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Purpose: Diabetic retinopathy (DR) is a prevalent microvascular complication of type 2 diabetes mellitus (T2DM). Current research
indicates that the association between Vitamin D and diabetic retinopathy, particularly in the early stages, remains controversial.
Therefore, we conducted this research to explore the correlation between vitamin D levels and microvascular alterations in
nonproliferative diabetic retinopathy (NPDR) patients utilizing optical coherence tomography angiography (OCTA).

Patients and Methods: A cross-sectional analysis was conducted on 286 eyes from 150 subjects with NPDR, with or without
diabetic retinopathy. All participants underwent OCTA examinations to assess retinal vessel density (VD), foveal avascular zone (FAZ)
area, and retinal thickness. The relationships between vitamin D levels and OCTA-derived parameters were analyzed through multiple
regression analyses.

Results: Our analysis revealed a notable decline in retinal vessel density linked to vitamin D deficiency. The superficial vascular
complex and the deep vascular complex exhibited reduced vessel density associated with lower vitamin D levels. Additionally, an
increase in parathyroid hormone levels significantly correlated with an enlargement of the FAZ area. Vitamin D deficiency was an
independent factor in retinal microvascular pathology in T2DM, as evaluated by OCTA.

Conclusion: Individuals with T2DM and vitamin D deficiency were highly recommended to undergo regular ophthalmic screenings
to monitor retinal health.
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Introduction

Diabetes mellitus (DM) is a rapidly expanding chronic condition with a projected global increase of 25% by 2030 and
51% by 2045." Among its various complications, diabetic retinopathy (DR) stands out as a significant ocular issue and
the leading cause of blindness associated with DM.? Effective screening for vascular abnormalities and proactive
measures to prevent irreversible damage in high-risk patients are essential to alleviate the societal and financial burdens
of DM.

The current diagnosis and treatment of DR often target advanced stages of the disease, where substantial micro-
vascular damage has been presented.”> Histological investigations on human cadavers and animal models have demon-
strated that pathologic alterations initiate many years prior to clinical symptoms manifest.> A deeper comprehension of
the pathogenesis of diabetic retinopathy necessitates the development of novel and more sensitive approaches for
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diagnosing, preventing, and treating the condition at an early stage. Optical coherence tomography angiography (OCTA)
has emerged as a promising non-invasive technology that enables a reliable and quantitative microcirculation evaluation
across distinct retinal capillary layers.* OCTA has successfully evaluated various retinal and systemic vascular diseases,
including diabetic retinopathy.>® Researchers have found that OCTA parameters are correlated with DR and can be used
to identify preclinical stages of the disease by detecting early signs of retinal abnormalities.”””

Vitamin D, known as “the sunshine hormone” for its structure and functions, plays a pivotal role in various
physiological processes beyond just bone health.'® It influences cell proliferation, differentiation, apoptosis, immune
function, inflammation, and vascular and metabolic functions.'''* Recent research has increasingly focused on vitamin
D’s role in non-traditional outcomes, particularly diabetes and its complications.“"15 Zoppini et al highlighted a strong
association between low serum vitamin D levels and the presence of DR in type 2 diabetes patients.'® Alcubierre
indicated that individuals with advanced DR exhibited lower serum vitamin D concentrations than those without DR."’
Moreover, vitamin D deficiency has been linked to a higher risk of proliferative diabetic retinopathy, although not with
non-proliferative diabetic retinopathy.'®'® However, previous investigations have primarily relied on conventional
fundoscopy and have focused on the association of vitamin D with advanced DR, often overlooking its role in the
earliest microvascular changes within the retinal capillaries. In contrast, our study utilizes the high-resolution, layer-
specific capabilities of OCTA to quantitatively assess both the superficial and deep capillary plexuses-a key methodo-
logical advancement-allowing for a more sensitive detection of subclinical alterations. Elucidating this relationship in
NPDR is of significant clinical relevance, as serum vitamin D represents a readily measurable, low-cost biomarker. If
proven to be a modifiable risk factor, it could open avenues for simple and cost-effective screening strategies and
potential therapeutic interventions to prevent or delay the onset of DR. Therefore, this study aimed to examine the
correlation between vitamin D levels and early retinal microvascular alterations, utilizing OCTA in patients both without
diabetic retinopathy and with non-proliferative diabetic retinopathy.

Materials and Methods
Study Subjects

This retrospective observational study involved 150 type 2 diabetes patients recruited from December 2023 to April 2024
at Qilu Hospital of Shandong University. All participants were of Han Chinese ethnicity and were recruited from the
Shandong Province region of China. Eligible participants were those aged 18 years or older, diagnosed with type 2
diabetes according to WHO criteria. Exclusion criteria included: (1) presence of proliferative diabetic retinopathy; (2)
a history of vitreous hemorrhage, retinal detachment, intraocular surgery (excluding cataract surgery), or ocular trauma;
(3) previous treatment with anti-VEGF drugs or laser therapy; (4) other significant ocular conditions like glaucoma,
vitreous diseases, amblyopia, or abnormalities in the optic nerve or cup/disc ratio; (5) severe systemic conditions other
than diabetes mellitus like uncontrolled hypertension, malignant tumors, nephritis, or cerebrovascular disorders; (6)
history of systemic surgery, thrombolysis therapy, or renal dialysis. The study was approved by the Ethics Committee of
the Qilu Hospital of Shandong University (Approval No. KYLL-202311-026). Informed consent was obtained from all
participants, and all methods were performed in accordance with the Declaration of Helsinki.

Clinical Assessment

All participants underwent a comprehensive evaluation that included a review of their medical history, a physical
examination, routine biochemical tests., dilated color fundus photography, and extraction of study variables. These
study variables encompassed various aspects, including demographics (age, sex), physical characteristics [body mass
index (BMI), mean arterial pressure (MBP)], lifestyle factors (tobacco smoking, alcohol consumption), and serum
markers (HbAlc, potassium, magnesium, creatinine, albumin, total calcium, and 25-OH-vitamin D3). The data for
these variables were collected from the patient’s medical records, focusing on values obtained within the three months
before their enrollment in the study (closest to the enrollment date). Serum levels of 25-OH-vitamin D3 and parathyroid
hormone (PTH) were measured using enzyme-linked immunosorbent assay (ELISA). The reference ranges were 30—100
ng/mL for vitamin D and 15-65 pg/mL for PTH.
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Based on the Endocrine Society guidelines, 25-OH-vitamin D3 levels were classified as follows: below 20 ng/mL
indicated deficiency, 20 to 30 ng/mL suggested insufficiency, and 30 ng/mL or higher (> 75 nmol/L) was considered

sufficient.??!

Ophthalmic Assessment

For each eligible eye, two digital color fundus photographs were obtained and analyzed by seasoned physicians to reduce
bias. The presence of DR was determined based on the defined characteristic lesions outlined by the Early Treatment
Diabetic Retinopathy Study. Using a non-mydriatic Canon CR-2 camera, single-field 45° images centered on the macula
were captured without dilating the pupils for all participants. The criteria for diagnosing DR required detecting at least
one definitive microaneurysm and one retinal hemorrhage. DR severity was classified as either non-proliferative (NPDR)
or proliferative (PDR).

The study employed a 6x6 mm macular angiogram using an SS OCT-A (BM-400K BMizar, TowardPi Medical
Technology, Beijing, China) device. This device featured a swept-source vertical-cavity surface-emitting laser (VCSEL)
operating at a wavelength of 1,060 nm and a scanning speed of 400,000 A-scans per second, providing a transverse
resolution of 10 pm and an axial optical resolution of 3.8 pm. Each eye underwent scanning over a 6x6 mm area centered
on the fovea. Vessel density (VD) was quantified as the ratio of pixels showing positive signal to total pixels within
a defined area. The segmentation of retinal layers included the identification of the superficial vascular complex (SVC)
spanning from the internal limiting membrane (ILM) to 10 pm above the inner plexiform layer (IPL), and the deep
vascular complex (DVC) spanning from 10 um above the IPL to 10 um below the outer plexiform layer (OPL).
Evaluation of the foveal avascular zone (FAZ) encompassed the region between the ILM and the OPL within the macular
area, expressed in mm®. Specifically, the parafoveal region was defined as a 2.0 mm wide annulus extending outward
from the 1.0 mm circle centered on the fovea, while the perifoveal region was characterized as a 3.0 mm wide annulus
extending outward from the parafoveal area. Furthermore, the macular region, a 6x6 mm square centered on the fovea,
was also analyzed, Figure 1. OCTA image quality was assessed based on signal strength, clarity, and the absence of
significant artifacts. Images with a signal strength index (SSI) below 7, significant motion artifacts, poor centration, or
segmentation errors were excluded from the analysis. For each participant, the right eye was preferentially analyzed. If
the right eye image did not meet the quality standards, the left eye was used provided it satisfied all QC criteria. Based on
these criteria, a total of 15 eyes from the initially recruited pool were excluded from the final analysis.

P e TRt

Figure | Quantitative measurement using OCTA in a healthy eye. (a) The OCTA images of the superficial vascular plexus (from ILM to 10 um above IPL). Fovea: the region
inside the yellow ring; parafovea: the region (ring diameter = 2 mm) between the yellow ring and red ring; perifovea: the region (ring diameter = 3 mm) between the red
circle and blue circle. (b) The OCTA images of the deep vascular plexus (from 10 um above IPL to 10 pm below OPL). (c) The area of the inner yellow circle is the FAZ area.
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Statistical Analysis

Statistical analyses were performed utilizing SPSS software (version 23; SPSS, Chicago, IL). Normality of data
distribution was assessed using the Shapiro—Wilk test. Data were categorized based on their distribution: non-
parametric variables were expressed as medians and interquartile ranges, while parametric variables were reported as
means and standard deviations (SD). Differences between groups for normally distributed variables were assessed
utilizing an independent-sample #-test, whereas the Mann—Whitney U-test was utilized for non-parametric variables.
Differences in frequencies were analyzed utilizing the y* test or Fisher’s exact test, as appropriate. The relationships
between clinical parameters and OCTA measurements were examined utilizing Spearman’s rank correlation test.
Bonferroni correction was applied to correct P-values for multiple comparisons. Additionally, multiple linear regression
was employed to explore the associations between indicators (independent variables) and OCTA measurements (depen-
dent variables). Generally, only the right eye of each participant was analyzed; however, if OCTA images of the right eye
were of poor quality, the left eye was examined instead. The significance level was set at P < 0.05.

Results

Baseline Characteristics of the Study Population
Our study enrolled 150 participants prospectively. The median age was 59 years, with an interquartile range from 50 to
65 years, and 36.7% (55 participants) were men. Participants had been diagnosed with type 2 diabetes for a median
duration of 10 years, with an interquartile range of 5 to 18 years. Notably, 49.3% of the participants (74 individuals)
exhibited vitamin D deficiency.

Table 1 presents the demographic and clinical characteristics of all patients, categorized by their vitamin D status.
A comparison of patients with and without vitamin D deficiency revealed no significant differences in age, sex, duration
of diabetes, HbA lc, MBP, FBG, HOMA-IR, Cr, TG, TC, and PTH. Patients with vitamin D deficiency displayed reduced
vessel density in the SVC and DVC compared to those without vitamin D deficiency (all P < 0.005). However, the FAZ

area and GCC thickness were comparable between these two groups.

Table | Clinical Parameters in Different Study Groups

Patients without Vitamin D Patients with Vitamin D P value

Deficiency (n = 76) Deficiency (n = 74)
Male gender (%) 30.3 (23-76) 39.2 (29-74) 0.164
Age (y) 60 (51-66) 56 (48-63) 0.158
Smoking (%) 40.8 (31-76) 311 (23-74) 0.143
Alcohol drinking (%) 46.1 (35-76) 37.8 (28-74) 0.197
DM duration (y) 10 (6-20) 10 (4-16) 0.252
BMI (kg*/m) 24.9 (23.0-28.1) 24.5 (23.0-27.2) 0.520
MBP (mmHg) 95.8 (88.5-104.7) 94 (87.5-100) 0.310
HbAlc (%) 8.3 (7.3-9.6) 8.7 (74-10.3) 0.340
FBG (mmol/L) 6.76 (5.58-8.57) 6.98 (5.81-8.09) 0.506
Insulin (mIU/mL) 10.4 (6.6-15.6) 9.388 (7.394-18.9) 0.539
HOMA-IR 3.28 (1.74-4.74) 3.78 (2.13-5.99) 0.199
C-peptide (pmol/L) 1.58 (1.02-2.57) 1.57 (1.05-2.15) 0.540

(Continued)
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Table | (Continued).

Patients without Vitamin D Patients with Vitamin D P value
Deficiency (n = 76) Deficiency (n = 74)

TG (mmol/L) 1.37 (1.09-1.85) 1.58 (1.16-2.31) 0.170
TC (mmol/L) 4.17 (3.644.93) 4.37 (3.76-5.27) 0.476
LDL-C (mmol/L) 2.60 (2.03-3.22) 2.6 (1.89-3.29) 0.738
HDL-C (mmol/L) 1.10 (0.94-1.24) 1.06 (0.92—1.24) 0.337
Cr (umol/L) 64 (59-76) 63 (50-71) 0.117
Ca (mmol/L) 2.29 (2.23-2.35) 2.28 (2.19-2.33) 0.240
VIT-D (ng/mL) 25.4 (22.3-284) 15.8 (14.3-17.8) 0.001
PTH (pg/mL) 33.5 (26.0-42.9) 37.8 (27.8-49.3) 0.099
VD of SVC

Macula 6x6 mm (%) 33.8 (30.3-36.4) 31.9 (28.9-35.3) 0.016
Parafovea (%) 33.1 (28.6-36.5) 31.2 (25.9-34.8) 0.027
Perifovea (%) 38.5 (36.3-40.2) 37.1 (34.3-39.8) 0.025
VD of DVC

Macula 6x6 mm (%) 33.2 (29.8-35.9) 31.3 (27.3-34.8) 0.037
Parafovea (%) 34.1 (31.2-38.6) 33.3 (27.8-38.0) 0.070
Perifovea (%) 37.1 (33.6-39.2) 34.5 (31.2-37.8) 0.017
FAZ area (mm?) 0.30 (0.22-0.42) 0.31 (0.24-0.46) 0.273
GCC thickness (um) 113 (106-120) 118 (110-121) 0.108

Abbreviations: DM, diabetes mellitus; BMI, body mass index; MBP, mean blood pressure; Cr, creatinine; FBG, fasting blood glucose; TG,
triglyceride; TC, cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, High-density lipoprotein cholesterol; VIT-D, 25-OH-
vitamin D3; DVC, deep vascular complex; GCC, ganglion cell complex; OCTA, optical coherence tomography angio; SVC, superficial
capillary plexus; VD, vessel density.

Association of Clinical Data and OCTA Parameters

Table 2 displays the Spearman correlation coefficients between OCTA parameters and clinical data. Vitamin D exhibited
positive associations with VD of SVC and DVC while displaying negative correlations with FAZ area (all P < 0.05). PTH
levels were negatively correlated with the VD of the DVC (P < 0.05) and positively associated with the FAZ area.
HOMA-IR showed a positive correlation with the macula 6x6 mm area of the DVC (r = 0.190, P = 0.022). HbA1C was
positively associated with perifovea (r = 0.169, P = 0.045).

Multiple Linear Regression Analysis of OCTA Parameters

The multiple linear regression analyses indicated a correlation between higher Vitamin D levels and increased vessel
density within the SVC and DVC across the macula’s 6x6 mm parafoveal and perifoveal areas (all P < 0.05, Table 3).
Furthermore, a negative association was observed between Vitamin D levels and FAZ area (B = —0.005, P = 0.017,
Table 3). However, no significant association was found between Vitamin D levels and GCC thickness. The multiple
linear regression analyses also demonstrated an association between PTH levels and FAZ area (B = 0.002, P = 0.040,
Table 4). Conversely, no significant association was found between PTH levels and vessel density of SVC and DVC
(Table 4).
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Table 2 Spearman Correlation Coefficients Between the OCTA Parameters and Clinical Data

(um, P values)

Parameters Age DM duration | BMI MBP FBG HOMA-IR HbAIC TG Scr Vitamin D PTH

VD of SVC

Macula 6x6 mm | (0.106, 0.20) (0.028, 0.733) (-0.043, 0.599) | (0.006, 0.941) (0.042, 0.618) (0.039, 0.642) (0.159, 0.061) (0.051, —0.538) | (-0.013, -0.875) | (0.323, *0.001) (-0.108, 0.191)
(%, P values)

Parafovea (0.041, 0.616) (0.001, 0.986) (0.077, 0.350) (0.059, 0.470) (0.111, 0.184) (0.007, 0.937) (0.078, 0.355) (0.115, 0.165) (0.018, 0.842) (0.292, *0.001) (—0.086, 0.295)
(%, P values)

Perifovea (—0.004, 0.963) | (-0.037, 0.653) | (-0.043, 0.599) | (0.044, 0.596) (0.003, 0.969) (-0.07, 0.399) (0.17, 0.842) (0.019, 0.816) (-0.041, 0.624) (0.249, *0.002) (-0.067, 0.414)
(%, P values)

VD of DVC

Macula 6x6 mm | (0.079, 0.341) (0.071, 0.390) (0.012, 0.881) (0.093, 0.257) (0.121, 0.145) (0.190, ¥0.022) | (0.158, 0.061) (0.010, 0.906) (-0.013, 0.875) (0.303, *0.001) (—0.0224, *0.006)
(%, P values)

Parafovea (0.017, 0.833) (0.043, 0.598) (0.108, 0.187) (0.110, 0.182) (0.098, 0.239) (—0.068, 0.416) | (0.114, 0.870) (0.07, 0.393) (—0.021, 0.800) (0.284, *0.001) (—0.178, *0.030)
(%, P values)

Perifovea (0.016, 0.846) (0.03, 0.715) (-0.003, 0.969) | (0.126, 0.126) 0.112, 0.177) (0.118, 0.155) (0.169, ¥0.045) | (0.017, 0.841) (0.044, 0.594) (0.306, *0.001) (—0.207, *0.011)
(%, P values)

FAZ area (—0.002, 0.981) | (0.064, 0.439) (-0.024, 0.774) | (0.025, 0.764) (=0.003, 0.974) | (-0.008, 0.926) | (0.098, 0.249) (-0.048, 0.567) | (0.123, 0.136) (—0.164, ¥0.045) | (0.193, ¥0.018)
(mm?, P values)

GCC thickness (—0.008, 0.931) | (0.031, 0.725) (—0.680, 0.439) | (-0.006, 0.944) | (0.075, 0.397) (0.022, 0.800) (0.046, 0.616) (0.133, 0.136) (0.101, 0.256) (-0.108, 0.218) (0.129, 0.144)

Notes: Results are expressed as Spearman correlation coefficients and the original P values (in brackets). *Statistically significant after Bonferroni correction.
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Table 3 Multiple Regression Models of Vitamin D with OCTA Parameters (Dependent

Variables)

Parameters (Dependent Variables) | 95% ClI Standardised p | P value
VD of SVC

Macula 6x6 mm (%) 0.220 (0.110, 0.330) 0.336 0.001
Parafovea (%) 0.236 (0.092, 0.379) 0.281 0.001
Perifovea (%) 0.146 (0.050, 0.241) 0.262 0.003
VD of DVC

Macula 6x6 mm (%) 0.203 (0.084, 0.322) 0.283 0.001
Parafovea (%) 0.231 (0.073, 0.388) 0.248 0.004
Perifovea (%) 0.200 (0.083, 0.318) 0.285 0.001
FAZ area (mm?) —0.005 | (-0.01, —0.001) | —0.207 0.017
GCC thickness (um) —0.075 | (-0.322, 0.171) | —0.058 0.547

Notes: Adjusted for HbAlc, HOMA-IR and PTH.

Table 4 Multiple Regression Models of PTH with OCTA Parameters (Dependent Variables)

Parameters (Dependent Variables) | B 95% CI Standardised § | P value
VD of SVC

Macula 6x6 mm (%) 0.002 (-0.047, 0.05) | 0.006 0.945
Parafovea (%) 0.011 (-0.053, 0.074) | 0.029 0.741
Perifovea (%) 0.004 | (—0.038, 0.047) | 0.018 0.839
VD of DVC

Macula 6x6 mm (%) —0.028 | (—0.08, 0.025) | —0.089 0.296
Parafovea (%) —0.04 | (-0.109, 0.03) | —0.098 0.261
Perifovea (%) —0.023 | (—0.075, 0.029) | —0.88 0.381
FAZ area (mm?) 0.002 (0, 0.004) 0.181 0.040
GCC thickness (um) 0.063 (-0.042, 0.169) | 0.112 0.236

Discussion
This research explored the links between clinical data and retinal microvascular alterations as assessed by OCTA in the
early stage of diabetic retinopathy. Our analysis revealed a notable decrease in retinal vessel density associated with
vitamin D deficiency. Specifically, reduced density in the SVC and DVC correlated with lower vitamin D levels.
Moreover, we identified an inverse association between vitamin D levels and the FAZ area. Elevated PTH levels were
significantly associated with increased FAZ area within the retina. This investigation represents the initial comprehensive
analysis of the connection between retinal structure, capillary density, and vitamin D and PTH levels in individuals
diagnosed with type 2 diabetes.

Diabetic retinopathy represents a significant microvascular complication of type 2 diabetes with potentially severe
consequences, including proliferative retinopathy and vision loss. Timely screening is crucial for early detection to
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prevent the progression to advanced stages of the disease. OCTA emerges as a promising non-invasive technology that
offers a reproducible and quantitative assessment of the microcirculation within different layers of the retina.?> >
Numerous clinical studies have demonstrated the utility of OCTA in identifying diabetic retinopathy at earlier stages
than traditional clinical examination methods. Patients with diabetes, even in the absence of apparent retinopathy signs,
have been found to exhibit lower retinal VD on OCTA compared to non-diabetic individuals.*** Multiple studies have
indicated significant associations between diabetic retinopathy progression and specific OCTA metrics, including an
enlarged FAZ area, reduced FAZ circularity and decreased VD in the SVC and DVC.**?” The findings presented are
primarily derived from cross-sectional studies. Sun et al investigated the utility of OCTA in predicting the progression of
DR. The results demonstrated that the metrics for VD and FD at the DVC were correlated with the risks of DR
progression. In contrast, metrics at the SVC did not show the same associations. These results highlight the significance
of OCTA in identifying early macular microvascular changes in diabetic retinopathy.

Vitamin D has been suggested to play a crucial role in ocular health through its impact on various physiological
processes. The presence of the VDR in the retina and human retinal endothelial cells underscores its potential influence on
ocular function.”® Research has demonstrated that vitamin D can modulate peripheral and microvessel circulation by
regulating the renin-angiotensin system and enhancing endothelial cell-mediated vasodilatation.”” The protective role of
vitamin D in retinal microvascular health may be mediated through multiple pathways. First, vitamin D exerts anti-
inflammatory effects by suppressing pro-inflammatory cytokines and inhibiting nuclear factor kappa-B (NF-«xB) signaling.
Second, it enhances endothelial function by promoting nitric oxide synthesis and reducing oxidative stress. Third, vitamin
D modulates the renin-angiotensin system, thereby mitigating angiotensin II-induced vasoconstriction and endothelial
dysfunction. Additionally, the presence of vitamin D receptors in retinal endothelial cells supports a direct role in
maintaining vascular integrity. These mechanisms collectively suggest that vitamin D deficiency may exacerbate micro-
vascular damage in diabetes, highlighting its potential as a modifiable risk factor in early DR. Evidence indicated that
vitamin D may lower the risk of developing open-angle glaucoma by enhancing ocular blood flow, a process intricately
linked to endothelial function and the renin-angiotensin system.*° Recent research has highlighted a strong link between
vitamin D deficiency and an increased risk of proliferative diabetic retinopathy, but such an association did not exist for
nonproliferative diabetic retinopathy.”'® This study investigated the association between vitamin D levels and retinal
microvascular alterations, as assessed by OCTA, in diabetic patients with non-proliferative diabetic retinopathy. It should
be noted that our findings of a significant association contrast with some previous reports that have found no clear link
between vitamin D and diabetic retinopathy. Such discrepancies could stem from methodological differences, including
variations in OCTA acquisition settings, segmentation techniques, or the assays used to measure vitamin D levels.

This discrepancy may be attributed to sensitivity of the assessment tool. Previous studies relied on clinical grading of
DR based on fundus photography, which detects relatively late-stage structural lesions. In contrast, our use of OCTA allows
for the quantification of subtle, preclinical microvascular changes in the capillary networks that are not visible on
fundoscopy. Our findings revealed that diabetic patients with vitamin D deficiency exhibited decreased vessel density in
SVC and DVC compared to those without a deficiency in vitamin D. We also found that lower vessel density in the SVC and
DVC was linked to reduced levels of vitamin D in diabetic eyes. Furthermore, we observed a negative correlation between
vitamin D levels and the area of the FAZ. These findings suggest that vitamin D deficiency could be a potential biomarker
for the early detection of diabetic retinopathy. This study extends current knowledge by demonstrating, through high-
resolution OCTA, that vitamin D deficiency is associated with reduced vessel density in both the superficial and deep retinal
vascular plexuses in NPDR patients. This layer-specific analysis suggests that vitamin D may exert a generalized protective
effect on the retinal microvasculature, detectable even before advanced retinopathic changes occur.

Parathyroid hormone is a systemic hormone crucial for regulating calcium, phosphate, and vitamin D levels, thereby
playing a significant role in mineral metabolism and bone turnover. The wide-ranging effects of parathyroid hormone are
mediated through the PTHIR, which is broadly distributed throughout the body, exhibiting higher expression levels in
the bone and kidney.*'*? Interestingly, PTHIR has also been identified in the myocardium and vasculature, indicating
potential links to cardiovascular diseases. Research has shown that even normal-range elevated PTH levels are associated
with an increased cardiovascular risk, independent of other risk factors.*>** Gambardella showed that PTH could induce
mitochondrial reactive oxygen species (ROS) production and increase intracellular calcium (Ca?") accumulation in
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endothelial cells, leading to oxidative stress and severe cellular injury. This endothelial damage could compromise
capillary integrity and promote apoptosis, potentially contributing to capillary dropout and FAZ enlargement in the

retina.>!

Consistent with previous findings, our research revealed significant correlations between PTH levels and the
area of the FAZ. However, our analysis revealed no significant correlations between PTH levels and VD in the SVC
and DVC.

No significant correlations were observed between diabetes-related factors, such as duration of diabetes and recent
HbAlc levels, and the OCTA parameters examined in the study. This finding is unexpected, as these variables are
commonly linked to the risk and advancement of diabetic retinopathy in previous literature. However, this outcome may
be due to the pre-clinical nature of the patient population in our study. In our investigation, these variables may exhibit
a slight connection with microvascular changes that can be discerned through advanced imaging modalities like OCTA.

The observed correlation between vitamin D deficiency and early microvascular impairment, measured via OCTA,
indicates that serum vitamin D levels may serve as a useful biomarker for stratifying T2DM patients according to their
risk of developing diabetic retinopathy. While our findings do not support a causal relationship, they highlight the need to
explore the potential of vitamin D supplementation in slowing DR progression. Existing mechanistic studies offer
plausible pathways: vitamin D has been shown to suppress retinal neovascularization in experimental models, attenuate
the transcriptional activity of hypoxia-inducible factor-1 (HIF-1), and downregulate matrix metalloproteinase (MMP)
expression—all key processes implicated in DR pathogenesis.>> These collective insights strengthen the justification for
a rigorously designed, randomized, placebo-controlled clinical trial to evaluate whether vitamin D supplementation can
mitigate the initiation or advancement of diabetic retinopathy.

It should be noted that our findings of a significant association contrast with some previous reports that have found no
clear link between vitamin D and diabetic retinopathy. Such discrepancies could stem from methodological differences,
including variations in OCTA acquisition settings, segmentation techniques, or the assays used to measure vitamin D levels.

The current study has several limitations. Firstly, its retrospective nature precludes the ability to establish causality.
Secondly, all participants were hospitalized in a specific geographical area, thereby limiting the extrapolation of the
findings to more diverse populations. Thirdly, the sample size, while adequate for initial correlation analyses, may be
underpowered to detect subtle relationships, especially in subgroup comparisons (eg, between different stages of NPDR).
The lack of a pre-specified sample size calculation is a limitation. Future longitudinal studies with larger, prospectively
recruited cohorts are needed to confirm and extend our findings. Lastly, a small field of view (6 mm x 6 mm) in OCT
angiography may not fully represent the entire retinal circulation.

Conclusion

In conclusion, our study revealed a link between vitamin D deficiency and reduced retinal microvascular parameters
assessed through OCTA in the early stage of diabetic retinopathy. These findings emphasize the importance of promoting
regular ophthalmic screenings for vitamin D-deficient individuals.
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