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Abstract

:

Facioscapulohumeral muscular dystrophy (FSHD) is a slowly progressive muscular dystrophy with a wide range of manifestations including retinal vasculopathy. This study aimed to analyse retinal vascular involvement in FSHD patients using fundus photographs and optical coherence tomography-angiography (OCT-A) scans, evaluated through artificial intelligence (AI). Thirty-three patients with a diagnosis of FSHD (mean age 50.4 ± 17.4 years) were retrospectively evaluated and neurological and ophthalmological data were collected. Increased tortuosity of the retinal arteries was qualitatively observed in 77% of the included eyes. The tortuosity index (TI), vessel density (VD), and foveal avascular zone (FAZ) area were calculated by processing OCT-A images through AI. The TI of the superficial capillary plexus (SCP) was increased (p < 0.001), while the TI of the deep capillary plexus (DCP) was decreased in FSHD patients in comparison to controls (p = 0.05). VD scores for both the SCP and the DCP results increased in FSHD patients (p = 0.0001 and p = 0.0004, respectively). With increasing age, VD and the total number of vascular branches showed a decrease (p = 0.008 and p < 0.001, respectively) in the SCP. A moderate correlation between VD and EcoRI fragment length was identified as well (r = 0.35, p = 0.048). For the DCP, a decreased FAZ area was found in FSHD patients in comparison to controls (t (53) = −6.89, p = 0.01). A better understanding of retinal vasculopathy through OCT-A can support some hypotheses on the disease pathogenesis and provide quantitative parameters potentially useful as disease biomarkers. In addition, our study validated the application of a complex toolchain of AI using both ImageJ and Matlab to OCT-A angiograms.
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1. Introduction


Facioscapulohumeral muscular dystrophy (FSHD) is a slowly progressive muscular dystrophy with a distinctive pattern of skeletal muscle weakness and a wide range of disease severity [1]. Subjects show progressive loss of muscle mass and strength, as well as replacement with fat and connective tissue in selected muscle groups [2], often with an asynchronous and asymmetrical pattern [3,4].



As first revealed by Fitzsimons et al. in 1987 [5] and then confirmed by Padberg et al. in 1995 [6], a retinal vasculopathy is considered an established component of the FSHD phenotype [7]. Traditional ophthalmologic findings in FSHD include retinal vascular tortuosity and retinal vessel abnormalities on fluorescein angiography (FA) such as teleangectasia, microaneurysms, areas of capillary closure, and fluorescein leakage due to increased permeability. The leakage of plasma constituents can occasionally lead to exudative retinal detachment [5]. A secondary glaucoma due to neovascularization can develop [8]. However, retinal vascular changes in FSHD patients are often subclinical. Current guidelines advise referral to ophthalmological specialists for FSHD patients with visual complaints or with a severe form of the disease. However, data on the frequency of assessment and the techniques to be used for accurate ophthalmological monitoring in FSHD are lacking.



Minor retinal vascular alterations are undetectable with fundus examination; thus, fluorescein angiography (FA) is considered the gold standard for evaluating retinal vasculature [9]. However, FA is an invasive and time-consuming technique that allows the visualization of the superficial vascular plexus only [10], and dye leakage as well as haemorrhage or opacities can make the underlying retinal pathology undetectable. First adapted from optical coherence tomography (OCT), OCT-angiography (OCT-A) is a recently developed imaging technique that can non-invasively image all the layers of the retinal vasculature without dye injection by processing the motion of erythrocytes [11]. More specifically, OCT-A provides depth-resolved images of blood flow in the retina and choroid with a resolution level several times higher than that obtained with older forms of imaging [12], providing quantitative parameters such as the foveal avascular zone (FAZ) area and vessel density (VD). Despite these advantages, except for one study [13], updated information about ophthalmological findings in FSHD detected using OCT-A is missing.



In medicine and healthcare, artificial intelligence (AI) has been primarily applied to the field of medical image analysis, where it has shown robust diagnostic performance. Over the past few years, AI has similarly been applied to ocular imaging, mainly fundus photographs, OCT, and OCT-A. A better understanding of retinal vasculopathy through OCT-A and AI-based analysis of angiograms appears particularly promising since it can provide quantitative parameters potentially serving as disease biomarkers.



The aim of this study was to evaluate retinal vascular involvement in FSHD using colour fundus photography and swept-source OCT-A, analysed through artificial intelligence (AI).




2. Materials and Methods


This retrospective study was approved by the Ethics Committee/Institutional Review Board of the Catholic University. This research adhered to the tenets of the Declaration of Helsinki and informed consent was obtained from all patients after full and detailed explanation of the goals and procedures of the study. All the clinical and imaging data reported in this study were retrospectively re-evaluated. Recruitment was performed according to a collaboration protocol with the Department of Neurology of Università Cattolica del Sacro Cuore, Fondazione Policlinico Universitario Agostino Gemelli IRCCS.



2.1. Inclusion and Exclusion Criteria


Inclusion criteria were an established clinical diagnosis of FSHD type 1, confirmed by genetic testing (presence of a 4q35 BlnI resistant, p13-E11 EcoRI fragment whose length was <40 kb), and the possibility of obtaining good quality ocular imaging.



A pre-existing dataset of healthy controls was used for comparison.




2.2. Neurological Examination


Patients underwent a complete neurological examination inclusive of the clinical severity score (CSS) [14] to assess disease severity. The CSS is a 10-grade scale, which takes into account the extent of weakness in various muscular districts, considering the descending spread of symptoms from the face and shoulders to pelvic and leg muscles typical of FSHD. Higher scores were assigned to patients with involvement of pelvic and proximal lower limb muscles [14]. The CSS was then corrected for the patient’s age at examination (aCSS):


Age-corrected CSS = ((CSS × 2)/age at examination) × 1000











Before dividing by the age at examination, the severity score is multiplied by two to generate whole numbers. Then, the outcome of this calculation is multiplied by 1000 to improve the interpretation of the results and visualization in graphs [15].




2.3. Ophthalmological Assessment


All patients underwent a full ophthalmologic evaluation including best corrected visual acuity (BCVA), anterior segment slit lamp biomicroscopy examination, tonometry, and fundus ophthalmoscopy after pupil dilation.



Colour fundus photography and 3 mm × 3 mm OCT-A scans (320 × 320 pixels, 24-bit RGB) of the superficial (layer 1) and deep capillary (layer 2) were acquired for each patient using a DRI Triton Swept-Source OCT device (Topcon, Tokyo, Japan). The level of segmentation for each capillary plexus was automatically provided by the instrument. To detect the superficial capillary plexus (SCP), the upper segmentation line was situated at 2.6 µm under the inner limiting membrane (ILM), whereas the lower segmentation line was located 15.6 µm under the junction between the inner plexiform layer (IPL) and inner nuclear layer (INL). To identify the deep capillary plexus (DCP), segmentation lines were placed 15.6 µm under the junction between the IPL and INL and 70.2 µm under the junction between the IPL and INL. In case of incorrect automatic segmentation, segmentation boundaries were manually adjusted.



Colour fundus photographs were qualitatively assessed by two independent graders, blinded for the patient characteristics, to score vessel tortuosity through a four-point grading scale (none, mild, moderate, or severe).




2.4. OCT-A Image Processing


Each enrolled subject had both eyes scanned. However, in order to provide statistical sample independence [16], data from only one eye, randomly selected for each subject, were included in the analysis.



OCT scans were preliminarily examined for the presence of artifacts and then processed to obtain quantitative parameters including vessel tortuosity, vessel density, FAZ area, and FAZ acircularity. Image processing was performed using a combination of Mathwork’s Matlab (MathWorks, Inc., Natick, MA, USA), Fiji [17], and other Fiji plugins as described in Figure 1. Before the image processing steps, all OCT scans were converted into grayscale. Matlab and ImageJ/Fiji integration was made possible using two other Fiji plugins [18,19]. The machine learning classification task was performed using Fiji’s Trainable Weka Segmentation plugin [20,21], a wrapper around a Java-based machine learning workbench called WEKA (Waikato environment for knowledge analysis), developed by the Machine Learning Group at the University of Waikato (Hamilton, New Zealand) [21]. We followed the procedure described by Goselink et al. [13] and Lee et al. [11]. Briefly, the training features selected were Gaussian blur, Sobel filter, Hessian, difference of Gaussian, and membrane projections (membrane thickness 1, membrane patch size 19, minimum sigma 1, maximum sigma 16). Training of the algorithm was performed on a randomly selected OCT-A image. Two distinct models were trained, one for the superficial retinal layer, and one for the deep retinal layer. Using the trained model(s), classification was performed for all the images in the dataset (patients and healthy subjects) using the FastRandomForest classifier, a multi-threaded version of random forest [22], initialized with 200 trees and 2 random features per node. The classifier’s output consists of a segmentation probability map highlighting the retinal structures detected as vessels. The probability map was converted into a binarized image in Matlab.



2.4.1. Tortuosity Index (TI)


The binarized image was skeletonized (each white object in the binary image was converted to a single-pixel line) in Fiji, and the skeleton features (branch length, vertices positions, branch euclidean distance) calculated in Fiji were used to compute the tortuosity index, as defined in Lee et al. 2017 [11]. In detail, the actual length of each branch and the imaginary straight length between two branch nodes—points of connections—were marked and calculated. Then, vessel tortuosity was calculated as the sum of branch lengths divided by the sum of imaginary straight lines between branch nodes [11].


Vessel tortuosity = sum of actual branch lengths/sum of straight lengths between branch nodes.












2.4.2. Vessel Density Score (VD Score)


From the binarized image, the VD score was calculated as a ratio of the number of pixels of the corresponding vascular tissue to the total number of pixels in the image, following the approach described in Minnella et al., 2019 [23].




2.4.3. FAZ Area


FAZ area calculations were performed on the binarized image, with a morphological closing on the image itself using a single-disk structuring element of fixed size (20 pixels) [24]. Conversion from measurements expressed in pixels in metric lengths and areas was performed considering a pixel transverse size of 9.37 µm [25].





2.5. Statistical Analysis


All statistical calculations were performed using OriginLabs’ Origin Pro 2016. A p-value < 0.05 was considered statistically significant. Values were expressed as frequencies (%), mean ± standard deviation (SD), or median (interquartile range, IQR) as appropriate.



After checking for normality, a two-sample t-test was used to assess differences in patient and control measurements.





3. Results


3.1. Population


A total of 33 patients (15 males, 18 females, mean age 50.4 ± 17.4, ranging from 13 to 76 years) with a diagnosis of FSHD and 22 healthy subjects (8 males, 14 females, mean age 44.7 ± 11.3 years) were included in the analysis. A total of 66 eyes from the 33 patients were initially included in this study. All patients were clinically affected with a median of 3.5 points (range 1.5–5) on the 10-point CSS [14] and 148.1 points (±60.9, 46.2–333.3) on the aCSS [15]. The mean EcoRI fragment size was 22.3 kb (±6.1 SD) ranging from 10 to 35 kb. Clinical data are summarized in Table 1.




3.2. Ophthalmological Examination


The mean BCVA was 0.9 (decimal) ± 0.2 standard deviation (SD) and intraocular pressure (IOP) was within normal values in all the examined eyes.



3.2.1. Colour Fundus Photography


Tortuosity of the retinal arteries was observed in 48 (71%) eyes: mild, moderate, and severe vascular tortuosity were found in 17, 25, and 6 eyes, respectively (Table 1, Figure 2)




3.2.2. Optical Coherence Tomography Angiography


A random sampling was performed in order to select a single (left or right), random eye OCT-A from the 132 available patient scans.



For the deep layer, 33 patients (20 right eyes and 13 left eyes) and 22 healthy subjects (11 right eyes and 11 left eyes) were selected for the following analyses, while for the superficial layer, 33 patients (16 right eyes and 17 left eyes) and 22 healthy subjects (14 right eyes and 8 left eyes) were included for a total of 110 OCT-A scans.





3.3. Machine Learning Results


The machine learning method correctly identified the major vessels. A representative sample of the processing results for a patient and a control is shown in Figure 3.



3.3.1. Tortuosity Index


The TI of the superficial layer (SCP) was increased in FSHD patients (mean 1.16 ± 0.01) in comparison to controls (mean 1.15 ± 0.01); (t (53) = 3.62, p < 0.001) (Figure 4A). The deep layer (DCP) showed a decrease (−0.07,) in the TI in FSHD (mean 1.17 ± 0.01) patients in comparison to controls (mean 1.24 ± 0.01) (t (53) = −23.5, p = 0.05) (Figure 4B).



However, although statistically significant, the interpretation of this last result should take into consideration that the reliability of vessel length calculations could not be visually assessed in the deep layer (Figure 5). No significant correlations were found between the TI and clinical parameters.




3.3.2. Vessel Density Score


The VD score in the SCP (Figure 6A) was increased in FSHD patients (mean 38.03 ± 4.32) compared to normal (mean 25.40 ± 1.58) controls (t (53) = 13.10, p = 0.0001).



Similarly, the VD score in the DCP (Figure 6B) was increased in FSHD patients (mean 45.52 ± 2.37) compared to normal (mean 29.07 ± 1.88) controls (t (53) = 27.31, p = 0.0004). In addition, a significant correlation was found between age and vascular parameters. With increasing age, VD scores and the total number of vascular branches showed a decrease (r = −0.45, p = 0.008 and r = −0.51, p < 0.001, respectively) in the superficial layer, realistically for a progressive age-related vascular rarefaction. A moderate correlation between VD and EcoRI fragment length was identified as well (r = 0.35, p = 0.048).




3.3.3. Foveal Avascular Zone


The FAZ was automatically delineated, and its area was calculated considering a pixel size of 9.375 µm. As an example, we show in Figure 7 some cases of FAZ calculations. For the SCP, no statistically significant differences were found between FSHD patients (mean 0.29 ± 0.12) and healthy controls in FAZ areas (mean 0.34 ± 0.13) (Figure 7A). FSHD patients showed a sex difference, with the FAZ area being larger in females than in males (0.33 mm2 vs. 0.22 mm2; t (31) = −3.2, p = 0.003), in SCP only. The FAZ area of the SCP showed a positive correlation with CSS (r = 0.55 p < 0.001). In the DCP, a decreased FAZ area (−0.39 mm2) was found in FSHD patients (mean 0.40 ± 0.16) in comparison to controls (mean 0.79 ± 0.26), t (53) = −6.89, p = 0.01) (Figure 7B). The results are summarized in Table 2.






4. Discussion


The present study analysed retinal vascular involvement in FSHD, using fundus photographs and swept-source OCTA, in order to refine the ophthalmological phenotype of FSHD subjects, both in qualitative and quantitative terms. In our study, fundus photographs showed a high prevalence of retinal arterial tortuosity (77%), confirming evidence in the literature [5,6,13]. However, these retinal vascular changes did not cause complaints or vision loss in any patient. The use of OCTA provided a more detailed insight into FSHD ophthalmological manifestations. The quantitative analysis of the TI, VD score, and FAZ area showed statistically significant differences between FSHD patients and controls. FSHD patients showed an increase in the TI of the SCP, a decrease in the TI in the DCP, an increase in the VD score of both SCP and DCP, and a decrease in the FAZ area in the DCP in comparison to controls. Interestingly, a gender difference was found in the FAZ area (SCP), with higher values in females. Currently, there is no consensus in the literature about the effects of gender on retinal vascularity. VD and perfusion density (PD) seem to be not affected by sex [26]. The sole parameter potentially affected by gender is the FAZ area, which is larger in females compared to males [27]. Our findings on the FAZ area in FSHD patients reflect those of the general population.



In the present study, we found that, with increasing age, VD and the total number of vascular branches showed a decrease in FSHD patients. Age can have an impact on vascular results, considering that elderly subjects usually present a vascular rarefaction of the capillary plexa. However, the FSHD population (tendentially older than controls) presented an increased VD both in the SCP and DCP.



Our data on the TI support what was found by Goselink et al. [13]: the absence of smooth muscle in the capillary vessel wall as opposed to retinal arterioles could provide a possible explanation for the TI increase in the superficial layers. Our results are instead novel regarding VD scores. A possible molecular link between FSHD pathophysiology and neoangiogenesis, plausibly responsible for the increase in VD, is provided by the upregulation of several genes involved in neovessel formation [28], and in particular of the Wnt/Frizzled signalling pathway in the skeletal muscle of patients with active disease [29]. Further studies will be needed to confirm the relevance of this or other molecular pathways to the reported retinal vascular proliferation [30].



The FAZ area decreasing in DCP was likely related to the VD increase. The FAZ area is inversely connected to the microcirculatory condition, as demonstrated by the FAZ area enlargement in diabetic retinopathy and retinal vascular occlusive diseases for the destruction of the vascular arcades [31]. In addition, our study is noteworthy for validating the application of a complex toolchain of AI using both ImageJ and Matlab to OCTA angiograms. This pipeline could be replicated and applied in other studies.



Considerations of AI and Study Limitations


While the FAZ area and VD calculations have shown a very good tolerance to image quality and artefacts, TI figures should be interpreted with the greatest care. We strictly followed the approach by Goselink et al. [13] for the TI calculations, in order to be able to compare our results to previous works. However, we have already raised some concerns [32] about the reliability of this method on the SCP. Specifically, we noticed that TI calculation reliability may be affected by the quality of segmentation in a somehow unpredictable manner. Even more, regarding the DCP, we must highlight that the presence of a complex lattice of smaller capillaries turns into the detection of an extremely fragmented short vessel network, a situation where tortuosity computation by itself may be rendered meaningless. Moreover, in the skeletonization process, the lengths of the vessels are calculated. However, this process calculates the lengths of the “branches”, which are the lines between the dots along the vessels, and therefore does not calculate the total length of the vessels, as a human evaluator would do.



The relatively small sample size is also a partial limitation of this study. In addition, we included only FSHD type 1 patients, but exploring possible similarities or differences in ophthalmological characteristics of FSHD type 2 patients could be worthwhile.



Further studies would be needed to clarify the potential correlations between the quantitative OCTA parameters and the severity of the muscular disease, and to determine which patients may have or develop more severe disease [7]. Thus, OCTA could become an important tool for the routine ophthalmological evaluation of FSHD patients.





5. Conclusions


The importance of assessing ophthalmological abnormalities in FSHD is not restricted to the possibility of treatable vision loss. Looking at retinal vasculopathy as an integral part of FSHD opens new horizons, helping to understand the pathogenesis of the disease. OCTA is a non-invasive tool potentially useful to assess retinal vasculopathy and to provide promising disease biomarkers. The identification of new parameters potentially associated with prognosis appears pivotal in neuromuscular disorders such as FSHD where the extent and severity of involvement can vary enormously.







Author Contributions


Conceptualization, M.C.S., S.B. and G.T.; methodology, F.M.; software, F.M.; formal analysis, F.M.; investigation, M.M. (Martina Maceroni), R.C. and M.M. (Mauro Monforte); resources, M.M. (Mauro Monforte); data curation, R.C., F.M. and M.M. (Martina Maceroni); writing—original draft preparation, M.M. (Martina Maceroni), M.M. (Mauro Monforte), R.C. and F.M.; writing—review and editing, M.M. (Martina Maceroni), M.M. (Mauro Monforte), R.C. and B.F.; supervision, S.R. and E.R.; project administration, A.M.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the Institutional Review Board Catholic University of Rome (ethic code number: ID1493).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Data are available from the authors.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Tawil, R.; Kissel, J.T.; Heatwole, C.; Pandya, S.; Gronseth, G.; Benatar, M. Evidence-based guideline summary: Evaluation, diagnosis, and management of facioscapulohumeral muscular dystrophy: Report of the Guideline Development, Dissemination, and Implementation Subcommittee of the American Academy of Neurology and the Practice Issues Review Panel of the American Association of Neuromuscular & Electrodiagnostic Medicine. Neurology 2015, 85, 357–364. [Google Scholar]

	



De Simone, A.M.; Pakula, A.; Lek, A.; Emerson, C.P., Jr. Facioscapulohumeral Muscolar Dystrophy. Compr. Physiol. 2017, 7, 1229–1279. [Google Scholar]

	



Tasca, G.; Monforte, M.; Ottaviani, P.; Pelliccioni, M.; Frusciante, R.; Laschena, F.; Ricci, E. Magnetic resonance imaging in a large cohort of facioscapulohumeral muscular dystrophy patients: Pattern refinement and implications for clinical trials. Ann. Neurol. 2016, 79, 854–864. [Google Scholar] [CrossRef] [PubMed]

	



Monforte, M.; Laschena, F.; Ottaviani, P.; Bagnato, M.R.; Pichiecchio, A.; Tasca, G.; Ricci, E. Tracking muscle wasting and disease activity in facioscapulohumeral muscular dystrophy by qualitative longitudinal imaging. J. Cachexia Sarcopenia Muscle 2019, 10, 1258–1265. [Google Scholar] [CrossRef] [PubMed]

	



Fitzsimons, R.B.; Gurwin, E.B.; Bird, A.C. Retinal vascular abnormalities in facioscapulohumeral muscular dystrophy. A general association with genetic and therapeutic implications. Brain 1987, 110, 631–648. [Google Scholar] [CrossRef] [PubMed]

	



Padberg, G.W.; Brouwer, O.F.; De Keizer, R.J.; Dijkman, G.; Wijmenga, C.; Grote, J.J.; Frants, R.R. On the significance of retinal vascular disease and hearing loss in facioscapulohumeral muscular dystrophy. Muscle Nerve 1995, 2, 73–80. [Google Scholar] [CrossRef]

	



Longmuir, S.Q.; Mathews, K.D.; Longmuir, R.A.; Joshi, V.; Olson, R.J.; Abràmoff, M.D. Retinal but not venous tortuosity correlates with facioscapulohumeral muscular dystrophy severity. J. AAPOS 2010, 14, 240–243. [Google Scholar] [CrossRef]

	



Shields, C.L.; Zahler, J.; Falk, N.; Furuta, M.; Eagle, R.C.; Espinosa, L.E.; Fischer, P.R.; Shields, J.A. Neovascular glaucoma from advanced Coats disease as the initial manifestation of facioscapulohumeral dystrophy in a 2-year-old child. Arch. Opthalmol. 2007, 125, 840–842. [Google Scholar] [CrossRef]

	



Wang, L.; Murphy, O.; Caldito, N.G.; Calabresi, P.A.; Saidha, S. Emerging Applications of Optical Coherence Tomography Angiography (OCTA) in neurological research. Eye Vis. 2018, 5, 11. [Google Scholar] [CrossRef]

	



Spaide, R.F.; Klancnik, J.M., Jr.; Cooney, M.J. Retinal Vascular Layers Imaged by Fluorescein Angiography and Optical Coherence Tomography Angiography. JAMA Ophthalmol. 2015, 133, 45–50. [Google Scholar] [CrossRef]

	



Lee, H.; Lee, M.; Chung, H.; Kim, H.C. Quantification of retinal vessel tortuosity in diabetic retinopathy using optical coherence tomography angiography. Retina 2018, 38, 976–985. [Google Scholar] [CrossRef] [PubMed]

	



Spaide, R.F.; Fujimoto, J.G.; Waheed, N.K.; Sadda, S.R.; Staurenghi, G. Optical coherence tomography angiography. Prog. Retin. Eye Res. 2018, 64, 1–55. [Google Scholar] [CrossRef]

	



Goselink, R.J.; Schreur, V.; van Kernebeek, C.R.; Padberg, G.W.; van der Maarel, S.M.; van Engelen, B.G.; Erasmus, C.E.; Theelen, T. Ophthalmological findings in facioscapulohumeral dystrophy. Brain Commun. 2019, 1, 1–9. [Google Scholar] [CrossRef]

	



Ricci, E.; Galluzzi, G.; Deidda, G.; Cacurri, S.; Colantoni, L.; Merico, B.; Piazzo, N.; Servidei, S.; Vigneti, E.; Pasceri, V.; et al. Progress in the molecular diagnosis of facioscapulohumeral muscular dystrophy and correlation between the number of KpnI repeats at the 4q35 locus and clinical phenotype. Ann. Neurol. 1999, 45, 751–757. [Google Scholar] [CrossRef]

	



Van Overveld, P.G.; Enthoven, L.; Ricci, E.; Rossi, M.; Felicetti, L.; Jeanpierre, M.; Winokur, S.T.; Frants, R.R.; Padberg, G.W.; Van Der Maarel, S.M. Variable hypomethylation of D4Z4 in facioscapulohumeral muscular dystrophy. Ann. Neurol. 2005, 58, 569–576. [Google Scholar] [CrossRef]

	



Armstrong, R.A. Statistical guidelines for the analysis of data obtained from one or both eyes. Ophthalmic Physiol. Opt. 2013, 33, 7–14. [Google Scholar] [CrossRef]

	



Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid, B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [Google Scholar] [CrossRef]

	



Sage, D.; Prodanov, D.; Tinevez, J.Y.; Schindelin, J. MIJ: Making Interoperability Between ImageJ and Matlab Possible. In ImageJ User & Developer Conference (IUDC’12), Mondorf-les-Bains; Grand Duchy of Luxembourg: Luxembourg, 2012. [Google Scholar]

	



Hiner, M.C.; Rueden, C.T.; Eliceiri, K.W. ImageJ-MATLAB: A bidirectional framework for scientific image analysis interoperability. Bioinformatics 2017, 33, 629–630. [Google Scholar] [CrossRef]

	



Arganda-Carreras, I.; Kaynig, V.; Rueden, C.; Schindelin, J.; Cardona, A.; Seung, H.S.; Ezzat, M.; Hiner, M.; Freydiere, P. Trainable_Segmentation: Release v3.1.2. Zenodo 2016, 59290. [Google Scholar]

	



Software—Artificial Intelligence Institute: University of Waikato. Available online: https://ai.waikato.ac.nz/software (accessed on 23 February 2023).

	



Breiman, L. Random Forests. Mach. Learn. 2001, 45, 5–32. [Google Scholar] [CrossRef]

	



Minnella, A.M.; Barbano, L.; Verrecchia, E. Macular impairment in Fabry disease: A morpho-functional assessment by swept-source OCT angiography and Focal Electroretinography. Investig. Opthalmol. Vis. Sci. 2019, 60, 2667–2675. [Google Scholar] [CrossRef] [PubMed]

	



Savastano, M.C.; Gambini, G.; Cozzupoli, G.M.; Crincoli, E.; Savastano, A.; De Vico, U.; Culiersi, C.; Falsini, B.; Martelli, F.; Minnella, A.M.; et al. Retinal capillary involvement in early post-COVID-19 patients: A healthy controlled study. Graefe’s Arch. Clin. Exp. Ophthalmol. 2021, 259, 2157–2165. [Google Scholar] [CrossRef] [PubMed]

	



Lu, Y.; Wang, J.C.; Zeng, R.; Katz, R.; Vavvas, D.G.; Miller, J.W.; Miller, J.B. Quantitative Comparison Of Microvascular Metrics On Three Optical Coherence Tomography Angiography Devices In Chorioretinal Disease. Clin. Ophthalmol. 2019, 13, 2063–2069. [Google Scholar] [CrossRef]

	



Yu, J.; Jiang, C.; Wang, X.; Zhu, L.; Gu, R.; Xu, H.; Jia, Y.; Huang, D.; Sun, X. Macular perfusion in healthy Chinese: An optical coherence tomography angiogram study. Investig. Ophthalmol. Vis. Sci. 2015, 56, 3212–3217. [Google Scholar] [CrossRef]

	



Gómez-Ulla, F.; Cutrin, P.; Santos, P.; Fernandez, M.; Abraldes, M.; Abalo-Lojo, J.M.; Gonzalez, F. Age and gender influence on foveal avascular zone in healthy eyes. Exp. Eye Res. 2019, 189, 107856. [Google Scholar] [CrossRef]

	



Osborne, R.J.; Welle, S.; Venance, S.L.; Thornton, C.A.; Tawil, R. Expression profile of FSHD supports a link between retinal vasculopathy and muscular dystrophy. Neurology 2007, 68, 569–577. [Google Scholar] [CrossRef] [PubMed]

	



Tasca, G.; Pescatori, M.; Monforte, M.; Mirabella, M.; Iannaccone, E.; Frusciante, R.; Cubeddu, T.; Laschena, F.; Ottaviani, P.; Ricci, E. Different molecular signatures in magnetic resonance imaging-staged facioscapulohumeral muscular dystrophy muscles. PLoS ONE 2012, 7, 38779. [Google Scholar] [CrossRef]

	



Fitzsimons, R.B. Retinal vascular disease and the pathogenesis of facioscapulohumeral muscular dystrophy. A signalling message from Wnt? Neuromuscul. Disord. 2011, 21, 263–271. [Google Scholar] [CrossRef]

	



Freiberg, F.J.; Pfau, M.; Wons, J.; Wirth, M.A.; Becker, M.D.; Michels, S. Optical coherence tomography angiography of the foveal avascular zone in diabetic retinopathy. Graefe’s Arch. Clin. Exp. Ophthalmol. 2016, 254, 1051–1058. [Google Scholar] [CrossRef]

	



Martelli, F.; Giacomozzi, C. Tortuosity Index Calculations in Retinal Images: Some Criticalities Arising from Commonly Used Approaches. Information 2021, 2, 466. [Google Scholar] [CrossRef]








[image: Diagnostics 13 00982 g001 550] 





Figure 1. Image processing workflow. 






Figure 1. Image processing workflow.



[image: Diagnostics 13 00982 g001]







[image: Diagnostics 13 00982 g002 550] 





Figure 2. Colour fundus photography showing several grades of vascular tortuosity found in FSHD patients: (A) absent, (B) mild, (C) moderate, (D) severe vessel tortuosity. 
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[image: Diagnostics 13 00982 g002]







[image: Diagnostics 13 00982 g003 550] 





Figure 3. A representative sample of the machine learning processing for a control (top) and patient (bottom). On the left is the original OCT-A image, on the right is the binarization and skeletonization process. 
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Figure 4. Tortuosity index (TI) in patients and normal controls for superficial (SCP) (A) and deep (DCP) (B) capillary plexus. 
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Figure 5. Skeletonization results from machine learning in superficial (SCP) (A) and deep (DCP) (B) capillary plexus. The reliability of the process can be visually assessed only for SCP. 
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Figure 6. Vessel density (VD) scores in patients and normal controls for superficial (SCP) (A) and deep (DCP) (B) capillary plexus. 
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Figure 7. Top to bottom. Two examples of foveal avascular zone (FAZ) calculation. FAZ area for FSHD patients and normal controls, for superficial (A) (SCP) and deep (B) (DCP) plexuses. 
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Table 1. Demographic and clinical data: distribution of sex, EcoRI fragment length, age, clinical severity score (CSS), age-corrected CSS, and grade of retinal vascular tortuosity detected by colour fundus photography in FSHD patients.
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	Patients with FSHD (N)
	33



	Female (%), male (%)
	54, 46



	Age (years), mean (SD; range)
	50.4 (17.4; 13–76)



	EcoRI fragment (kB), mean (SD; range)
	22.3 (6.1; 10–35)



	CSS (0–10), median (IQR; range)
	3.5 (1; 1.5–5)



	aCSS, median (SD; range)
	148.1 (60.9; 46.2–333.3)



	Eyes with retinal arteries tortuosity (%)
	71



	Eyes with mild, moderate, severe tortuosity (%)
	26, 38, 9
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Table 2. Statistical analyses. * n.s.s.: not statistically significant.
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Tortuosity Index

	
Vessel Density Score

	
Faz Area




	
Controls

	
Patients

	

	
Controls

	
Patients

	

	
Controls

	
Patients

	




	

	
Mean ± SD

	
p

	
Mean ± SD

	
p

	
Mean ± SD

	
p






	
Superficial Capillary Plexus

	
1.15 ± 0.01

	
1.16 ± 0.01

	
<0.001

	
25.40 ± 1.58

	
38.03 ± 4.32

	
=0.0001

	
0.34 ± 0.13

	
0.29 ± 0.12

	
=0.123, n.s.s.*




	
Deep

Capillary Plexus

	
1.24 ± 0.01

	
1.17 ± 0.01

	
=0.05

	
29.07 ± 1.88

	
45.52 ± 2.37

	
=0.0004

	
0.79 ± 0.26

	
0.40 ± 0.16

	
=0.01
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