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Optical coherence tomography angiography
enables visualization of microvascular patterns
in chronic venous insufficiency

Giulia Rotunno,1,10 Julia Deinsberger,2,10 Kristen M. Meiburger,1 Lisa Krainz,3 Lukasz Bugyi,3 Valentin Hacker,2

Richard Haindl,3 Rainer Leitgeb,3 Christoph Sinz,2 Leopold Schmetterer,3,4,5,6,7,8,9 Wolfgang Drexler,3

Benedikt Weber,2,11 and Mengyang Liu3,4,11,12,*
SUMMARY

Chronic venous insufficiency (CVI) is a global health concern with significant public health and individual
impact. Currently available diagnostic methods cannot visualize microvenous pathologies that have
shown to result in severe forms of CVI and also affect the skin. Optical coherence tomography angiog-
raphy (OCTA) may close the CVI diagnostic gap by providing a fast, label-free, and non-invasive solution
to visualize cutaneous microvasculature. The study enlisted 66 subjects, including 53 CVI patients span-
ning all clinical-etiology-anatomic-pathophysiologic (CEAP) C stages and 13 healthy controls. The high
spatial resolution OCTA system used was specifically designed for skin imaging. Significant microangio-
graphic pattern variations emerged, both in qualitative and quantitative terms. OCTA provided valuable
insights into cutaneous microvascular changes among different CVI stages. Thereby, OCTA may enable
the selection of patient populations at risk for disease progression in the future.

INTRODUCTION

Chronic venous insufficiency (CVI) ranks among themost common global health issues.1–3 For instance, varicose veins, a manifestation of CVI,

were reported to be present in 50.5% of women and 30.1% of men in France.4 In Germany, the prevalence of reported symptoms increased

from 45.4% for the 18–29 year old age group to 73.9% for the 70–79 year old age group.2 Therewith come the staggering costs dealing with

the high prevalence of this disease. In the US alone, more than 3 billion USD per year was spent on CVI management.1

Early diagnosis, staging, and intervention are crucial to address these challenges. Currently, the clinical-etiology-anatomic-pathophysio-

logic (CEAP) system is the preferred classification to triage CVI’s severity, anatomic distribution, and etiology.5 The clinical CEAP stages range

from C1-C6 and correspond to various lesion types observed in CVI. C1 stage includes telangiectasias, C2 involves varices, and C3 is asso-

ciated with edema. Stages C4a and C4b encompass skin changes such as purpura jaune d’ocre and lipodermatosclerosis, respectively, while

C5 refers to healed ulcers and C6 to active ulcers. Stages C2r and C6r refer to recurrent varicose veins and ulcers, respectively.5

Diagnostic procedures primarily encompass patient history, physical examination, and duplex ultrasound.6 However, evaluation of the

involvement of the superficial cutaneous microvasculature remains an under-researched territory. CVI involves a complex interplay between

valvular incompetence and venous hypertension. While the exact sequence of events leading to CVI can vary, evidence suggests that valvular

incompetence often precedes and contributes to the development of venous hypertension.7 Persistently elevated venous hydrostatic

pressure can in the end lead to lower extremity pain, edema, and changes in the structure of microvasculature, which is termed as venous

hypertensivemicroangiopathy (VHM).8 VHM is characterized by capillary enlargement and increased capillary permeability. As the conditions

progress, microcirculation disturbances and dermal weakening finally lead to skin changes and the formation of ulcers.9

Valvular dysfunction can extend to veins as small as 100 mm in diameter, which has shed light on the etiology of skin alterations in individuals

with minor insufficiency and vice versa. The spatial configuration and alignment of microvascular valves (MVVs) suggest their pivotal role in
1PolitoBIOMed Lab, Department of Electronics and Telecommunications, Politecnico di Torino, Torino, Italy
2Department of Dermatology, Medical University of Vienna, Vienna, Austria
3Center for Medical Physics and Biomedical Engineering, Medical University of Vienna, Vienna, Austria
4Singapore Eye Research Institute, Singapore, Singapore
5SERI-NTU Advanced Ocular Engineering (STANCE) Program, Singapore, Singapore
6Academic Clinical Program, Duke-NUS Medical School, Singapore, Singapore
7School of Chemistry, Chemical Engineering and Biotechnology, Nanyang Technological University, Singapore, Singapore
8Department of Clinical Pharmacology, Medical University of Vienna, Vienna, Austria
9Institute of Molecular and Clinical Ophthalmology, Basel, Switzerland
10These authors contributed equally
11These authors contributed equally
12Lead contact
*Correspondence: mengyang.liu@meduniwien.ac.at
https://doi.org/10.1016/j.isci.2024.110998

iScience 27, 110998, November 15, 2024 ª 2024 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

mailto:mengyang.liu@meduniwien.ac.at
https://doi.org/10.1016/j.isci.2024.110998
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.110998&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


ll
OPEN ACCESS

iScience
Article
avertingblood refluxwithin small veins andpreventing retrogradeflow frompostcapillary venules into the capillary bed, thus exerting substan-

tial influence on venous hemodynamics. This suggests thatMVVs play a crucial role in determining susceptibility to cutaneousmanifestations.8

Despite VHM’s pivotal role in CVI and ulcer development, existing diagnostic tools in dermatology, such as duplex ultrasound, cannot

visualize the structural changes necessary for assessing VHM. Optical coherence tomography angiography (OCTA) is proposed as a solution,

offering a fast, label-free, non-invasive, high-resolution, and volumetric imaging approach for investigating cutaneous microvasculature.

Briefly speaking, OCTA relies on scanning the sample arm beamover the same region of the sample repeatedly. Because blood flow perturbs

the backreflection of the sample arm beamwhereas static tissue does not, by properly setting a threshold of signal variation, either in terms of

intensity or phase, the distribution of blood vessels can bemapped in 3D. This techniquewas originally developed as a functional extension of

optical coherence tomography (OCT), and has found clinical success in ophthalmology for high-resolution, label-free retinal blood vessel im-

aging.10 Inspired by the success of OCTA in ophthalmology, increasing efforts are beingmade usingOCTA in dermatology.11 Thus far, OCTA

has been shown to image basal cell carcinoma,12 surgical scars, nevus araneus,13 Bowen’s disease, melanoma, actinic keratosis, and sclero-

derma, etc.14,15 Applied to image the lower extremities, venous leg ulcers were studied using OCTA by analyzing the blood vessels from the

peri-wound skin.16 After analyzing the vesselmorphologies, it was indicated thatOCTA can serve as a potential tool for venous leg ulcermoni-

toring.17 Despite the growing applications and demonstrations of OCTA in dermatology, its use for imaging CVI remains poorly investigated.

In this work, we demonstrate a homemade OCTA device and its translational application in CVI imaging.

RESULTS

The study included a total of 66 participants, comprising 53 patients diagnosed with CVI and 13 healthy control subjects. Three CVI patients

were excluded from the imaging analysis due to uncorrectablemotion artifacts and poor image quality, resulting in a final eligible sample size

of 63 subjects. For these eligible subjects, a total of 283OCTA volumeswere acquired. Out of the 63 eligible subjects, 10 had a different CEAP

classification for each leg, leading to an increase of the total number of analyzed cases equal to 73. Since hair can negatively impact image

quality by scattering and absorbing theOCTA signal, the imaging areawas shavedwhenever possible. Table 1 shows the detailed information

about the number of cases for each stage and the corresponding number of OCTA volumes. The age of the participants ranged from 18 to 90

years. The gender distribution was balanced, with 32 male and 31 female subjects.

OCTA pattern analysis

Qualitative analysis revealed significant variations in microangiographic patterns. Healthy skin exhibited a uniform vasculature (Figure 1A).

Telangiectasias were characterized by large, convoluted vessels whereas vessels in its periphery appeared to be unaffected (Figure 1B).

For large varicose veins, since they were distributed beyond the imaging depth of OCTA, no specific vascular pattern could be observed (Fig-

ure 1C). It is evident that vessels in areas of purpura jaune d’ocre and lipodermatosclerosis tend to be broken and tortuous (Figure 1D and 1E).

Poorly vascularized patches supplied by a few convoluted vessels could be observed. For corona phlebectatica, serpiginous and thick vessels

were the most prominent feature (Figure 1F).

It can be noticed that active ulcers showed dense glomerulus vessels in the lesion borders whereas healed ulcers had a dense vascular

network composed of thin vessels (Figure 2). Note that for Figures 1 and 2, each photo and its corresponding OCTA image represent a

different subject. Figure 3 shows our efforts to track vessel pattern changes at varying distances to the lesion region. For patients who

had venous leg ulcers (C6 stage), imaging was conducted at varying distances from the ulcer, revealing denser, dot-like vasculature at the

periphery of the ulcer and sparser, tortuous vessels at locations further away from the lesion.

Quantitative analysis of OCTA volumes

As described in the STAR Methods section, four parameters were extracted from every OCTA volume. While the vessel radii of healthy sub-

jects were 155.16G 50.54 mm, telangiectasias and corona phlebectatica exhibited significantly larger vessel radii, which were 276.89G 91.97

mm and 275.61 G 71.09 mm, respectively (two sample t test, p < 0.01) (Figure 4A). In general, the higher the CVI stages are, the shorter the

vessels become, which is explainable if we consider that we noticed a reduction in capillary density for higher stages. However, an augmen-

tation in vascular density was observed in venous leg ulcers (two sample t test, p< 0.01) (Figure 4B). Themore fragmented vascular networks in

varices and purpura jaune d’ocre had vessels of medium length of 360.32G 30.86 mm and 367.72G 37.12 mmwhile the mean vessel length in

the control group was 385.16G 35.87 mm (two sample t test, p < 0.01 and p < 0.02) (Figure 4C). By definition, the inflection count metric (ICM)

is a dimensionless number, which provides information about the tortuosity of a curve. We can observe that tortuosity increased with CVI

severity (Figure 4D). Knowing that for a straight line, the ICM is 1, the mean ICM for purpura jaune d’ocre was 27.56 G 9.51 as well as

28.89 G 7.8 for corona phlebectatica, 28.98 G 7.72 for lipodermatosclerosis, and 34.00 G 15.18 for venous leg ulcers. Those values were

compared to the mean ICM of the healthy control group (24.15G 6.43) (two sample t test, p < 0.04). To better illustrate our findings, videos

showing the 3D renderings of the blood vessels in different CEAP C stages are available in the supplementary material. The videos also show

the radii of the vessels in the OCTA volumes using a heatmap (Videos S1, S2, S3, S4, S5, S6, S7, and S8).

DISCUSSION

CVI poses a global health concern, imposing substantial burdens on both public health and affected individuals. Dysfunction of venous valves

and venous hypertension manifest in vessels as small as 100 mm, eluding detection by the conventional gold standard—duplex sonography.
2 iScience 27, 110998, November 15, 2024



Table 1. The study was approved by the Ethics Committee of the Medical

CEAP classification Number of cases Number of OCTA acquisitions

C0 13 30

C1 4 15

C2 13 54

C3 13 67

C4a 7 32

C4b 4 15

C4c 6 25

C5 4 12

C6 9 33

TOTAL 73 283
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Numerous patients exhibit cutaneous alterations indicative of venous insufficiency, even without signs of substantial truncal venous insuffi-

ciency. Consequently, we hypothesize that these patients predominantly experience micro-venous hypertension or insufficiency. Addressing

this diagnostic gap, OCTA emerges as a valuable tool for visualizing microvascular pathologies, particularly in such cases. By employing

OCTA, we aim to discern and classify patients with microvascular insufficiency, identifying those at risk of skin changes and potential ulcer

development. This, in turn, lays the groundwork for initiating early interventions in patient at risk.

From the OCTA and quantitative analysis results, distinct microvascular patterns emerged, which correspond to specific skin manifesta-

tions related to CVI. From a descriptive perspective, the imaging results clearly show that telangiectasias presents larger and convoluted ves-

sels whereas vessels in its periphery appeared to be unaffected, while corona phlebectatica bears densely packed tortuous, thick vessels. The

quantitative analysis confirms the qualitative observations. Both telangiectasias and corona phlebectatica presented markedly increased

vessel diameters compared with those in healthy controls. The higher the CVI stages were, the more the length of the vessels decreased

and the more fragmented the vascular network became, which is explainable if we consider the reduction in capillary density from stage

C0 to C5. This is consistent with the findings using video-capillaroscopy.18 In venous leg ulcers, a significant increase in vascular density could

be observed. Additionally, tortuosity gradually increased from C4 to C6.

This study’s findings revealed a significant disparity in both vessel morphology and density when comparing wound edges to healthy skin.

Wound edges exhibited dense clusters of glomuleri-like vessels, while linear branching vessels were notably absent. These vessel configu-

rations are acknowledged to be linked with tissue growth processes.16 Additionally, it has been shown that vascular endothelial growth factor

(VEGF) expression is markedly higher in venous leg ulcers than in healthy skin, indicating increased angiogenesis.19 Importantly, venous hy-

pervolemia could serve as the primary driving force behind the emergence of venous hypoxia, consequently leading to microvascular

ischemia and a subsequent increase in angiogenesis.9 It is suggested that the rise in vascular density could be a compensatory response

to impaired venous return, aiming to ensure tissue oxygenation. This finding is in line with studies that highlight the adaptive remodeling

of microvasculature under chronic hemodynamic stress.20

Throughout the study, no adverse event was reported by the participants, proving that OCTA can be well-tolerated by all age groups.

Because OCTA is a non-invasive and label-free imaging method, the patients feel nothing more than a glass slide touching the skin during

the imaging session. The infrared wavelength used in the OCTA system causes no temperature changes in tissue and no side effect has ever

been reported. Featuring a few hundred kHz sweep rate, one volume scan takes less than 10 s. Althoughpositioning the probe and storing the

data may take some time, the actual volume acquisition time is relatively short, therefore, there is no need for prolonged waiting time during

which the patient must be stationary. Ideally, the complete procedure from disinfection, patient briefing, probe positioning, and patient

discharge only takes a few minutes.

In this study, the analysis was done in a parametric and quantitative manner. In recent years, however, we can see that artificial intelligence

has been widely studied for OCTA,mostly in ophthalmology.21–23With continuous recruitment of CVI patients, our research will be naturally a

good fit to explore deep learning in the automatic analysis of OCTA volumes acquired for dermatology applications as well.

In summary, OCTA offers high-resolution imaging that can enhance our understanding of microvascular changes in CVI, facilitate

early diagnosis through non-invasive assessment of vascular structures, and enable precise monitoring of disease progression and treat-

ment response. These capabilities highlight the significant promise of OCTA for advancing both research and clinical management

of CVI.

Conclusion

This study provides valuable insights into cutaneous microvascular changes in CVI patients using OCTA. Distinct vascular patterns across

different CEAP C stages are observed and quantitatively evaluated, thereby enhancing our grasp of microvascular involvement in CVI. In

the future, OCTA can be used to identify patient populations that are at the risk of CVI progression into higher stages. This identification

can further serve as a guidance for treatment strategies that can potentially prevent skin ulceration.
iScience 27, 110998, November 15, 2024 3



Figure 1. OCTA volumes of CEAP C0-C4 showing distinct microvascular patterns

Depth-color-coded en face images of (A) three individuals with healthy skin, (B) three individuals with telangiectasias, (C) three individuals with varices, (D) three

individuals with purpura jaune d’ocre, (E) three individuals with lipodermatosclerosis, and (F) three individuals with corona phlebectatica. Each OCTA en face

image corresponds to the squared region on the photo of the patient’s lower extremity. Scale bar represents 1 mm.
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Limitations of study

Knowing that a large proportion of CVI patients are elderly and are either housebound or living in care homes, making the OCTA device

portable, robust, and not too expensive is the priority of future development of this technique. In Figure 1, it is noticeable that the scanning

head is still relatively bulky and heavy. A more compact design using state-of-the-art structured 3D printing technology and small aperture
4 iScience 27, 110998, November 15, 2024



Figure 2. OCTA volumes of skin at the border of healed and active venous leg ulcers

Depth-color-coded OCTA en face images showing the cutaneous microvasculature at the border of (A) three individuals with healed venous leg ulcers and

(B) three individuals with active ulcers. Each OCTA en face image corresponds to the squared region on the photo of the patient’s lower extremity. Scale bar

represents 1 mm.
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optical components can significantly reduce the size and weight of the probe for clinicians to operate the device muchmore easily. The other

parts of the OCTA system, using photonic integrated circuits, may also have a much-reduced size along with a potential reduction in unit

price.24 Another direction we can go is to employ high-speed sources featuring several MHz A-line rate25 so that the image acquisition

time can be reduced to 1 s. Finally, a portable, robust, fast, and less expensiveOCTAdevicewith a handheld probe can be envisaged, capable

of scanning 1 cm2 in just 1 s, therefore making OCTA scan into the CVI clinical workflow.
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and information should be directed to and will be fulfilled by Mengyang Liu, mengyang.liu@meduniwien.ac.at.
Materials availability

There are restrictions to the availability of the OCT system used in this study due to medical device regulations and ethics protocols.
Data and code availability

� OCTA raw data reported in this paper will be shared by the lead contact upon request.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
Figure 3. OCTA volumes of venous leg ulcers showing distinct microvascular patterns

Depth-color-codedOCTA en face images showing locations at varying distances from the lesion of venous leg ulcers. Each OCTA en face image corresponds to

the squared region on the photo of the patient’s lower extremity. Scale bar represents 1 mm.

iScience 27, 110998, November 15, 2024 5

mailto:mengyang.liu@meduniwien.ac.at


Figure 4. Quantitative analysis of OCTA volumes

(A) maximum vessel radius, (B) vascular density, (C) mean vessel length, (D) mean inflection count metric measuring vessel tortuosity. Each box of the boxplot

displays the median at its center, whereas its lower and upper boundaries represent the 25th and 75th percentiles. Extended from the box are whiskers that

reach the maximum and minimum values of the distribution. Only the statistically significant CVI stages for each extracted parameter are reported and

considered in the quantitative analysis. * = statistically significant (two-sample t test).
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

MATLAB (R2022a) Mathworks Inc., US

Amira (2020) Thermo Fisher Scientific Inc., US

Other

OCT System
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Patients with CVI across all CEAP C stages (C1-6) were recruited at the Department of Dermatology at the Medical University of Vienna. For

statistical purposes, stages C2 and C2r were combined into one group, and stages C6 and C6r were combined into another group. To ensure

a comprehensive evaluation, each patient underwent a physical examination and venous duplex ultrasound of both legs. Subsequently,

OCTA imaging was performed on various positions of the lower extremities.
Ethics approval

The study was approved by the Ethics Committee of theMedical University of Vienna with the approval number 1246/2013. Informed consent

was obtained from all participants, who were also insured for this study by Zürich Versicherungs-Aktiengesellschaft with the policy number

07229622-2.
METHOD DETAILS

The study was conducted at the Department of Dermatology and at the Center for Medical Physics and Biomedical Engineering at the Med-

ical University of Vienna and adhered to ethical guidelines, including approval from the Ethics Committee of the Medical University of Vienna

and adherence to the Declaration of Helsinki.26 Informed consent was obtained from all participants.
OCTA imaging

The detailed working principles of the homemadeOCTA system have been described in our previous works.27–29 The schematic of the system

is given in Figures S1A and S1C in the supplementarymaterial. In brief, an akinetic swept source (SS-OCT-1310, Insight Photonic Solutions, US)

at 1310 nmwith 29 nmbandwidth was used as theOCT source. The output from the swept source goes through a fiber coupler (TW1300R5A2,

Thorlabs, US) and is split into the reference arm and the sample arm. Each arm goes through a circulator (CIR1310-APC, Thorlabs, US) before

getting backreflected. The interference takes place in a second fiber coupler of the same model and is then captured using a dual balanced

detector (BPD-1, Insight Photonic Solutions, US). Using a sweep rate of 222.22 kHz, one volume covering 10 mm (length)3 10 mm (width)3

1.3 mm (depth) could be scanned in less than 10 s. Each B-scan has 512 A-lines and each volume has 512 B-scans. The lateral resolution was

measured to be 19.5 mmand the axial resolution of 13.7 mm in air was obtained, which corresponds to 9.8 mm in tissue taking 1.4 as the refrac-

tive index for soft tissues.

A customizedprobewas designed for this study to adapt theOCTA system for lower extremity imaging. It can translate in three orthogonal

directions and rotate around two reference axes, bestowing it 5 degrees of freedom. For each imaging session, the probe could be precisely

positioned to the selected region of interest on the subjects’ lower extremity. Moreover, the probe included an integrated glass holder to

interface the subject’s skin to a 1 mm glass slide. The transparent glass slide enabled the undisturbed optical beam propagation. It also al-

lowed for easy disinfection before each imaging session and could be disposed of after each imaging session. A drop of distilled water was

used between the glass slide and skin for refractive index matching. A video that visually describes the probe design is available in the sup-

plementary material. To ensure the large field of view, a scan lens (LSM54-1310, Thorlabs, US) was used in combination with a conjugated

scanning system enabled by a pair of concave mirrors (CM508-050-P01, Thorlabs, US) and an XY scanning system (Saturn 9B, ScannerMax,

US). For visual effect, Figure S1B in the supplementarymaterial set the probe cover to be transparent. However, for the real setup, after optical

alignment is achieved, the whole probe is covered in opaque plastic housing for safety reasons as shown in Figure S1A in the supplementary

material. The patient would wear a pair of suitable laser safety goggles throughout the imaging session. In most cases, patients would lie in a

patient bed for imaging. Depending on the exact location, the probe could also be used when the patient would sit in a chair. Figure S1B in

the supplementary material is a visual rendering of lower extremity imaging using the probe and Figure S1D in the supplementary material

illustrates how the OCT sample arm is scanned over the skin.
8 iScience 27, 110998, November 15, 2024
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Data processing

The intensity-based algorithm proposed by Huang et al.30 was coded in MATLAB (R2022a, Mathworks Inc., US) to reconstruct the vasculature

from the OCT images. In particular, 4 subsequent OCT B-scans were performed at the exact same position. The OCTA algorithm then

checked the intensity variations within the 4 scans. Because blood flow was the major contributor to the intensity changes, by sifting out

the pixels with above-threshold variations, we then mapped the distribution of microvasculature in 3D. To further improve the image quality,

we used pixel intensity normalization on each B-scan to suppress the line artifacts from the en faceOCTA images. Indeed, patient’s motion

during the imaging session and theOCT system’s source power instability, might lead to a variation of themean pixel intensity of the different

B-scans acquired. By normalizing between 0 and 1 the pixel values of each B-scan, the whole OCTA volumes are standardized. Shadow ar-

tifacts were mitigated by the implementation of a step-down exponential filtering method.31 A 3D median filter was then applied to smooth

the image and finally we boosted the image contrast. Median intensity projection was utilized for en face image generation, being less sen-

sitive to extreme values caused by noise or artifacts in respect to amaximum intensity projection. Finally, to enable easier interpretation of the

OCTA volumes, depth color coding was used to represent depth information in 2D OCTA en face projections. The processing steps are

demonstrated in Figure S2 in the supplementary material.
Feature extraction

Representative parameters were extracted from the OCTA resolved vascular networks. The detailed feature extraction procedure is.

3D semi-automatic segmentation of the volumes

Segmenting the blood vessels from the OCTA volumes is critical for meaningful analysis. We developed a CVI specific workflow in Amira

(Amira 2020, Thermo Fisher Scientific Inc., US) to perform the segmentation task. A controlled global threshold was applied prior to the appli-

cation of an adaptive filter. The segmentation was finally achieved by removing small and disconnected objects, smoothing the segmented

vessels, and manually removing unresolved artifacts.

Skeletonization of the vascular network

In this step, the mask obtained in the segmentation step was further refined by reducing blood vessel structures to their essential one-pixel-

wide representations. The skeletonization process was performed using a 3D medial axis thinning algorithm32 integrated in a MATLAB

function.

Parameter extraction

This is the final step, in which the representative parameters were calculated. MATLAB coding, together with Amira tools, enabled us to auto-

matically calculate the maximum vessel radii, the vascular density, the mean length of segments and the mean inflection count metric (ICM)

which is an index of vessel tortuosity.12,23

Details on the computation of vessel parameters are provided below.

Maximum vessel radii

In someof the acquiredOCTA volumes, we observed significantly thicker vessels. This suggests that the vessel with themaximum radius could

potentially serve as a distinctive feature for identifying these particular volumes. First of all, the perimeters of the objects in the segmented

mask were extracted. Then, the vessel radii were extracted by computing the geodesic distance transform33 using a quasi-Euclidean distance

metric, given the perimeter pixels and the skeleton pixels. The maximum value found in the entire volume represents the quantitative infor-

mation of the thickest vessel.

Vascular density

The vascular density refers to the amount of blood vessels within a specific area of tissue. For this work, the numerical value was assessed by

dividing the number of pixels belonging to the skeletonized volume by the total number of pixels in the volume.

Mean length

For each object of the volume, each vessel branchwas considered separately. The lengths of each vessel branch’s line were calculated and the

mean value was resolved.

Mean ICM

Themean ICM34 provides information about the tortuosity of a curve. It quantifies the number of inflection points within a curve. An inflection

point within a three-dimensional space along a given curve signifies amomentwhen the curve changes frombeing concave in onedirection to

concave in the opposite direction. Specifically, when passing through an inflection point, the orientation of the Normal and Binormal axes in

the Frenet frame shifts by nearly 180�. The Frenet frame itself is an orthonormal basis in three-dimensional Euclidean space, formed by

combining the unit vectors for the tangent (T), normal (N), and binormal (B). At every point along the curve’s skeleton, there is a unique Frenet
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frame. The inflection count metric focuses on the behavior of the normal vector. At an inflection point, the A vector becomes null, rendering

the N vector undefined at that precise location. In fact, the orientations of the N vector immediately before and after the inflection point are

nearly diametrically opposed.

To quantify this, we introduce DN, which represents the difference between two consecutive normal vectors. DN$DN attains its maximum

values precisely at the inflection points. In mathematical terms, inflection points are located where the function DN$DN reaches its maxima.

However, our interest lies not in pinpointing the location of these inflection points, but rather in determining their quantity along each vessel

path. This is why we calculate the ICM as follows:

ICM = DM$ðNinf + 1Þ (Equation 1)

whereNinf is the number of inflection points obtained as themaxima in the functionDN$DN, and the distancemetric (DM) is the ratio between

the actual vessel length and the linear distance between its endpoints. The addition of 1 to the value of Ninf is introduced to avoid a null value

of ICM in case of a vessel that follows a large arc with no inflection points. Knowing that for a straight line the DM is 1, and that ICMwill consis-

tently be a multiple of the DM, we can interpret its values accordingly. The ICM of each vessel branch’s line were calculated and the mean

value was resolved.
Data analysis

Obtained OCTA volumes were classified based on the clinical manifestation of CVI observed within the field of view during each imaging

session. We identified seven distinct groups based on CVI associated skin changes, which included healthy skin, telangiectasias, varicose

veins, purpura jaune d’ocre, lipodermatosclerosis, corona phlebectatica, and venous leg ulcers.
QUANTIFICATION AND STATISTICAL ANALYSIS

We again used MATLAB for statistical analysis. A one-sample Kolmogorov-Smirnov test was performed for normal distribution test. For sta-

tistical comparisons between the quantitative parameters obtained on specific CVI stages and healthy subjects, two-sample t-tests were

applied for continuous variables if the distribution was found to be normal, and theWilcoxon rank-sum test if not. p-values <0.05 were consid-

ered as statistically significant and p-values <0.01 were considered as statistically highly significant. Results are given as mean (G standard

deviation) if not otherwise indicated.
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