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Patients with Type 1 Diabetes (T1DM) have a higher risk of cardiovascular disease. This study used 
carotid ultrasound to identify subclinical carotid plaques and Optical Coherence Tomography (OCT) to 
evaluate ophthalmological markers as predictors of carotid plaque presence in 242 adults with T1DM, 
employing machine learning models for early risk assessment. Individuals with carotid plaques (N = 67) 
did not show significant differences in retinal nerve fiber layer (RNFL) and ganglion cell layer (GCL) 
and inner plexiform layer (IPL) complex compared to those without (N = 175). However, subfoveal 
and temporal choroidal area thickness significantly decreased in individuals with plaques (P ≤ 0.01). 
Machine learning identified age, hypertension, dyslipidemia, smoking, and diabetic retinopathy as 
key predictors for plaque presence, while ophthalmological measures made a modest contribution. 
Choroidal thickness exhibited an inverse relationship with plaque risk. Despite robust accuracy and 
high specificity (82–85% and 92–98%, respectively), the models were overly conservative in predicting 
positive instances (balanced accuracy of 0.60 for the left eye and 0.71 for the right eye). If further 
validated, choroidal thickness could complement traditional risk factors as an early marker of CV risk in 
T1DM patients. Integrating this measure in specialized clinical settings could help identify individuals 
who may need additional cardiovascular assessments.
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Diabetes mellitus (DM) stands as a prominent risk factor for cardiovascular disease (CVD), implicated in 
accelerating the progression of the atherosclerotic process1. The risk of CVD in T1DM patients is approximately 
10 times higher than in the general population, accounting for 44% of disease-related deaths2. Moreover, 
premature atherosclerosis is a leading cause of death in T1DM adults, particularly those with microvascular 
complications3.

Atherosclerosis progresses from an early, unnoticed phase, known as subclinical or asymptomatic 
atherosclerosis (SCA), to overt clinical CVD4. Early detection of SCA is crucial as it helps predict future CV 
events and offers opportunities for intervention to prevent disease progression5,6.

Screening methods to assess SCA manifestations include imaging surrogate markers, notably carotid 
ultrasound (US). This non-invasive method can detect increased arterial wall thickness (carotid intima-
media thickness, cIMT) or the presence of carotid plaques7,8. There is strong evidence that patients with DM 
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have an increased cIMT and a greater burden of plaques9,10. Arterial wall thickening is not only observed in 
T1DM patients with microvascular complications such as retinopathy and nephropathy but also in those with 
uncomplicated disease, individuals with a short disease duration, and adults recently diagnosed with T1DM11.

Underlying carotid artery disease (CAD) often impacts retinal health, a connection underscored by the 
retina’s extensive vascularity, which is essential as it is the tissue with the highest metabolic demands in the 
body12,13. The eye’s blood supply relies on a complex network of arteries originating from the retinal and 
choroidal vasculature, both derived from the ophthalmic artery, the primary branch of the ipsilateral internal 
carotid artery (ICA)14. Consequently, changes in blood flow parameters within the ICA can lead to retinal 
emboli stemming from atherosclerotic plaques or retinal and choroidal hypoperfusion due to ICA stenosis12. 
At the clinical level, this may translate into severe ophthalmological complications that range from transient 
monocular visual loss (amaurosis fugax) to complete blindness due to central retinal artery occlusion or anterior 
ischemic optic neuropathy caused by hypoperfusion of the optic nerve head12.

Optical coherence tomography (OCT) is a valuable non-invasive imaging technique that provides detailed, 
cross-sectional morphological imaging of the retina, vitreous, choroid, and optic nerve alternative or complement 
to traditional fluorescein angiography15. Studies based on OCT scans have shown that the presence of CAD and 
ICA stenosis decreases choroid thickness, suggesting that individuals with abnormally thin subfoveal choroidal 
thickness, even in the absence of ocular disease, may benefit from carotid artery screening for asymptomatic 
carotid artery stenosis16. Similarly, OCT studies in T1DM patients indicate that thinning of the RNFL may occur 
even in the absence of overt microvascular vascular changes such as diabetic retinopathy (DR)17–27, though 
findings on choroidal thickness remain inconclusive25–32. Interestingly, retinal microvascular changes may also 
reflect early macrovascular damage, as evidenced by a study linking increased cIMT with wider retinal arteriolar 
and venular calibers in T1DM patients without DR33. This connection between subclinical atherosclerosis and 
retinal changes highlights the potential of OCT in early cardiovascular risk detection. However, to the best of 
our knowledge, there has been a lack of subsequent research or independent verification to validate these results.

In this scenario, we hypothesized that OCT-derived parameters differ in relation to the presence of subclinical 
atherosclerosis in patients with T1DM, reflecting both macrovascular changes, such as carotid plaque burden, 
and microvascular changes, such as those associated with DR. Moreover, we anticipated that these parameters 
could improve the predictive potential for detecting the presence of carotid plaque in these patients. To address 
this hypothesis, we compared retinal and choroid thickness obtained from OCT scans in adult subjects with 
T1DM with and without subclinical atherosclerosis, determined by the presence of carotid plaque through US 
examination. Moreover, we used machine learning models to identify hidden patterns and complex non-linear 
interactions between ophthalmological metrics and established demographic and blood markers that could 
enhance the predictive capability for detecting the presence of carotid plaque.

Methods
Study design and participants
This was a post-hoc analysis of a previous study designed to assess the association of subclinical carotid 
atherosclerosis and diabetic retinopathy in subjects with T1DM25,34. In the original study, 340 adults diagnosed 
with T1DM were recruited from two university hospitals within the same public health organization in the 
Catalonia region of Spain. Inclusion criteria comprised a diabetes duration exceeding one year, normal 
renal function (defined as estimated glomerular filtration rate [eGFR] > 60 mL/min/1.73 m2), urine albumin 
excretion rate < 300 mg/g, and an absence of established CVD (including ischemic heart disease, cerebrovascular 
disease, peripheral arterial disease, and heart failure) or diabetic foot disease. Exclusion criteria included 
specific ophthalmological conditions: media opacities that hindered a complete eye examination (cataract, 
corneal opacity, or hemovitreous); refractive error ≥ 5 diopters; concomitant retinal diseases such as choroidal 
neovascularization, macular geographic atrophy, and retinal vein obstruction; eye inflammation; glaucoma; eye 
surgery within the year preceding the exam; and laser photocoagulation in the six months before the examination 
or panphotocoagulation-treated proliferative diabetic retinopathy. Additionally, no patient included in the study 
had diabetic macular oedema (DME), a condition common in diabetic retinopathy that could affect retinal 
thickness measurements.

The Local Ethics Committee of both (EC) participating centers approved the original study protocol, and all 
the participants signed informed consent forms. As the proposed subanalysis did not deviate from the study’s 
objectives, there was no need to resubmit the project as an amendment to the EC. All methods were carried out 
in accordance with relevant guidelines and regulations, and the study was conducted in accordance with the 
Declaration of Helsinki.

Clinical and demographic variables
Demographic and clinical information for each participant included age, sex, weight, smoking habits, height, 
body mass index (BMI), and waist circumference. Hypertension and dyslipidemia were defined as a recorded 
clinical diagnosis, corroborated by documentation of current antihypertensive and lipid-lowering medication 
use in the patient’s clinical records. The subjects’ blood pressure (mean of 2 measurements, 5 min apart) was 
measured after 10 min in the seated position using a blood pressure monitor (HEM-7001E, Omron, Barcelona, 
Spain). Biochemical variables derived from fasting serum samples consisted of the lipid profile, including total 
cholesterol, low-density lipoprotein cholesterol (LDL-c) estimated using the Friedewald formula, high-density 
lipoprotein cholesterol (HDL-c), and triglycerides, serum creatinine, and eGFR calculated according to Chronic 
Kidney Disease Epidemiology Collaboration equation35. Additionally, the hemoglobin A1c (HbA1c) levels 
were determined by high-performance liquid chromatography (HPLC). The urine albumin-to-creatinine ratio 
(UACR) was determined by analyzing urine samples to quantify creatinine and urine albumin, measured using 
an immunoturbidimetric method.
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Ophthalmological examination
All participants underwent a complete eye examination conducted by an experienced ophthalmologist (M.C). 
According to the Early Treatment Diabetic Retinopathy Study (ETDRS)36, diabetic retinopathy (DR) was 
reclassified into five stages: (1) no apparent retinopathy, (2) mild non-proliferative retinopathy (NPDR), (3) 
moderate NPDR, (4) severe NPDR, and (5) proliferative RD.

The methodology for OCT has been previously detailed in a publication25. Briefly, spectral-domain OCT 
(SD-OCT) was used to visualize and quantify the thickness of different layers of the retina, namely the RNFL 
and the ganglion cell layer/ inner plexiform layer (GCL/IPL) complex. RNFL thickness was assessed following 
the Optic Disc Cube 200 × 200 protocol, with automatic quadrant-wise data calculation (temporal, superior, 
nasal, and inferior sectors). The GCL and minimum GCL thickness were measured using the Macula Cube 
512 × 128 protocol centered around the fovea. Enhanced-depth imaging OCT (EDI-OCT) was used to precisely 
measure choroidal thickness employing a high-definition 5-line Raster scan pattern. Manual measurements 
were performed with a caliper in three positions (subfoveal, nasal, and temporal to the fovea) at a distance 
of 2000 μm. Choroidal thickness was computed as the vertical distance between the first hyperreflective line 
(Bruch’s membrane) and the second hyperreflective line (the internal surface of the sclera)37.

Carotid vascular ultrasound scanning
A dedicated researcher conducted the carotid US examination at each participating centre. The comprehensive 
methodology for the US imaging technique has been previously documented34,38. In brief, the intima-media-
adventitial thickness (IMT) was evaluated according to a standardized protocol, defined as the distance between 
the lumen-intima and media-adventitial ultrasound interfaces (intima-media complex). The measurements 
were performed using semi-automated software to ensure consistency and accuracy. The mean IMT and mean-
maximum IMT were computed for both the right and left-side carotid artery across three segments: common 
carotid, carotid bulb, and internal carotid. Atherosclerotic plaques within the same regions were identified 
through B-mode and color Doppler examinations in both longitudinal and transverse views. Plaques were 
defined as a “focal structure invading the arterial lumen, encompassing at least 0.5 mm or 50% of the surrounding 
cIMT value, or demonstrating a thickness of 1.5 mm, measured from the interference of the media-adventitia 
to the leading edge of the intima-lumen.” This definition aligns with the criteria outlined in the Mannheim 
consensus39.

Statistical analysis
Descriptive statistics were computed for quantitative variables with normal or non-normal distributions, 
expressed as mean (standard deviation) or median (interquartile range). Qualitative variables were presented in 
terms of absolute and relative frequencies. The normal distribution was assessed using the Shapiro-Wilk’s test. 
Group differences were examined using Student’s t-test, analysis of variance (ANOVA), Mann-Whitney’s, and 
Kruskal-Wallis’ tests for quantitative variables based on their distribution. For qualitative variables, differences 
were assessed using the appropriate Chi-square test or Fisher’s exact test.

Machine learning
Given the dependence of retinal and choroidal irrigation on the ipsilateral carotid, we conducted separate 
machine learning models for each carotid with its ipsilateral eye. The outcome variable was the presence of carotid 
plaque in any of the carotid artery segments, and the predicting variables included all features encompassing 
demographic and clinical data and OCT-derived retinal and choroidal measures. All missing values in each of 
the two datasets (left and right side) were imputed using the Multiple Imputation by Chained Equations (MICE) 
missing data imputation method40.

We employed three distinct classifiers: Random Forest, Gradient Boosting, and a logistic model regularized 
via elastic net to prevent overfitting. Model parameters were fine-tuned using 5-fold cross-validation over 100 
combinations of hyperparameters. For model development, our dataset was randomly divided into a training set 
(80% of patients) for constructing models and a test set (20%) for evaluating model performance. To assess the 
impact of predictive variables, we determined their relative importance through out-of-bag accuracy before and 
after variable permutation for the best model between Random Forests and boosted models. These two models 
were chosen for their accuracy in handling complex scenarios41. Additionally, we performed regularized logistic 
regressions to ascertain whether each variable exerted a protective or harmful effect on the presence of carotid 
plaque. The direction of the effect was evaluated based on the sign of the coefficient.

To assess the predictive capabilities of the models, we constructed confusion matrices to derive basic 
metrics, including sensitivity, specificity (or recall), positive predictive value (PPV or precision), and negative 
predictive value (NPV). As summary metrics, we computed the accuracy, the area under the receiver-operating 
characteristic curve (AUROC), and the area under the precision-recall curve (AUPR or average precision). Note 
that ROC curves might not be optimal for assessing performance in datasets with significant class imbalance and 
AUPR is a preferred metric for unbalanced data. This preference arises because AUPR focuses specifically on the 
positive class, a critical consideration when this class constitutes a relatively small fraction of the population42,43. 
To address this limitation, we also computed the balanced accuracy (calculated as the average of sensitivity and 
specificity), which is a performance metric that accounts for uneven class distributions42,43.

All data processing and statistical analyses were performed with the R statistical computing software (version 
4.1.0). A two-sided p-value < 0.05 was considered statistically significant in all analyses.
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Results
Baseline characteristics
Out of the initial sample of 340 subjects with T1DM, 98 individuals were excluded from the study due to the 
unavailability of OCT image data or ophthalmologic exclusion criteria (Supplementary Fig. S1 online). Of the 
resulting cohort of 242 patients, 92 (38%) presented with subclinical atherosclerotic plaques. Specifically, 67 
(72.8%) of subjects presented with carotid plaques, located in either the common, bulb, or internal segments 
of the carotid artery, whereas 72 subjects (79.1%) showed femoral plaques (Supplementary Fig. S1 online). 
Additionally, half of the patients had both femoral and carotid plaques concurrently.

Half of the patients with carotid plaques exhibited multiple plaques, with a median count of 2 (interquartile 
range, 1.0–2.0) (Table 1). Patients showing carotid plaques were older than those without plaques (mean age 51 
vs. 41 years; P < 0.001), had a longer T1DM duration (21 vs. 18 years; P = 0.011), and slightly higher BMI (median 
25.9 vs. 24.7 kg/m2; P = 0.021) (Table 1). However, no significant differences were observed between the groups 
regarding sex or glycemic control. In terms of comorbidities, individuals with plaques had a higher prevalence 
of hypertension (55.2% vs. 12.0%; P < 0.001), current or former smoking habits (P = 0.009), dyslipidemia (71.6 
vs. 26.9%; P < 0.001), worse renal function (eGFR and UACR, P < 0.001 and P = 0.018, respectively), and a higher 
frequency of DR (59.7% vs. 36%; p < 0.001), with most patients in both groups classified as having mild NPDR.

Association between OCT ophthalmological measures and carotid plaque
In the comparative analysis of ophthalmological variables derived from SD-OCT scans (Supplementary Table S1 
and Fig. 1), no notable differences emerged in the median thickness of peripapillary RNFL and macular GCL-IPL 
areas between individuals with and without carotid plaques, considering the laterality of eyes. In contrast, EDI-
OCT scans showed a significant decrease in the median subfoveal and temporal choroidal area thickness among 
individuals with carotid plaques for both eyes (all P ≤ 0.01) (Supplementary Table S1 and Fig. 2). Furthermore, 
while a significant reduction in nasal choroidal thickness was observed exclusively in the left eye (P < 0.01), there 
was also a notable trend toward lower nasal choroidal thickness in patients with carotid plaques, although this 
difference did not reach statistical significance (Fig. 2).

Contribution of OCT ophthalmological measures to carotid plaque prediction using machine 
learning-based models
In our machine learning models, including both the demographic, clinical, and ophthalmological features, 
age, hypertension, and dyslipidemia were the variables with the most significant weight for making accurate 
predictions (highest variable importance scores) for the presence of carotid plaque for both eyes (Fig. 3a and 
b). Ophthalmological measures made a relatively modest contribution to the model; however, all choroidal 
thickness parameters were consistently ranked among the top 11 variables for both eyes, accounting for 8-10% of 
the variable importance for the left eye and up to ≥ 25% for the right eye. Furthermore, temporal RFNL emerged 
prominently among the top 10 variables for the right eye.

The results of the regularized regression analyses showed that age, hypertension, dyslipidemia, smoking 
habit, and the presence of DR were the most important predictors, collectively pointing to an increased risk of 
developing carotid plaque, whether on the right or left side (Fig. 3c and d). In contrast, most of the coefficients 
associated with OCT quantitative measures tended to converge near zero, indicating a marginal impact on the 
overall risk of carotid plaque. However, a distinctive pattern emerged for all choroidal thickness measures: nasal, 
temporal, and subfoveal. After accounting for other variables, their effect sizes ranged from small to moderate, 
showing an inverse relationship with the risk of carotid plaque, with reduced thickness in these areas associated 
with an elevated risk, a trend observed for both the right and left sides.

Models’ performance
The confusion matrix of the classifiers and the prediction plots for each side are shown in Fig. 4. The AUROC 
values for carotid plaque prediction were robust, measuring 0.82 (95% CI = 0.77–0.87) for the left side and 0.85 
(95% CI = 0.76–0.94) for the right side, suggesting excellent discriminatory power. However, it’s essential to note 
that our dataset exhibited an imbalance, with a notable overrepresentation of negative cases (no carotid plaque). 
Balanced accuracy, a metric tailored for such scenarios, indicated reasonable effectiveness, with scores of 0.71 
for the left eye and 0.60 for the right eye. However, when using the average precision (AUPR), a key metric for 
imbalanced datasets, the values were comparatively low (0.51 for the left eye and 0.43 for the right eye). Upon 
closer inspection of the confusion matrices and prediction plots (Fig. 4), it became evident that the algorithms 
exhibited limitations in identifying positive samples, marked by low sensitivity. Specifically, the models achieved 
63% and 75% accuracy in correctly identifying positive instances (PPV) for the left and right eye, respectively. 
In contrast, the models’ performance in correctly identifying true negatives (NPV) was robust, exceeding 85% 
on each side.

Discussion
The present study investigated how OCT measures showing predictive potential for subclinical atherosclerosis 
may extend their applicability to T1DM patients. The results showed that almost all choroidal measures were 
significantly reduced in patients with carotid plaques in the subclinical stage compared to those without plaques. 
The machine learning models based on traditional risk factors and OCT-derived ophthalmological measures 
identified age, hypertension, dyslipidemia, smoking, and DR as the most significant independent predictors of 
ipsilateral carotid plaque. While ophthalmological measures collectively made a relatively modest contribution 
to the models, reduced choroidal thickness was identified as a predictor of carotid plaque. The models 
exhibited robust discriminatory power but faced challenges in accurately identifying positive instances within 
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No carotid plaque
N = 175

Carotid Plaque
N = 67 P-value

Age, years, median [P25-P75] 41.0 [36.0;47.0] 51.0 [47.0;59.5] < 0.001

Sex, male, n (%) 80 (45.7%) 34 (50.7%) 0.577

HbA1c, %, median [P25-P75] 7.40 [6.95;8.00] 7.60 [7.00;8.20] 0.205

Diabetes duration, years, median [P25-P75] 18.0 [13.0;26.0] 21.0 [15.0;32.0] 0.011

BMI, kg/m2, median [P25-P75] 24.7 [22.1;27.4] 25.9 [23.5;28.2] 0.021

Waist circumference, cm, median [P25-P75] 87.0 [79.0;96.0] 90.0 [84.0;97.0] 0.098

Comorbidities

Hypertension, n (%) 21.0 (12.0%) 37.0 (55.2%) < 0.001

SBP, mmHg, median [P25-P75] 121.0 [112;133] 135.0 [126;144] < 0.001

DBP, mmHg, median [P25-P75] 74.0 [68–80] 76.0 [69–82] 0.489

Smoking, n (%) 0.009

No 93 (53.1%) 21 (31.3%)

Yes 40 (22.9%) 24 (35.8%)

Former 42 (24.0%) 22 (32.8%)

Dyslipidemia, n (%) 47 (26.9%) 48 (71.6%) < 0.001

Lipid profile, mg/dL, median [P25-P75]

Total cholesterol 177.0 [161–200] 178.0 [162–196] 0.764

HDL cholesterol 63.0 [53–74] 61.0 [53–76] 0.995

LDL cholesterol 102.0 [86–119] 97.4 [81.5-110.2] 0.719

Triglycerides 64.0 [51–84] 71.0 [56–89] 0.042

Renal function, median [P25-P75]

Serum Creatinine, mg/dL 0.75 [0.65–0.86] 0.76 [0.67–0.90] 0.435

eGFR, mL/min/1.73 m2 106.7 [98.4-115.1] 97.9 [90.0-105-8] < 0.001

Urine albumin/creatinine ratio, mg/g, median [P25-P75] 3.58 [1.80;5.64] 4.82 [2.85;7.16] 0.018

Ophthalmologic examination

Diabetic retinopathy (DR), n% < 0.001

No DR 112 (64.0) 27 (40.3)

Mild non-proliferative DR 49 (77.8) 25 (62.5)

Moderate non-proliferative DR 5 (7.9) 10 (25.0)

Severe non-proliferative DR 9 (14.3) 5 (12.5)

Proliferative DR 0 (0.0) 0 (0.0)

Ultrasonographic study*

cIMT, mm < 0.001

Median [P25-P75] 0.61 [0.5–0.7] 0.68 [0.6–0.8]

Mean (SD) 0.61 (0.1) 0.68 (0.1)

Right cIMT, mm < 0.001

Median [P25-P75] 0.60 [0.5–0.7] 0.67 [0.6–0.7]

Mean (SD) 0.61 (0.1) 0.67 (0.1)

Left cIMT, mm < 0.001

Median [P25-P75] 0.61 [0.5–0.7] 0.67 [0.6–0.8]

Mean (SD) 0.62 (0.1) 0.69 (0.1)

Presence and burden of carotid plaques, n (%)

Right plaque – 43 (64.2)

Left plaque – 53 (79.1)

Continued
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an imbalanced dataset. Despite this limitation, the models demonstrated effectiveness in correctly identifying 
negative instances.

The prevalence of US-evaluated carotid artery plaques in our T1DM population was 27.6%, which is in 
line with other studies conducted in adult T1DM patients, widely ranging from 11–30%44–46. The profile of 
patients with plaque comprised older individuals with a longer duration of T1DM, more frequently current or 
former smokers, with DR, hypertension, dyslipidemia, and normal but comparatively worse renal function. All 
these factors are well-established traditional risk factors associated with carotid atherosclerosis in the general 
population47, with atherosclerosis in individuals with T1DM3, and align with findings of studies comparing 
young subjects with T1DM and subclinical arterial damage compared to healthy controls11. However, we did 
not observe differences regarding HbA1c levels between groups. Data regarding the association between HbA1c 
and the presence of carotid plaques are limited and inconsistent, with some studies reporting an association with 
incident carotid plaque or increased cIMT48–50 while others do not51,52. These inconsistencies may be attributed 
to the progressive nature of coronary plaque formation, which involves long-term and progressive narrowing 
of the carotid artery. Therefore, the timing of the assessment of cIMT or plaque may play a crucial role in 
determining the association.

In our study, the only OCT-derived measures significantly different between patients with and without carotid 
plaques in the bivariate analysis were related to the choroid thickness. In contrast, retinal layers, including RFNL 
and the GCL-IPL complex, demonstrated similar values between the two groups. Thinner RFNL and GCC layers 
have been inversely correlated with the severity of DR in T1DM25,53, and decreased in patients with minimal or 
no evidence of DR in many studies17–27, although other studies found no difference54,55. A possible explanation 
for the discrepancy between these studies and our results regarding GCL and IPL was that we assessed them as 
one layer due to the technical difficulty of correctly separating them. As such, the slight thickening of the IPL 
might have been masked by a more pronounced thinning of the GCL56. Indeed, a study conducted in adult 
T1DM patients assessed by OCT found a significant thinning of the RNFL and GCL layers over time, whereas 
IPL showed a slight but significant thickening, with more pronounced changes associated with the presence or 
development of DR for all layers56. The authors stated that, after eliminating studies looking at the GCL-IPL 
complex as a whole, the significance of the selective IPL thinning disappeared for most studies56.

The observed absence of an association with retinal layers but a reduction in choroidal thickness in the 
presence of carotid plaques may be attributed to the distinct metabolic needs and vascularity of the inner and 
outer layers of the retina. The retinal inner layers (RFNL and the GCL-IPL complex) rely on the retinal circulation, 
characterized by relatively low blood flow and increased hypoxia compared to the outer retina13,57. Indeed, the 
choroidal circulatory system predominantly supplies the outer retina, contributing to 85% of ocular blood 
flow13,57. Therefore, changes related to subclinical atherosclerosis might not significantly affect the metabolic 
demands or structural integrity of the inner retinal layers, although they remain very sensitive to diabetes-
induced metabolic stress and result in neuronal cell loss when compromised13,57. Conversely, the observed 
decrease in choroidal thickness may indicate alterations in the vascular supply to the outer retina, suggesting 
that changes in blood flow parameters, potentially associated with carotid artery disease, could impact the 
choroidal vasculature. This would align with the results from OCT studies showing that the reduced ipsilateral 
choroid thickness present in patients with CAD improves after endarterectomy, which restores choriocapillaris 
perfusion, correcting this impairment and leading to an increase in thickness58,59.

The integration of machine learning methods is a valuable complement to traditional clinical approaches, such 
as multiple logistic regression modeling, in identifying biomarkers60. This approach offers distinct advantages 
over conventional methods, including the ability to capture hidden and non-linear interactions, thereby 
enhancing the accuracy of risk prediction, automatically assessing feature importance, and efficiently handling 
large datasets60. In our study, the models identified age, hypertension, dyslipidemia, smoking, and DR as the top 
predictors of carotid plaques. These findings align with previous research employing learning-machine models 
to predict the formation of carotid plaques or identify asymptomatic carotid atherosclerosis61–63. The machine-
learning models also indicated that the only ophthalmological parameters contributing to the prediction of 
plaque were those regarding choroid thickness, particularly in the subfoveal area. These parameters made a 

No carotid plaque
N = 175

Carotid Plaque
N = 67 P-value

Right and left plaque – 29 (43.3)

Number of carotid plaques

Median [P25-P75] – 2.0 [1.0–2.0]

One plaque, n (%) – 33 (49.3)

Multiple plaques, n (%) – 34 (50.7)

Table 1.  Comparison of clinical and ultrasonographic characteristics between patients with and without 
carotid plaque. *Includes plaques in either the common, bulb, or internal segments of the carotid artery. 
BMI, body mass index; cIMT, carotid intima-media thickness; eGFR, estimated glomerular filtration rate 
based on the CKD-EPI equation; DBP, diastolic blood pressure; HbA1c, glycated hemoglobin; HDL-c, high-
density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol; NPDR, nonproliferative diabetic 
retinopathy; P25-P75, 25th percentile (P25) and 75th percentile (P75); SBP, systolic blood pressure; US, 
ultrasound.
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relatively modest to moderate contribution to the overall model predictions, revealing that reduced thickness 
in these areas was linked to an elevated risk –a consistent trend observed for both the right and left sides. 
The choroid is thickest subfoveally to meet the high metabolic demands of the avascular fovea, which receives 
nutrition through the diffusion of the choroid capillaries13,57. Consequently, in scenarios involving compromised 
blood flow, such as those associated with subclinical carotid plaque, it is unsurprising that choroid thickness is 
primarily impacted in the subfoveal region64–66.

Subfoveal thickness has been described to be thicker in patients with DM and DR than in those without DR67. 
In a prior study involving the same patient cohort as in the present investigation, our group found that choroid 
thickness was increased in T1DM subjects with mild or no DR compared to age-matched controls and subjects 

Fig. 1.  Comparison of SD-OCT retinal thickness measurement areas between patients with and without 
plaque for the left eye (a) and the right eye (b). Av, average; GCL-IPL ganglion cell layer-inner plexiform; Inf, 
inferior; Min, minimum; Nas, nasal; RNFL, retinal nerve fiber layer; Sup, superior; Temp, temporal.
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with advanced DR25. Within our subsample of T1DM patients with carotid plaque, the models identified DR as 
one of the most important clinical predictors of carotid plaque, aligning with a systematic review indicating an 
increased likelihood of DR when there is US evidence of carotid disease, and vice versa68. The fact that both DR 
and reduced choroid thickness independently predicted an elevated risk of carotid plaque reinforces the notion 
that DR and changes in the choroid structure are tightly coupled phenomena or co-exist in the presence of 
plaques. These findings suggest that both factors could serve as potential biomarkers for carotid stenosis16,68,69.

The confusion matrix and performance indicators of our models performed well overall with high accuracy 
(82–85%) and high specificity (92–98%) but a moderate PPV (63-75% precision). This means that the models 
were overly conservative in predicting positive instances while avoiding making false positive errors. This could 
be due to the small sample size and unbalanced ratio of patients with and without plaque in the test set42. 
However, additional metrics tailored for imbalanced datasets, such as balanced accuracy (0.60 for the left eye, 
0.71 for the right eye), indicated that the models performed above random chance (0.5) and were reasonably 
effective. The AUPR values (0.43–0.51) also indicated that the models faced difficulties in accurately identifying 
positive instances despite well-balanced accuracy. Another study evaluated the effectiveness of different 
machine-learning models to predict asymptomatic carotid atherosclerosis (defined as a cIMT ≥ 1.0 mm or plaque 
formation) incorporating 19 demographic and blood parameters as inputs from 18,441 subjects62. Similar to our 
findings, the models demonstrated high specificity, ranging between 72% and 88%. However, the sensitivity 
was lower, ranging between 37% and 53%, and the PPV was between 51.2% and 71%. Although the sample size 
was much larger than ours, our model, which included both clinical and ophthalmological variables, showed 
accuracy metrics comparable or even superior to a model relying solely on clinical and demographic variables.

The main strength of our study is that we provide, for the first time, a comprehensive exploration of OCT-
derived ophthalmological measures in the context of carotid plaque prediction in patients with T1DM using 
machine-learning strategies. While coronary angiography remains the gold standard for diagnosing CAD due 
to its ability to provide direct visualization of coronary anatomy and precise identification of stenotic lesions, 
it has inherent limitations, particularly in asymptomatic populations70. Its invasive nature, higher cost, and 
procedural risks limit its applicability for widespread screening or the assessment of systemic atherosclerosis. In 
contrast, carotid US serves as a non-invasive, widely available, and cost-effective tool for evaluating subclinical 
atherosclerosis and detecting early vascular changes associated with increased cardiovascular risk, making it a 
valuable surrogate marker for systemic atherosclerotic burden71.

Notably, our analysis extended beyond the conventional scope by encompassing a diverse array of factors, 
ranging from traditional risk factors to ophthalmological features to allow for a multifaceted analysis. However, 
the results of the present study must be interpreted in the context of several limitations. Firstly, the cross-
sectional nature of the study limits our ability to establish causal relationships and prevents the assessment of 
the temporal dynamics of the observed associations. Secondly, the sample size was relatively small, comprising 
67 subjects with carotid plaques out of a total of 242 patients. This limited sample size may have increased the 
risk of both Type I errors and Type II errors in the bivariate analysis. This is evident in the observed asymmetry 
in the statistical significance regarding nasal choroidal thickness reduction: the left eye showed a significant 
reduction, whereas the right eye only demonstrated a trend. However, the consistent reduction in both 
subfoveal and temporal choroidal thicknesses across both eyes in individuals with carotid plaques reinforces 
the likelihood of a true effect despite the variability in significance levels. Moreover, the small sample size could 
have adversely impacted the robustness of the machine-learning models. Indeed, a relatively low representation 
of positive cases can lead to a skewed learning process, where the models may become overly conservative in 
predicting positive instances42. Given the limitations of a small sample size, our findings should be interpreted 

Fig. 2.  Comparison of EDI-OCT choroid thickness measurement areas between patients with and without 
plaque for the left eye (a) and the right eye (b).
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with caution and confirmed in larger, prospective studies to ensure their validity and generalizability. Thirdly, 
despite excluding patients with refractive errors ≥ 5.0 diopters, the omission of recording axial length, a known 
influencer of chorioretinal thickness, represents a limitation. Additionally, while we excluded patients with 
significant diabetic nephropathy, we did not exclude those with DR, which may have introduced microvascular 
influences on choroidal thickness, potentially confounding the relationship between choroidal thickness and 
carotid plaques. Fourthly, one significant limitation of our study is that we used average retinal and choroidal 
thickness as surrogate markers for subclinical atherosclerosis without directly assessing plaque size or degree 
of stenosis in the carotid arteries. This should be considered when interpreting our findings, as smaller plaques 
may have a limited impact on post-stenotic circulation. Another limitation is the potential confounding effect of 
hypertension on choroidal thickness, given its higher prevalence in the carotid plaque group compared to the no 
plaque group (55% vs. 12%). A reduction in choroidal thickness has been consistently observed in hypertensive 
adults compared to normotensive controls72. While including hypertension as a feature in our model helps 
control for its effect and ensures that it distinguishes between its impact on choroidal thickness and the presence 
of carotid plaques, our feature importance analysis indicated that hypertension and age were the most significant 
variables for making accurate predictions. The regularized regression models showed that hypertension had the 
highest coefficient estimate, suggesting it heavily influences the model’s predictions. Consequently, the significant 
influence of hypertension indicates that the model might partially be predicting hypertension rather than solely 
subclinical carotid plaques. To address this concern, additional analyses should be conducted where the models 
are trained and tested separately on hypertensive and non-hypertensive cohorts to observe any differences in the 
predictive value of choroidal thickness. Without this approach, we cannot completely rule out the possibility that 
the model’s predictions are influenced by hypertension. Fifthly, the sensitivity of the model was not exceptionally 
high, potentially leading to some omissions when employed as a screening tool. We anticipate that enhancing 
the overall performance of predictive models could be achieved through the incorporation of more extensive 

Fig. 3.  (a) and (b) Plots ranking the feature’s importance in the prediction of carotid plaque by the Random 
Forest machine learning model, where the x-axis represents the relative importance value and the y-axis the 
features ranked in descending order of importance. c and d) Plots displaying the standardized coefficient 
estimates. Positive values indicate a positive association with the presence of carotid plaque. Pink dots 
represent clinical features, and green dots ophthalmological measures.
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training data from multicenter studies involving different hospitals (and different countries) to ensure that the 
performance assessment results are as broadly applicable as possible. Furthermore, the relatively limited set of 
features employed in the prediction models might impact their universality, given that a more extensive array of 
features generally contributes to a more accurate model.

Conclusion
Patients with T1DM are typically monitored by an ophthalmologist to identify any signs of diabetes-associated 
eye complications, such as DR. Our study shows that those with subclinical plaques also experience a significant 
reduction in choroidal thickness, suggesting that it could serve as an additional early marker of CV risk. While 
traditional risk factors such as age, hypertension, dyslipidemia, smoking, and DR remain more strongly associated 
with subclinical carotid plaques, integrating choroidal thickness measurement via OCT can provide incremental 
value in specific clinical contexts. This measure could complement standard risk assessments and help identify 
individuals needing additional cardiovascular evaluations, particularly in endocrinology and ophthalmology 
settings where patients are already undergoing regular eye exams. However, the cost and practicality of OCT 
imaging should be considered, and further investigations are necessary to confirm its reliability and consistency. 
Rigorous validation studies involving larger and more diverse patient cohorts are required to establish 
generalizability and ensure the robustness and applicability of this measure in clinical settings. Future studies 
should include detailed imaging of the carotid artery and measurement of atherosclerotic plaque characteristics 
(e.g., plaque composition, volume, and stability) to better understand the relationship between the choroid and 
carotid artery atherosclerosis. Moreover, conducting longitudinal studies to track changes over time would help 
establish causal relationships and the predictive value of choroid changes for cardiovascular events. Despite 
needing external validation, our study comprehensively explored OCT measures in predicting carotid plaques in 
T1DM, with machine-learning insights offering potential biomarkers for subclinical atherosclerosis.

Data availability
Some or all datasets generated during and/or analyzed during the current study are not publicly available but are 
available from the corresponding author upon reasonable request.
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