixels was used to calculate the vessel area and vessel skeleton, while Equation 4 was used to 

determine the vessel tortuosity. The Euclidean distance was determined using the coordinates of each vessel’s endpoints.

OCTA Biomarkers
The previous step was applied to all 640 MCVs in each subject. As a result, it was possible to “plot” an OCTA graph for 
each participant (ie an OCTA biomarker), indicating the tortuosity (BVTI) or plexiform density (BVAI and BVSI) of the 
blood vessels at various 5µm sections along the macula. Since each MCV represents a 5µm section in the macula, the 
novel OCTA biomarker would define the blood vessel throughout the whole macula’s histology. Thus, for each subject, 
OCTA BVAI, BVSI, and BVTI graphs (ie, three OCTA biomarkers) were created. For instance, the OCTA curve in 
Figure 4 shows the typical average shape of the OCTA BVAI graphs for the 90 normal subjects.

All processes were implemented in the MATLAB platform 2019a. The MATLAB code is added as a Supplement File. 
The results were generated using EXCEL Office 2019. They are attached as Supplementary Files demonstrating the 
results in detail. A personal computer (laptop PC) was used in all experiments, the PC’s main specifications are 
Intel®_CoreTM i7-6500U CPU@2.5GHz, 2 Core(s), 4 Logical Processor(s), 64 bits, and 8.00 GB RAM.

Results
The method was applied to all Macula Coronal Views (MCVs) in both normal (90 subjects) and abnormal (39 subjects) 
OCTA scans. Since all subjects have the same number of 640 MCVs, the mean value of each index (ie BVAI, BVSI, and 
BVTI) was calculated for the same MCV order in all subjects, according to their OCTA diagnosis as being normal, AMD, 
CNV, or DR. Values of the derived mean index are then plotted against their corresponding MCV sequential order. 
Figure 5 shows the resulting three OCTA graphs (ie OCTA BVAI, BVSI, and BVTI). Each OCTA graph shows the 
diffusion of blood vessels at various 5µm points along the macula.
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Figure 5 The resulting BVAI, BVSI, and BVTI OCTA graphs of the 90 normal, 5 AMD, 5 CNV, and 29 DR subjects derived from original OCTA B-Scans, the OCTA BVAI 
graph (A), the OCTA BVSI graph (B), the OCTA BVTI graph (C).
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The green curves in Figures 5A–C represent the average graph of the BVAI, BVSI, and BVTI from 90 healthy OCTA 
subjects. Whereas the dashed black, red, and blue curves, respectively, show the average graph from the 5 AMD, 5 CNV, 
and 29 DR subjects. Recalling that the MCV order reflects the “sequential 5µm depths” of the macula’s histology is 
noteworthy. The resulting OCTA graphs show that neither the start nor stop of the 5µm MCVs had any OCTA signals. 
These are locations that present no macula. In contrast, it was observed that all OCTA graphs exhibited a general increase 
as the MCV traversed and captured the vasculature at sequential depths within the macula. This observation is expected 
to be due to the oval shape of the macula, which results in a varying extent of blood vessel presence, reflecting the 
tortuosity (BVTI) or density (BVAI and BVSI) of the capillary network. As a result, the OCTA scan is now converted 
into OCTA graphs, which is the key finding in this paper. Two peaks were produced for the macula region, as shown in 
Figure 5, which stand in for the SVC and DVC (two plexiform blood arteries). The first peak corresponds to the SVC in 
the NFL and IPL layers, and the second peak to the DVC in the OPL layer, as explained in Figure 4. The first peak must 
have contained the GC. In contrast, the INL was seen as a valley in between the two crests. The graph’s two extremities 
were occupied by the ILM and BC films of the macula. The choroid region, which is located after the BC layer, is also 
included at the conclusion of the graphs. A difference can be seen when contrasting the graphs from normal and atypical 
subjects. Consequently, the second finding of this study is that these OCTA graphs can be generated to possibly 
distinguish between normal and abnormal patients, and they may be useful as an addition to the current ophthalmic 
displays used during OCTA examinations. The discussion section further explains these new OCTA graphs and their 
association to macula histology. Additionally, from Figure 5, the arithmetic differences between the OCTA graphs of 
normal and abnormal subjects were calculated. The mean, standard deviation (SD or STDEV), and mean ± 1.96 SD (ie 
upper and lower limits of differences) were deduced. The averages of normal and abnormal OCTA graphs were also 
calculated and then the mean averages was inferred. After that, these calculations were plotted according to the order of 
MCV’s sequence. Figure 6 and Table 2 illustrates the results, and they support previous observational findings from 
Figure 5.

Figures 5 and 6 demonstrate only the shape of the resulting graphs, which are considered as observational results. In 
order to perform a statistical analysis, the mean of each OCTA graph for each individual (n=129) was therefore 
determined. The statistical significance of the differences between the means of the normal and abnormal BVAI, 
BVSI, and BVTI OCTA graphs was then determined, as shown in Tables 3 and Table 4. Table 4 displays the analysis’s 
findings using the non-parametric Mann–Whitney Test under the presumption that the normal and pathological OCTA 
graphs have equal means, while Table 3 displays the findings using the parametric T-Test (two-tailed test of two samples 
with unequal variances). The difference between the 90 healthy and 39 abnormal participants was statistically significant 
(ie, a p-value much lower than 0.001) according to the T-Test. The Mann Whitney test, however, revealed only 
a substantial difference between the 29 DR and the 90 healthy subjects. There was no significant difference between 
the 5 AMD and 5 CNV on one side and the 90 healthy on the other. The Supplemental EXCELL Files include detailed 
presentations of all these outcomes. They statistically support the observational findings in Figures 5 and 6.

Discussion
To the best of our knowledge, this study represents the first endeavor to visualize the macula vasculature through plotting 
the OCTA B-Scan data (Figure 4). The method successfully generated three new OCTA graphs of the macula’s SVC and 
DVC as shown in Figure 5 suggesting two novel insights with futuristic advantages. First insight, the main contribution 
of the paper, is the success in transforming the OCTA B-Scan into new OCTA informatics in the form of a new OCTA 
graph. This points to a clinically suggestive advantage in determining OCTA prognosis. For example, the OCTA graphs 
can be recorded in the OCTA clinic during the follow-up to observe the progress in the patient’s treatment plan. Also, it 
might be of value in the evaluation of disease severity. However, this requires further clinical validation studies of these 
new biomarkers.

On the other hand, the BVAI and BVSI graphs (top two charts in Figure 5) distinctly depicted the SVC and DVC as 
two separate distributions. They provided evidence of the incidence of vascular dropout in the SVC, DVC, or both. In 
contrast, the BVTI graph (bottom chart in Figure 5) monitored how much the capillaries were twisted or warped in the 
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Figure 6 The averages and differences between the OCTA BVAI graphs (A), the averages and differences between the OCTA BVSI graphs (B), and the averages and 
differences between the OCTA BVTI graphs (C).
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SVC and DVC. Therefore, the second insight from this paper is this: the OCTA graphs in Figure 5 show the probability 
to detect the incidence of macula vasculature disorders such as AMD, DR, and CNV.

The statistical analysis in Table 3 shows that there is a statistical significance (ie p-value<0.001) in the shape of the 
OCTA graphs between the normal (n=90) and abnormal (n=39) subjects. Table 4 shows that there is no significant 
difference between the CNV and AMD subjects in one side and the healthy subjects. This can be attributed directly to the 
very small size of the AMD and CNV subjects (ie n=5) and to the fact that the severity of subjects is unknown, which 
was previously explained in the material section and later raised as one of the future clinical issues requiring further 
studies. However, Table 4 also shows that the u-test yielded statistical significance between the 90 normal subjects and 

Table 2 The Calculations of Averages and Differences of Normal and Abnormal OCTA Graphs in 
Figure 5

Mean of  
Averages

Mean of 
Differences (MD)

SD of  
Differences

MD - 1.96 SD  
(lower Limit)

MD + 1.96 SD  
(Upper Limit)

BVAI 0.0777 0.0065 0.0188 −0.0303 0.0433

BVSI 0.0278 0.0029 0.0078 −0.0123 0.0181

BVTI 0.0029 0.0002 0.0014 −0.0026 0.0030

Table 3 The T-Test Statistical Comparison Between the Means of 90 Normal and 39 Abnormal BVAI, 
BVSI, and BVTI OCTA Graphs

OCTA Graph Diagnosis Average of Means STDev of Means P-value

BVAI Normal (n=90) 0.0809 0.0191 < 0.001

Abnormal (n=39) 0.0673 0.0190

BVSI Normal (n=90) 0.0293 0.0061 < 0.001

Abnormal (n=39) 0.0239 0.0063

BVTI Normal (n=90) 0.0030 0.0005 < 0.001

Abnormal (n=39) 0.0026 0.0006

Table 4 The Mann–Whitney Non-Parametric Statistical Comparison Between the Means of the 90 
Normal and the 29 DR, 5 AMD, and 5 CNV Abnormal BVAI, BVSI, and BVTI OCTA Graphs

Diagnosis Number  
of Subjects

OCTA Graph

BVAI BVSI BVTI

Mean Rank P-value Mean Rank P-value Mean Rank P-value

Normal 90 47.96 0.953 48.46 0.494 48.28 0.676

AMD 5 48.70 39.80 43.00

Normal 90 48.01 0.993 48.03 0.966 48.21 0.751

CNV 5 47.90 47.50 44.20

Normal 90 66.60 <0.001 68.70 <0.001 67.64 <0.001

DR 29 36.68 33.00 36.29
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the 29 DR. Consequently, the proposed OCTA graphs imply futuristic advantage that they suggest the probable potential 
to be used in OCTA clinics to observe the occurrence of disruption (ie dropout) in vasculature. For instance, they have 
the potential to be used as an “add-on” to the current OCTA displays during the eye’s diagnosis similarly to the RNFL 
biomarker.3 Although the clinical value of these findings is yet to be evaluated, quantifying and then plotting the vascular 
density and tortuosity from 5µm cross sections in the macular region might be of value in diagnosing disease status and 
predicting functional outcomes; which will impact treatment decisions.

Figure 6 further supports the preceding findings. On the one hand, it is shown that the differences between normal and 
abnormal OCTA graphs follow the shape of the OCTA graphs in Figure 5. On the other hand, we show that the density 
difference values at the SVC and DVC can exceed the mean+1.96 SD (ie upper limit of the differences), indicating a sign 
of significance to observe macula vasculature disorders. The difference values at the SVC and DVC can record 
approximately up to 30% defect from their averages values, because of the occurrence of macula disorders. This is 
also proven in Table 2 which shows that the upper limits of the differences (Last Column) can record values similar to (in 
BVTI) or 50% defect (in BVAI and BVSI) from the mean of the averages value (Second Column). Therefore, Figure 6 
sustains the insight of the potential of the new OCTA graphs to discern normal from abnormal OCTA subject, as 
previously deduced from Figure 5, Tables 3 and 4.

According to the macula histology in Table 1 in the reference,22 the ILM, NFL, GC, IPL, INL, OPL, ONL (including 
the inner and outer photoreceptor segments), and BC with the remaining layers have estimated thicknesses of 2.5µm, 
18.4±6.4µm, 72.8±23.1µm, 36.9±8.9µm, 63.9±10.2µm, 62.7±21.3µm, 75.9±23.9µm, and 79.9±23.9µm, respectively. 
Other researchers, like the authors of the reference,23 also estimated approximate quantities. Accordingly, the macula’s 
SVC (ie NFL+GC+IPL) and DVC (OPL+ONL) are present in roughly 128.1±38.4µm and 138.6±45.2µm thickness, 
respectively. The macula is about 440±95.0µm thick overall.22 According to the method in this study, each MCV 
represents a thickness of 5µm, making a total of 640 MCVs equal to 3.2mm (ie 640×5µm=3.2mm), as demonstrated in 
Figure 4. Therefore, the OCTA graphs in Figure 5 can be translated as follows: there are approximately 0 to 220 MCVs 
(220×5µm=1.1mm), 221 to 440 MCVs (220×5µm=1.1mm), and 441 to 640 MCVs (200×5µm=1.0mm) for the outset 
macula, macula volume, and ending macula in the OCTA MCV cube. The oval shape of the macula makes the macula’s 
layers exist at approximately 1.1 mm from the axial axis in the OCTA B-Scan, as can be seen in Figure 4. Subsequently, 
there are roughly 220 MCVs (ie from ~220 to ~440 in Figure 5) presenting the macula layers. Despite the 129 subjects 
were all obtained from the OptoVue OCTA machine (840nm LASER beam, SSADA algorithm, 70,000 A-scans 
per second, axial resolution of 5µm, transversal resolution of 10 or 15µm, and A-scan depth of ~3mm), it is anticipated 
that the method in Figure 4 can produce similar results from other vendors of OCTA machines.

In the literature, a number of OCTA biomarkers were investigated. The major category was examining the density of 
blood capillaries in terms of their perfusion, structure, and area.13–16,34–39 Another research area examined the measure-
ment of blood vessel complexity using the following methods: calculating the vessels’ tortuosity, dividing the vessels’ 
skeleton over the area, dividing the vessels’ perimeter over the area, calculating the fractal dimension of the vessels’ 
distribution, and calculating the vessels’ branching point index.15,17–19,38,40–45 Despite the fact that all these studies 
successfully quantified vascular disruption, they either performed the measurements on the 2D OCTA slabs (like the 
examples in Figure 2) or on the entire 3D OCTA volume. Technically speaking, the 2D measurement approaches may 
include the claim that they were estimated from the superimposition (ie overlay) of several tens of micrometers to one 2D 
projection,5,12,28,32 not calculated on sequential axial 5µm MCVs as in this study. While 3D measuring techniques, 
however, have intrinsic difficulties when processing the entire 3D volume.12,15,37,38,46 Moreover, the results of these 
experiments are presented as OCTA quantities (ie, OCTA numerical representations), rather than OCTA chart represen-
tations of the capillary network at sequential 5µm macula depths as in this study. Studies of particular interest are those in 
references.24,47,48 The research team generated plots from OCTA B-scan as in this paper, revealing peaks corresponding 
to macula vascular histology. The method normalized the amplitude (ie intensity) of the OCTA signal by its logarithmic 
value and then set a condition to retain the decorrelation OCTA signals. The results show the possibility to plot the OCTA 
signal intensities coming from superficial and deep capillary plexuses in the macula. Whereas they plotted the OCTA 
signal intensities in relation to their axial position in the macula, this paper plotted the OCTA metrics relative to the axial 
position. In other words, while this paper proposes an image processing strategy, the results in references24,47,48 used 
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methodology based on OCTA signal processing. Additionally, they performed the experiments on 3 OS and 6 OD 
subjects, while this paper experimented on 64 OS and 65 OD subjects. To conclude, technically, the method suggests 
a new strategy for achieving vasculature representation by applying the followings: 1-) generate the 5µm cross sections 
from the standard OCTA B-Scan, 2-) calculate macula vasculature measurements such as density and tortuosity on each 
cross-section frame, 3-) plot the OCTA graph representing the vasculature calculations at sequential 5µm depths, yielding 
new OCTA macula vasculature representation graphs. In contrast to 2D or 3D sampling and quantification presented in 
the literature, the method uses image processing strategies that utilize an entirely different philosophy.

There are three technical limitations, however, that require careful attention. First, as shown in Figures 1 and 4, the 
OCTA B-Scan must be “perfectly” centered in the fovea and constructed in such a way that the macula layers appear 
“perfectly” horizontal in the OCTA 3D volume. From a clinical perspective, this matter lies within the purview of 
medical professionals and clinicians who are integrating this system into their daily practice. Neglecting this aspect could 
lead to misalignment of macula layers, consequently causing MCVs to traverse multiple macula layers inaccurately, 
ultimately yielding imprecise OCTA graphs. Although the science of digital image processing can suggest solutions such 
as the rotation or re-registration of the 3D volume in the OCTA B-Scan, this would have technical arguments and would 
require dedicated research from the technical and clinical points of view. The second constraint is an important 
observation that arises from the presented OCTA graphs in Figure 5. In this depiction, the capillaries within the Nerve 
Fiber Layer (NFL) and Inner Plexiform Layer (IPL) are collectively represented in the initial peak. A more advantageous 
approach would have entailed their distinct presentation, as separating them could offer a more nuanced and detailed 
depiction of these layers in the OCTA graphs. The 129 subjects were all resized (OCTA-500 version 1) to 
304×304×640px,30 which indirectly contributes to this constraint. The raw OCTA signals may have been slightly 
hampered by the resizing (ie linear interpolation) process. However, this matter is directly related to the OCTA 
B-Scan axial resolution. Therefore, we anticipate that acquiring the OCTA exams at better axial resolution than 5µm 
(ie less than 5µm) and processing the original OCTA B-Scan data (ie not the resized) may address this matter. The third 
constraint, the second peak (ie blood vessel density at DVC) appeared larger than the first peak (ie blood vessel density at 
SVC). This can be attributed to the OCTA artifact that the shadow of some of the large superficial blood vessels at SVC 
appears in the DVC as well.5,28 Removing this artifact would improve the precise representation of the DVC. Finally, if 
the test/re-test is another matter of importance, it is anticipated that the proposed strategy would yield approximately 
same graph as long as the same OCTA device, OCTA examination settings, and ‘almost’ same FOV were applied.

Following a comprehensive review of the preceding technical considerations, it is evident that the method, ie, the 
generation of OCTA graphs from OCTA scans, warrants further investigation across three key dimensions for future 
studies. Firstly, it is imperative to recognize that the newly generated OCTA graphs primarily represent preclinical 
outcomes. As such, a critical area for future research lies in delineating their clinical interpretation and their practical 
applicability for OCTA practitioners. It is noteworthy that this particular facet was not encompassed within the 
predetermined research objectives of this paper, signifying an avenue ripe for exploration such as the role of the patients’ 
etiology, severity of disease, refractive error (adjustment of axial length), and finalize to which extent the OCTA graphs 
would supplement benefits to the current clinical findings from the OCTA longitudinal level. The second dimension of 
future inquiry revolves around the exploration of additional OCTA metrics beyond the BVAI (Binarized Vessel Area 
Index), BVSI (Binarized Vessel Skeletonized Index), and BVTI (Binarized Vessel Tortuosity Index). Exploring the 
potential of generating OCTA graphs from a wider array of OCTA measures holds the promise of unearthing supple-
mentary insights that may prove invaluable. Thirdly, it is paramount to extend our research efforts to encompass the 
evaluation of this methodology using a more comprehensive dataset, involving a 6M OCTA B-Scan configuration. We 
anticipate that this expanded dataset, characterized by a larger field of view (FOV) encompassing the perifoveal region of 
the macula, may yield results that not only echo previous findings but also potentially offer improved OCTA graphs. This 
expansion of scope presents an enticing prospect for future exploration.

Conclusion
In conclusion, the current study unveils two significant findings. First and foremost, it successfully illustrates the 
generation of OCTA graphs from the OCTA B-Scan, offering innovative visual depictions of capillary plexus density 
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concerning their axial position. These graphs distinctively delineate the Superficial Vascular Complex (SVC) and Deep 
Vascular Complex (DVC) as distinct distributions. Secondly, the findings disclose a statistically significant differentiation 
between normal and abnormal cases using the t-test analysis. The Mann–Whitney u-test yielded also significant 
difference but only between normal and DR subjects. This discovery implies that OCTA graphs hold the potential to 
aid in the diagnosis and prognosis of disorders affecting the capillary networks within the macula. However, it is 
imperative to acknowledge that the methodology mandates precise centering of the OCTA examination and assumes 
a horizontal orientation of the macula in the OCTA B-Scan. It is worth noting that these results primarily focus on 
technical aspects, and further research is needed to refine the presentation of OCTA graphics and ascertain their clinical 
utility.
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