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Purpose: Systemic sclerosis (SSc) affects blood vessels, internal organs, and skin. In ophthalmology, SSc impacts the choroid. The choroidal vascularity index (CVI) measures the vascular component of the choroid and may serve as a biomarker for the disease staging and prognosis. Studies have reported reduced choroidal thickness and altered CVI in SSc, which supports the theory of vascular damage. This study aimed to examine interocular symmetry in choroidal parameters among SSc patients. It has provided the insight into the disease symmetry and assessed the representativeness of examining one eye.

Methods: This prospective single-center cross-sectional study included 33 patients with SSc and 40 healthy controls. The patients underwent ophthalmological examination (including refraction, visual acuity, IOP, biometry, slit-lamp biomicroscopy, dilated fundus examination, and spectral-domain optical coherence tomography) and rheumatological evaluation. Various parameters of the choroid in the macular and peripapillary regions were analyzed, including choroidal thickness, choroidal volume, and CVI. The interocular asymmetry in the choroidal parameters was quantified using signed and absolute differences. The correlation analysis between the left and right eyes was based on the intraclass correlation coefficient (ICC), Spearman’s correlation coefficient, and paired Wilcoxon test.

Results: There were no significant differences in the macular and peripapillary choroidal parameters between fellow eyes in both SSc patients and controls (p > 0.05). The parameter that showed the lowest correlation among those examined was CVI—in both groups, as well as in both examined areas. The interocular correlation of choroidal parameters was stronger in the peripapillary area than in the macular area in both groups. In general, the results were confirmed in subgroup analyses stratified according to sex, SSc subtype, Scl70 antibody positivity and previous and/or active digital ulcers.

Conclusion: There is interocular symmetry of the choroidal parameters in patients with SSc and controls included in our study. The parameters from one eye are representative of the fellow eye of a given patient. This conclusion may contribute to the design and interpretation of future studies. It also broadens our knowledge of SSc pathophysiology.
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Introduction

Systemic sclerosis (SSc) is a chronic autoimmune disease characterized by vasculopathy and tissue fibrosis (1). The disease’s etiology is unknown, but the immune system activation plays a key role in its progression. This disease causes skin fibrosis and contributes to the damage in internal organs and blood vessels (2). From an ophthalmological point of view, SSc may affect the ocular adnexa, anterior and posterior segments of the eye, orbit, and extraocular muscles (3–7). Patients with systemic sclerosis (SSc) are at an increased risk of developing glaucomatous optic neuropathy (8–10).

Choroidal involvement has also been described previously. The choroid is responsible for supplying oxygen to the outer retina and removing metabolic products (11). Its visualization is possible owing to optical coherence tomography (OCT). The parameters characterizing the choroid are: choroidal thickness (CT), volume (CV), and choroidal vascularity index (CVI). CT is a rather variable parameter that depends on axial length (AXL), age, intraocular pressure (IOP), sex, and blood pressure (12). The CVI, the ratio of the choroidal luminal area (LA) to total choroidal area (TCA), is a reliable measure of both vascular and stromal choroidal components (12). Though not yet in routine clinical use, the CVI may become a noninvasive biomarker for diagnosing, assessing severity, and tracking progression of systemic diseases, particularly those with vascular involvement, such as diabetes (13–15), systemic lupus erythematosus, systemic sclerosis, and Behçet’s disease (16). Ataş et al. showed that the more severe the stage of SSc, the lower the CVI index, which is valuable information for monitoring the disease progression (17).

In the case of patients with SSc, in the macula, we were able to show a lower choroidal thickness and volume as well as a higher CVI, which indicates that stromal involvement appears to dominate the vascular component (18). We also investigated peripapillary choroidal parameters (19). No significant differences were found between the patients with SSc and controls, except for the peripapillary CVI that was significantly lower in the patients with SSc. We suggest that this is probably due to a decrease in the vascular layer, which would partially explain the increased risk of glaucoma in patients with SSc. Due to the end-arterial nature of the choroidal vasculature and the existence of watershed zones in the choroid (20), we analyzed the macular and peripapillary regions of the choroid separately.

Choroidal involvement has been investigated in many diseases but without interocular comparisons (21, 22). In contrast, the symmetry of choroidal parameters in healthy patients has been widely described in the related literature (23–28). However, the data on choroidal symmetry in patients with ocular or systemic diseases are scarce. Given the growing interest in CVI as a superior marker to choroidal thickness for diagnosis, prognosis, and treatment, this gap in the literature prompted our study. Recently, we have shown that there is some asymmetry in choroidal parameters in patients with diabetic retinopathy, depending on the presence of concomitant diabetic macular edema (13).

To the best of our knowledge, so far, no studies have assessed the symmetry of choroidal parameters in the eyes of patients with systemic sclerosis. It is the fact that deepens our insight into the pathophysiology of SSc. It may also facilitate the search for ocular biomarkers used for the purpose of disease diagnosis, treatment, and follow-up. Furthermore, understanding interocular symmetry may play an important role in the diagnostic and therapeutic processes of a variety of other diseases in addition to SSc (23). It could also contribute to future study designs, as it remains unknown whether a randomly chosen eye of a patient is representative.



Patients and methods

This prospective, single-center, cross-sectional study was conducted at the Ophthalmology Department of the Medical University of Bialystok between 2021 and 2024. The study protocol was approved by the local Bioethics Committee of the Medical University of Bialystok (decision no. APK.002.109.2021). This study was conducted in accordance with the principles of the Declaration of Helsinki. Written informed consent was obtained from each participant before enrollment in the study.

A total of 66 eyes from 33 patients with SSc admitted to the Department of Rheumatology and Internal Diseases of the Medical University of Bialystok were enrolled in the study. Diagnoses were made according to the 2013 ACR/EULAR SSc criteria (29) and subtypes were ascertained as diffuse or limited.

The control group comprised 80 eyes of 40 ophthalmologically and systemically healthy (self-reported) subjects undergoing routine ophthalmological assessments. Patients with SSc and controls did not differ in terms of age, sex, and axial length (AXL). All participants underwent ophthalmological examination, including refraction, best corrected visual acuity (BCVA) in Snellen converted to log MAR equivalents, intraocular pressure (IOP) measured using a Pascal dynamic contour tonometer (DCT; Zeimer Ophthalmic Systems AG, Port, Switzerland), slit-lamp biomicroscopy, AXL measured using a Tomey OA-2000 biometer (Nagoya, Japan), dilated fundus examination, and spectral-domain optical coherence tomography (SD-OCT, Heidelberg Engineering GmbH, Heidelberg, Germany; 2016). Blood pressure was measured immediately prior to obtaining OCT images after 5 min of rest in a sitting position.

Data regarding age, sex, disease duration, autoantibody profile, C-reactive protein (CRP) level, erythrocyte sedimentation rate (ESR; after 2 h), current smoking status, and details of systemic treatment were recorded. History of digital ulcers (present or past), cardiac involvement (elevated N-terminal pro b-type natriuretic peptide [NT-proBNP]) or heart fibrosis diagnosed using magnetic resonance imaging (MRI), diagnosis of interstitial lung disease (ILD) as confirmed by high-resolution computed tomography (HRCT) of the lungs, and joint involvement (arthralgia or joint swelling) were also included in the analysis. Nailfold capillaroscopy (NFC) was performed by means of a CapillaryScope 200 Dino-lite Digital microscope (MEDL4N PRO capillaroscopy equipment) and stratified as an ‘early’, ‘active’, or ‘late’ SSc pattern based on capillaroscopic characteristics (abnormal capillary morphology, capillary density, capillary dimension, and presence or absence of hemorrhages) (30).

Exclusion criteria included fundus pathology, ametropia ≥3 diopters, phacoemulsification less than 12 months prior to examination, history of posterior segment surgery, diabetes, retinal laser treatment, and poor quality of the OCT scans.

The sample size was calculated for the primary endpoint in the study—intraclass correlation (ICC). Assuming significance level of 5%, and power of 80%, the study would require 28 patients per group to confirm ICC between both eyes of 0.5 or higher as statistically significant. For both groups we have decided to collect data from a few additional patients, to make up for any potential loss of data or missing data (this way final sample for SSc group was 33 patients and 40 patients for controls).


OCT image acquisition and analysis

The OCT images were taken in mydriasis within the same time interval (12 p.m.–3 p.m.) to avoid diurnal variations in choroidal thickness. The images were analyzed using Heidelberg Spectralis software (Heidelberg Engineering, Heidelberg, Germany) and ImageJ public domain software1 in conformity with the protocol previously described by Sonoda et al. and Agrawal et al. (31, 32) with some modifications. The most important adjustment was made to set the scale considering the stretching of the images to avoid erroneous quantification of the measured area (33). An image displayed with a 1:1 pixel aspect ratio (stretched axially) provides a better detailed visualization of a structure than a 1 × 1 μm image (OCT sampling density is higher in the axial direction than in the transverse direction) (33). Therefore, the scale was set by considering the pixel aspect ratio to reflect the actual size of the measured area.

The enhanced depth imaging (EDI)-SD-OCT imaging protocol for the macula comprised 25 raster scans (20° × 20°) and a linear 30° B-scan centered at the fovea. Choroidal thickness and volume were determined in the same manner as described in our previous studies (14, 15). Briefly, the internal limiting membrane (ILM) and Bruch’s membrane (BM) were detected automatically, while the choroidal–scleral junction (CSJ) was manually marked on each scan. Retinal parameters were calculated from the ILM to the BM and choroidal parameters from the BM to the CSJ. The average thickness and volume maps were created automatically according to the conventional ETDRS grid with nine subfields, including the central macular subfield (within a 500 μm radius) (34). Choroidal parameter values were calculated by subtracting the retinal parameters from the summed retinal and choroidal parameters. The SFCT was defined as the distance between the BM and CSJ at the fovea and was measured automatically. Binarization of the macular choroidal area was performed by two unblinded researchers (BP and AZ). The macular region was scanned using a single horizontal line scan (30°) centered on the fovea, with 100 frames averaged in a B-scan. As previously described (18) the measurement area was defined as 1,000 μm wide and centered on the fovea. The total choroidal area (TCA) was selected from the outer boundary of the RPE–BM layer to the CSJ using the polygon selection tool. The images were converted into 8-bit images to allow the application of the Niblack auto local threshold tool. The binarized images were reconverted into RGB images to allow the color threshold tool to be used for selecting dark pixels that represent vascularized areas. The luminal area (LA) and TCA were measured, while the stromal area (SA) was calculated by subtracting LA from TCA. The CVI was determined as the ratio of LA to TCA (%). The examples of one patient per group presenting EDI-OCT macular scans before and after binarization of the choroid are shown in Figures 1, 2.
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FIGURE 1
 The enhanced depth imaging (EDI)-SD-OCT scans and choroidal binarization in a patient with systemic sclerosis (SSc). The upper panel shows an enhanced depth imaging (EDI)-SD-OCT scan of a patient with SSc, with marked examined total choroidal area (1,000 μm in width). The lower panel displays choroidal binarization, with the luminal area highlighted using a color threshold tool.
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FIGURE 2
 The enhanced depth imaging (EDI)-SD-OCT scans and choroidal binarization in a control patient. The upper panel shows an enhanced depth imaging (EDI)-SD-OCT scan of a patient belonging to the control group, with marked examined total choroidal area (1,000 μm in width). The lower panel displays choroidal binarization, with the luminal area highlighted using a color threshold tool.


Peripapillary OCT images were obtained using a 3.5 mm diameter, 360°circle scan centered on the optic nerve head carried out with glaucoma software SD-OCT (Heidelberg Engineering, Heidelberg, Germany). This scan pattern was used to determine the following choroidal parameters: peripapillary choroidal thickness (pCT), peripapillary total choroidal area (pTCA), peripapillary luminal area (pLA), and the peripapillary stromal area (pSA). There is no automatic tool for pCT measurement; therefore, as previously described (19), the pCT was obtained by manually shifting the internal limiting membrane (ILM) to Bruch’s membrane (BM) and the retinal nerve fiber layer (RNFL) border to the CSJ. The results are presented as global and quadrant values (superior, inferior, temporal, and nasal) on a thickness map. Binarization of the peripapillary choroidal area was performed by two researchers (BP and PS). Briefly, pTCA was selected from the outer boundary of the RPE–Bruch’s membrane layer to the CSJ using the Polygon Selection tool. The following steps were similar to those used for the macular scan analysis. The peripapillary choroidal vascularity index (pCVI) was determined as the pLA to the pTCA ratio (%). The pSA was calculated by subtracting pLA from pTCA. The examples of one patient per group presenting peripapillary OCT images before and after binarization of the choroid are shown in Figures 3, 4.
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FIGURE 3
 The peripapillary SD-OCT scans and choroidal binarization in a patient with systemic sclerosis (SSc). The upper panel shows an peripapillary SD-OCT scan of a patient with SSc. The lower panel displays choroidal binarization, with the luminal area highlighted using a color threshold tool.
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FIGURE 4
 The peripapillary SD-OCT scans and choroidal binarization in a control patient. The upper panel shows an peripapillary SD-OCT scan of a patient belonging to the control group. The lower panel displays choroidal binarization, with the luminal area highlighted using a color threshold tool.


The measurements were reviewed by the authors and disagreements were resolved through discussion. The inter-observer reproducibility of the measurements was assessed by measuring the intraclass correlation coefficient (ICC) and absolute agreement. The ICC values were high, and are presented in Table 1.



TABLE 1 The ICC values of choroidal parameters measurements between two raters.
[image: Table1]

According to the related literature (35), the ICC values below 0.5 are indicative of poor reliability, the values between 0.5 and 0.75 indicate moderate reliability, the values between 0.75 and 0.9 indicate good reliability, and the values greater than 0.90 indicate excellent reliability.



Statistical analysis

The analyses were performed using R 4.0.5. statistical software [R Core Team (2021). R: Language and Environment for Statistical Computing by the R Foundation for Statistical Computing, Vienna, Austria]. The normality of the distribution was validated using the Shapiro–Wilk test and based on skewness and kurtosis values. The data are presented as n (%) for nominal variables and as mean ± SD or median (Q1; Q3) for continuous variables. The groups were compared using the chi-square test or Fisher’s exact test for the nominal data and the t-test or Mann–Whitney U test for continuous variables, respectively. The interocular asymmetry in the choroidal parameters was quantified for SSc patients and controls using signed and absolute differences as per methodology by Lu et al. (27). The signed difference was calculated by subtracting the right eye value from the left eye value. The correlation analysis between the left and right eyes was based on the intraclass correlation coefficient (ICC), with a 95% confidence interval (CI) as a primary analysis (36). Additionally, as a secondary analysis, the relative mean difference between both eyes, Spearman’s correlation coefficient (r) between both eyes, and paired Wilcoxon test between both eyes (with Benjamini–Hochberg adjustments for multiple comparisons and without adjustment) were added. All the calculations were performed at α = 0.05.

The correlation between the two variables was quantified using a number (range: −1 and +1). According to Chan (37), the interpretation of the Spearman’s and Pearson’s correlation coefficient (r) is as follows: a value of 1 reflects perfect r, values 0.9–0.8 indicate very strong r, values 0.7–0.6 indicate moderate r, values 0.5–0.3 indicate fair r whereas values 0.2–0.1 indicate weak r and 0 indicates no correlation. Calculation of the sample size was made using ICC.Sample.Size package.




Results


Baseline characteristics

The demographic and clinical characteristics of the study groups are shown in Table 2.



TABLE 2 Demographic and clinical characteristics of the SSc patients and the control group.
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No significant differences in age, sex, or nicotine intake were found between the SSc and control groups.

The patients differed in terms of mean arterial pressure (MAP), which was lower in patients with SSc than in the control group (p < 0.01). The studied groups differed in terms of mean IOP values; in patients with systemic sclerosis, the IOP was lower than that in controls (p = 0.007).

In both groups, the right and left eyes did not differ in terms of: 1. IOP: 13.95 ± 3.49 mmHg vs. 13.94 ± 3.01 mmHg, p > 0.999; 15.46 ± 2.41 mmHg vs. 15.28 ± 1.84 mmHg, p = 0.903, right vs. left eyes, the SSc group vs. controls, respectively; 2. AXL: 23.17 ± 0.85 mm vs. 23.13 ± 0.81 mm, p = 0.518; 23.37 ± 1.00 mm vs. 23.42 ± 0.95 mm, p = 0.908, right vs. left eyes, the SSc group vs. controls, respectively; 3. logMAR 0.01 ± 0.03 vs. 0.02 ± 0.06, p > 0.999; 0.02 ± 0.06 vs. 0.00 ± 0.02, p = 0.590, right vs. left eyes, the SSc group vs. controls, respectively.



The interocular comparison of choroidal parameters in the SSc group and controls

Table 3 shows the values of the choroidal parameters of both eyes in the macular and peripapillary areas: choroidal thickness, choroidal volume, total choroidal area (TCA), luminal area (LA), stromal area (SA), and the choroidal vascularity index (CVI).



TABLE 3 Values of the choroidal parameters in the patients with the systemic sclerosis and controls.
[image: Table3]

The overall choroidal thickness parameters in both groups showed interocular symmetry (Table 4). Signed and absolute interocular differences in the choroidal parameters for SSc patients and controls are presented in in the Supplementary Tables 1, 2. The normal 95% limits of differences can be used as a reference point for physiological asymmetry, i.e., values below 2.5% point/above 97.5% point for signed differences or values above 95% limits for signed differences can be treated as abnormal.



TABLE 4 Comparison of the choroidal parameters in fellow eyes.
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In the SSc and control groups, the intraclass correlation coefficient (ICC) (i.e., how data from one eye overlapped with data from the other eye) for selected choroidal parameters ranged from moderate to good in the macular region and from moderate to excellent in the peripapillary region. The degree of correlation was higher in patients with SSc than in the control group.

The parameter that showed the lowest correlation among those examined was CVI—in both groups, as well as in both examined areas.

Spearman’s correlation coefficient (r), which represents a linear relationship between the right and left eyes, showed a strong correlation (moderate to very strong) for most parameters, except for the CVI in the submacular area (mCVI) in both groups, where the correlation was satisfactory (fair): in the SSC group (r = 0.588, p = 0.001) and in the control group (r = 0.536, p = 0.001). The peripapillary CVI (pCVI) in the SSc group showed moderate interocular correlation (r = 0.677, p < 0.001), but in the control group showed only satisfactory interocular correlation (r = 0.441, p = 0.005). In general, the interocular correlation of choroidal parameters was stronger in the peripapillary area than in the macular area in both groups.

The analysis conducted with the Wilcoxon test to determine whether the mean level for the left eye differs significantly from that for the right eye, following the Benjamini-Hochberg correction for multiple comparisons, was not statistically significant for any of the assessed parameters.

Further analyses of the interocular symmetry of the choroidal parameters in both groups were conducted based on sex. Moreover, the comparisons were carried out in the subgroups of the SSc patients stratified according to SSc subtype, Scl70 antibody positivity and previous and/or active digital ulcers (Supplementary Tables 3.1–6.2). Single parameters lost their statistical significance after taking into account the analyses of less numerous groups. However, this did not affect the overall results and their interpretation.




Discussion

In this study, we comprehensively compared choroidal parameters between fellow eyes in the macular and peripapillary regions in patients with SSc and controls. We demonstrated that the choroidal parameters (choroidal thickness, choroidal volume, and CVI) were symmetrical between the eyes in both study groups.

Despite anatomical differences in the vascularization of the right and left eyes (as the left common carotid artery comes from the aortic arch, and the right one from the brachiocephalic trunk) and despite single reports on interocular choroidal asymmetry (27), the symmetry of choroidal parameters in healthy patients has been widely described in the related literature (23–28). We have even been able to demonstrate a high degree of interocular symmetry at the metabolomic level (38).

This finding is consistent with our results. We have shown the interocular correlation of choroidal parameters in SSc patients and controls. In our analysis, we did not find any significant interocular differences in terms of CT in either study group, whereas the CT in the SSc group was found to be smaller than that in the control group (18). This result confirms the impact of SSc on choroidal parameters, symmetrically in both eyes of the patient.

The CVI between the eyes is symmetrical, although it shows the lowest interocular correlation between eyes among the parameters we tested, which is surprising because the CVI is considered a rather reliable and stable parameter (as opposed to CT) owing to its low susceptibility to the influence of other factors (12). This result in controls is consistent with the results of Lu et al. (27), who found that unlike a strong interocular correlation in the macular choroidal thickness, there was only a moderate interocular correlation in CVI in healthy subjects.

In our subgroup analyses, in general, we did not find significant differences of the choroidal parameters depending on sex in both groups, neither depending on SSc subtype, Scl70 antibody positivity and previous and/or active digital ulcers in SSc patients. These results may confirm consistency within different datasets. Albeit, one needs to keep in mind the relatively small sample size of the subgroups, consistent with the numbers in previous studies though (8, 9, 39, 40).

When designing the study, we hypothesized that there might be interocular asymmetry in choroidal involvement due to the multifactorial and complex impact of SSc on the vessels. Microcirculatory disturbances in the retina and choroid are triggered by a specific immune response and may correlate with the activity and severity of the disease (41). Histopathological examination of blood vessels within the choroid revealed a number of abnormalities, such as damage to endothelial cells, thickening of the basement membrane, lack of pericytes, and accumulation of abnormal material inside and around endothelial cells (6, 42) resulting in areas of non-perfusion in the choroidal capillary bed (43). Damage to the retinal pigment epithelium, probably due to the involvement of choroidal blood vessels, has been previously described (44, 45). Ingegnoli et al. (46) also drew attention to the impaired control of the tone of blood vessels in the choroid in patients with SSc, which may result in damage to the optic nerve and cause normal-tension glaucoma. A study assessing the parameters of the right common carotid artery in patients with SSc showed greater arterial stiffness than in the control group (47). A decreased choroidal thickness (CT) in the patients with the systemic sclerosis was also demonstrated by Esen et al., and Coşkun et al. (48, 49). Coşkun et al. claimed that vasculopathy in patients with SSc may lead to choroidal atrophy. Microcirculation in the eye is already affected in the early phase of the disease, and patients displaying Raynaud’s phenomenon, which may be the first symptom of SSc, show a decrease in the thickness of the choroid (46). SSc is the most common connective tissue disease causing Raynaud’s syndrome, that is, a transient, vasospastic phenomenon, affecting the fingers and toes. Secondary Raynaud syndrome is characterized by ischemic skin lesions, capillaroscopic abnormalities, and asymmetric attacks, which distinguish it from the other symmetrical symptoms mentioned above (49). All of the above-mentioned data might support our provisional hypothesis of interocular asymmetry. However, this finding was not confirmed in the present study.

In terms of symmetry of involvement, when other organs are considered, SSc may also be associated with idiopathic inflammatory myopathies, characterized by symmetrical weakness of proximal muscles (50). In patients with SSc with musculoskeletal symptoms, whole-body MRI usually shows symmetric involvement of muscles, joints, fascia, and tendon entheses, which corresponds to our results (51). Furthermore, digital ulcers are observed in more than half of the patients with SSc (52). In the course of some connective tissue diseases, a condition called mechanic’s hand often occurs. Eighty % of the examined patients with mechanic’s hands displayed the SSc pattern on the NFC test. During this disease, hyperkeratotic eruptions appear along the fingers. They are bilateral and symmetrical (53).

As far as the methodology of this study is concerned, in our previous studies (18, 19) we found no significant differences in macular and peripapillary choroidal parameters between the SSc subtypes: diffuse cutaneous systemic sclerosis (dcSSc) and limited cutaneous systemic sclerosis (lcSSc) (p > 0.05). Therefore, in this study, all patients with SSc were treated as a single group. The study groups were matched for age, sex, and nicotine consumption. They differ only in terms of MAP, which is lower in patients with the systemic sclerosis than in controls. The studied groups differed in terms of IOP in patients with systemic sclerosis, the IOP is lower than in the healthy controls. One of the reasons might be altered corneal biomechanical properties in patients with SSc as described by Emre et al. (54), despite the fact that the central corneal thickness did not differ between the groups (unpublished data). We measured IOP using a Pascal dynamic contour tonometer (DCT; Zeimer Ophthalmic Systems AG, Port, Switzerland). Unfortunately, there is no data available in literature whether this method of assessment might be not appropriate in patients with SSc. Furthermore, SSc patients were taking antihypertensive medications (often calcium channel blockers) and phosphodiesterase inhibitors (for digital ulcers), which lower blood pressure, and yet it turns out that systolic and diastolic blood pressure affect IOP (55–57). Consequently, since they had lower MAP (mean arterial pressure), one may assume that they probably had consistently lower IOP as well. Even though IOP and MAP may be related to choroidal parameters, in this study, there was no statistical difference in IOP between the right and left eyes. Furthermore, we assumed that the effect of MAP as a systemic factor was similar in both eyes. The data from the related literature regarding differences in the choroidal parameters between patients with SSc and controls (17–19, 39, 40, 46, 48, 49) do not apply to this study, as its aim has been the inter-eye study within the groups (separately for SSc and controls) instead of the intergroup comparison (so not SSc versus controls).

A limitation of our study is the relatively small number of patients, which is due to the rarity of systemic sclerosis and the sample size was partly determined by the number of participants who met our inclusion criteria. However, this number is in accordance with other relevant studies (8, 9, 39, 40). Our results would need to be validated in a larger population to allow for multiple comparisons and subgroup analyses. With regard to the analysis of OCT scans, the shadowing effect may play a role in the CVI assessment, particularly in peripapillary CVI evaluation. However, neither have the inventors of the CVI (Agrawal et al. and Sonoda et al.) (12, 31) compensated for this nor is currently any software available to overcome that problem.

This study has several strengths. To the best of our knowledge, this is the first study to compare selected choroidal parameters between the eyes of patients with SSc. This is a prospective study. In addition, we comprehensively examine the parameters of the choroid in the submacular and peripapillary areas—the analysis of the features in the peripapillary area is an innovative issue in the case of SSc. This is of particular interest, as patients with SSc have an increased risk of developing glaucoma (8–10). Moreover, in previous studies, the assessment of choroidal thickness was based on measurements at single and different points, whereas in this study, we assessed the macular and peripapillary areas more comprehensively. Additionally, we have included in the research a quite rare parameter, that is, the volume of the choroid, and a relatively new index, the CVI, a stable parameter characterizing the choroid in detail. OCT was performed at a similar time of the day, which excluded its influence on the results.

In terms of future directions, longitudinal studies to evaluate the changes in choroidal parameters as the disease progresses may be valuable both in the macular and peripapillary regions. It would be interesting to observe the changes in the context of their interocular symmetry, not only juxtaposed with the clinical parameters of SSc, but also with changes in the RNFL, knowing the increased risk of glaucoma development in these patients. Our results would need to be validated in a different cohort of SSc patients as asymmetry might occur if these patients start exhibiting the ocular pathology such as glaucoma.

The concurrent analysis of SD-OCT scans and OCT angiography scans would provide a wider perspective in two dimensions. Indocyanine green angiography would be a valuable complementary tool to characterize the choroidal vasculature. Adding ultrasound of the retrobulbar vessels and internal carotid artery would broaden our knowledge of blood supply to the eyeball in patients with SSc.



Conclusion

Our study provides insights into the pathophysiology of the choroid in patients with SSc. Choroidal characteristics such as macular and peripapillary CT, choroidal volume, and CVI are symmetrical for fellow eyes in patients with SSc as well as in controls. This suggests that the SSc affects both eyes concurrently and symmetrically. These parameters from one eye are representative of those of the fellow eye in the given patient. However, the mCVI and pCVI are more variable than the CT and volume. Our conclusions are relevant to the described and probably similar cohorts but would need to be validated in different SSc cohorts depending on the characteristics of SSc as well as ocular manifestations. This conclusion may contribute to the design of future studies and their proper interpretation as well as broaden our knowledge of the pathophysiology of SSc.
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311,00 (254.50; 383.25)

294,00 (242.25; 390.50)

0.24(0.20;0.30)

7.88(6.59:8.93)

2,579,502.25 (2,009,824.00; 3,068,943.38)
1,716,502.50 (1,331,180.38; 2,033,625.88)
822,028.50 (705,969.50; 1,055,796.38)
65.54 (64.50; 67.16)

202,50 (156.50; 242.25)

216,00 (176.75; 263.50)

17100 (129.25; 211.25)

215.00 (175.00; 252.75)

197.00 (158.50; 257.00)

right eyes

-036

316

381

198

094

226

-152

432

398

251

~054

~0.14

-132

0.83

247

185

203

~146

-3.46

-380

-2.80

-3.62

-175

-3.08

-3.04

CT, choroidal thickness; CV1, choroidal vascularity index; I inferiors LA, luminal area; m, macular; N, nasal; p, peripapillary; Q1, quartile 1; Q3, quartile 3; 5, superiors SA, stromal area; SD, standard deviation; SFCT, subfoveal choroidal thickness; T, temporal TCA,

total choroidal area.

Relative mean difference calculated as per formula: (left eye — right eye)/average from both eyes * 100.





OPS/images/fmed-11-1513679-t004.jpg
Variable ICC 95% CI 7 p value p-value of p-value of
between forICC between forr Wilcoxon test ~ Wilcoxon test

both both (w/o (B-H
eyes eyes correction)® correction)®

Systemic mTCA 0725 0490-0862 0,650 <0.001 0913 50,999
sdlerosis mLA 0730 0496-0.865 0650 <0.001 0913 50.999
patients mSA 0674 0412-0834 0660 <0.001 0913 0999
mCvI 0555 0230-0767 0588 0.001 >0.999 50,999
Central macular choroidal thickness 0723 0484-0863 0,686 <0.001 0913 50,999
SECT 0720 0476-0862 0726 <0.001 0913 50999
Central macular choroidal volume 0704 04530852 0686 <0.001 0913 50,999
Total choroidal volume 0.882 0758-0945 0867 <0.001 0913 50,999

pICA 0924 0849-0963 0926 <0.001 0191 0384

pLA 0926 0850-0.964 0923 <0.001 0135 0384

PSA 0501 0.803-0951 0899 <0.001 0299 0384

pevI 0629 03490805 0677 <0.001 0015 0.135

PCT Global 0931 0866-0965 0934 <0.001 0256 0384

pCTS 0906 0820-0953 0887 <0.001 0344 0387

pCTI 0873 0759-0935 0905 <0.001 0217 0384

perT 0925 08520962 0920 <0.001 0.085 0383

pCTN 0.825 0676-0909 0852 <0.001 0514 0514

Control group  mTCA 0776 06090877 0772 <0.001 0.957 0976
mLA 0757 0579-0866 0694 <0.001 0976 0976

mSA 0781 0618-0880 0805 <0.001 0.957 0976

mCvI 0555 0294-0740 0536 0.001 0.957 0976

Central macular choroidal thickness 0759 0586-0.866 0760 <0.001 0.957 0976

SECT 0645 04150797 0697 <0.001 0.957 0976

Central macular choroidal volume 0754 0578-0.863 0762 <0.001 0.957 0976

Total choroidal volume 0.865 0758-0926 0826 <0.001 0.957 0976

pTCA 0891 0800-0942 0909 <0.001 0.150 0425

pLA 0891 0797-0942 0911 <0.001 0.087 0392

pSA 051 0737-0918 0888 <0.001 0354 0561

pev 0508 0236-0.706 0441 0.005 0420 0561

PCT Global 0872 0769-0930 0883 <0.001 0.189 0425

pCTS 0788 0619-0885 0824 <0.001 0023 0.207

pcTI 0839 07160911 0812 <0.001 0615 0615

perT 0816 0680-0.898 0808 <0.001 0595 0615

pCTN 0816 0680-0.898 0820 <0.001 0436 0561

Cl, confidence interval; CT, choroidal thickness; CVI, choroidal vascularity index; I, inferior; ICC, intraclass correlation coefficient; LA, luminal area; m, macular; N, nasal; p peripapillary; r,
Spearman correlation coefficient; S, superior; SA, stromal area; SFCT subfoveal choroidal thickness; T, temporal; TCA, total choroidal area.

p<0.05 in bold font,

Wilcoxon test comparing average level between left eyes and right eyes.

p-value after Benjamini-Hochberg correction for multiple comparisons. The correction was made separately for macular (8 comparisons) and peripapilary (9 comparisons) choroidal
parameters.
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