tomography

Article

Relationship Between Carotid Artery Anatomy and Geometry
and White Matter Hyperintensities and Accompanying
Comorbid Factors

Semih Saglik 1-*

W) Check for updates

Academic Editor: Emilio Quaia

Received: 7 December 2025

Revised: 15 January 2026

Accepted: 19 January 2026
Published: 22 January 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

and Ayfer Ertekin 2

1
2

Department of Radiology, Siirt Training and Research Hospital, Siirt 56100, Turkey
Department of Neurology, Siirt Training and Research Hospital, Siirt 56100, Turkey
*  Correspondence: drsmhsglk@gmail.com

Simple Summary

White matter hyperintensities (WMH) are common brain imaging findings and are as-
sociated with aging and vascular risk factors. This study examined whether anatomical
and geometrical features of the carotid arteries are related to the presence and severity of
WMH. Using three-dimensional models derived from computed tomography angiography,
we found that increased carotid bifurcation and internal carotid artery angles, as well as
higher internal carotid artery tortuosity, were more frequent in individuals with WMH.
These vascular features, together with age, hypertension, and prior stroke, were identified
as independent risk factors for WMH. Our findings suggest that carotid artery geometry
may play a role in the development and progression of WMH and could help identify
individuals at higher risk.

Abstract

Background/Objectives: This study aimed to investigate the relationship between carotid
artery anatomy and geometry and white matter hyperintensities (WMH) and to determine
whether it is a risk factor for the disease. Methods: The geometry and anatomy of both
carotid arteries were evaluated with the three-dimensional vessel model obtained from the
computed tomography angiography (CTA) data, and the segmentation software calculated
the geometrical features of the arteries. In this model, vascular diameter, vascular cross-
sectional area, carotid bifurcation and internal carotid artery (ICA) angles, as well as ICA
tortuosity index (TI) measurements of the common carotid artery (CCA) and ICA were
determined. Results: Compared with the non-WMH group, increased carotid bifurcation
and ICA angle and higher ICA TI values were found in the WMH group (p < 0.001). In
multivariate regression analysis, increased carotid bifurcation angle, higher ICA TI values,
age, hypertension, and stroke history were identified as independent risk factors for the
development of WMH (p < 0.05). In addition, age, carotid bifurcation angles and ICA
angles were found to be associated with the severity of WMH (p < 0.05). Conclusions:
Considering the vascular pathologies involved in the pathogenesis of WMH, identifying
these risk factors may help determine individuals who are at an increased risk.

Keywords: internal carotid artery; carotid bifurcation; white matter hyperintensity (WMH);
tortuosity index (TT)
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1. Introduction

White Matter Hyperintensity (WMH) is a small vessel disease that is identified in
the periventricular or subcortical regions during brain magnetic resonance imaging (MRI),
particularly in individuals with hypertension and the elderly population [1]. WMH may
increase the likelihood of stroke and negatively affect the clinical outcomes of patients
after stroke. During the post-stroke recovery process, white matter hyperintensities may
complicate the recovery of cognitive functions and may disrupt the rehabilitation process [2].
WMH has been reported to be associated with an increased risk of stroke, dementia, and
death. Early diagnosis and intervention can help prevent or slow the progression of
this condition [3]. The pathogenesis of WMH is not yet well understood. Lipohyalinosis,
arteriolosclerosis, fibrinoid necrosis, and chronic hypoperfusion are among the mechanisms
that play an important role in the development of WMH. All these processes cause chronic
hypoperfusion and ischemia, leading to perivascular edema and secondary brain damage,
accelerating the development of hyperintensities in the white matter [4].

Arterial geometry has a three-dimensional structure, and this geometric structure
plays a critical role in arterial blood flow and functionality. Carotid arterial geometry can
influence the speed, direction, and distribution of blood flow, leading to alterations in the
internal structure of the arteries [5]. Although both carotid arteries are exposed to the same
risk factors, they can exhibit different vascular pathological features. This situation can
be influenced by factors such as the genetic structure of individuals, vascular anatomy,
and hemodynamic conditions. This situation shows that the anatomical and geometric
parameters of the carotid artery may predispose to certain vascular pathologies [6,7]. In the
literature, most research on carotid geometry has focused primarily on the pathophysiology
of vascular diseases, such as atherosclerosis and stroke. However, to our knowledge, there
are very few studies in the current literature examining the relationship between carotid
artery geometry and WMH. Anatomical parameters, such as carotid artery diameter, cross-
sectional area, wall thickness, and tortuosity, may influence blood flow to the brain tissue by
affecting blood flow dynamics. Therefore, we hypothesized that anatomical and geometrical
features of the carotid artery may potentially affect white matter hyperintensities.

Our study aimed to investigate the relationship between carotid artery anatomy and
geometry and WMH and to determine whether it is a risk factor for the disease.

2. Materials and Methods
2.1. Study Population

All procedures followed the Declaration of Helsinki of 1975, as revised in 2008. Ethical
approval for this study was obtained from the Siirt University Non-Invasive Ethics Committee
(approval number: 131081, dated 28 January 2025), and informed consent has been obtained
from all participants.

This study retrospectively analyzed the registry data of patients admitted to our
hospital with various cerebrovascular symptoms and complaints between 2020 and 2025
and evaluated by relevant clinical specialists. A total of 1820 patients who underwent
both cervical computed tomography angiography (CTA) and brain MRI during the same
admission were assessed, and 468 patients over the age of 18 who met the inclusion criteria
were included in the study. In this study, patients were excluded from the analysis in
cases of artifacts or poor image quality in MRI or CT images, presence of large infarcts
or hemorrhages in the brain parenchyma, presence of degenerative neurological diseases,
presence of stents in the carotid arteries or patients with a history of surgery, tumors, head
trauma or known connective tissue diseases.
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2.2. CTA Imaging Protocol

CTA imaging was performed with a 64-slice GE Revolution Evo device. The pa-
rameters used during acquisition were as follows: 300 mA, 100 kVp, angular distance
(pitch) of 0.625, slice thickness of 1 mm, and slice acquisition interval of 0.5 mm. Contrast
material was applied at a rate of 3.54.0 mL/s with the help of automatic injection, and
images from the ascending aorta to the level of the internal carotid artery (ICA) bifurcation
were obtained.

2.3. Three-Dimensional Reconstruction of Carotid Artery

Images were transferred to a semi-automatic workstation (AW 4.7 version, GE Health-
care, Chicago, IL, USA) for the analysis of carotid arteries. During the image processing
phase, methods such as thresholding, region enlargement, and the separation mask function
were employed. These techniques help clean the unwanted background in the image, define
specific tissues more clearly, and separate different structures. Three-dimensional models
were obtained in the vascular reconstruction starting from the aortic arch and extending
along both common carotid arteries (CCA) and ICA. A center point was determined for
each of the geometric parameters to capture the flow dynamics within the carotid artery
loops and branches precisely.

2.4. Measurement of Carotid Artery Geometry

After reconstructing the 3D image with maximum intensity projection and volume
rendering techniques, the geometry and anatomy of both carotid arteries were evaluated
with the three-dimensional vessel model obtained from CTA data, and the geometric
features of the arteries were calculated by segmentation software. The central lumen lines
determined along the carotid artery lumens allowed the creation of vascular radii. The
bifurcation plane was determined using the central line paths with the vascular radii. The
diameters and cross-sectional areas of each vascular artery were measured 2 cm from the
carotid bulbus utilizing the central lines. The carotid bifurcation angle was determined
as the angle between the central vector projections passing through the ICA and ECA
lumens from the carotid bulbus plane. The ICA angle was formed by the CCA and ICA
vectors located in the carotid bifurcation plane. The ratio of the actual lumen path from
both ICA origins to the bifurcation to the distance between these endpoints was defined as
the tortuosity index (TI) [8]. For each patient, the diameter, area, angle, and TI values of the
bilateral carotid arteries were calculated separately and averaged (Figure 1).

2.5. Measurement of Arterial Stenosis

The degree of ICA stenosis was calculated using a three-dimensional vessel model
derived from CTA data, in accordance with the North American Symptomatic Carotid En-
darterectomy Trial (NASCET) criteria [4]. Since carotid stenosis causes secondary changes
in vascular anatomy, individuals with stenosis of 30% or more were excluded from the
study to minimize these secondary effects [9]. As a result, patients were categorized accord-
ing to the presence of plaque: those without plaque in both carotid arteries and those with
plaque in at least one carotid artery. Additionally, patients were categorized based on the
presence of calcification in the aortic arch.

2.6. MRI Examination and Analysis

Magnetic resonance imaging examinations were performed using a 1.5T MRI system
(MAGNETOM Altea 1.5T, Siemens, Amberg, Germany). The parameters were as follows:
(i) TR/TE = 6130/87 ms, slice thickness = 5 mm, and FOV = 190 x 330 mm for T2WI;
(i) TR/TE = 3850/82 ms, slice thickness = 5 mm, and FOV = 190 x 320 mm for FLAIR
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imaging; and (iii) TR/TE = 5900/85 ms, slice thickness = 5 mm, FOV = 220 x 220 mm;
(iv) three directions of diffusion gradient and two b-values (0 and 1000 mm?/s) for DWL
T2 FLAIR MRI images of all individuals were evaluated by a radiologist with 15 years
of experience. WMHs were graded according to the Fazekas scale (grades 0-3) based
on MRI findings [10]. White matter hyperintensities were classified on the four-stage
Fazekas scale as: healthy brain (Fazekas 0), punctate (Fazekas 1), early confluent (Fazekas 2),
and diffuse confluent (Fazekas 3) (Figure 2). In individuals with Fazekas grades 1-2,
small and predominantly negative effect sizes were observed across all cognitive domains
compared with healthy controls, indicating only minimal deviation from normal cognitive
functioning. In contrast, the pattern of cognitive impairment becomes more pronounced
at the Fazekas 3 level [11]. Therefore, in our study, cases were grouped by the severity of
WMH, with Fazekas grades 1 and 2 combined into a single group.

2.7. Other Study Variables

Hypertension (HT) was defined as systolic/diastolic blood pressure values of
140/90 mmHg or higher or the use of antihypertensive medication. Diabetes mellitus
(DM) was defined as a fasting blood sugar level > 7.0 mmol/L or the use of hypoglycemic
agents. Hyperlipidemia was described as a low-density lipoprotein (LDL) cholesterol level
of 4.1 mmol/L or higher, a total cholesterol level of 6.2 mmol/L or higher, or the use of
antilipemic drugs. Stroke was diagnosed by a known history of stroke or the presence
of ischemic lesions detected on brain imaging. Coronary artery disease (CVD) was deter-
mined by angiography or a history of previous myocardial infarction. Patients diagnosed
with epilepsy, Alzheimer’s, Parkinson’s, migraine, thyroid or psychiatric diseases or using
medications for these diseases were identified.

2.8. Statistical Analysis

SPSS 20.0 software (Statistical Package for Social Sciences, Chicago, IL, USA) was used
in the data analysis process. Qualitative data were presented in the form of number (1) and
percentage (%); quantitative data were expressed as mean =+ standard deviation (SD).

Figure 1. Carotid bifurcation angle (A) and ICA angle (B) measurements on the 3D arterial model
created on the semi-automatic workstation. Measurement of vascular tortuosity (C): calculated as
the ratio of the true lumen path from the ICA origin to the bifurcation to the distance between these
endpoints (orange line; true lumen path, yellow line; distance between the two endpoints). Note:
CCA; common carotid artery, ICA; internal carotid artery, ECA; external carotid artery.
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Fazekas 0

Fazekas 1 Fazekas 2 Fazekas 3

Figure 2. Axial FLAIR images showing the classification of white matter hyperintensities on the
four stage Fazekas scale: the healthy brain (Fazekas 0) contrasted with punctiform (Fazekas 1), early
confluent (Fazekas 2) and diffuse confluent (Fazekas 3) white matter hyperintensities.

During data analysis, Student’s t test was applied for variables with normal distribu-
tion, and Mann-Whitney U test was applied for variables without normal distribution in
comparisons between groups. The chi-square test or Fisher’s exact test was used for ana-
lyzing relationships between categorical data, depending on the sample size. Based on the
relationships identified in the multivariate analysis, post hoc analyses were conducted to
examine the associations between carotid anatomy and geometry and clinical, radiological,
and demographic factors. Univariate and Multivariate Binary Logistic Regression analyses
were performed to determine risk factors for WMH. The significance level in statistical
analyses was defined as p < 0.05.

3. Results

According to MRI results, patients are divided into two groups based on the presence of
WMH, and the carotid geometric imaging results are summarized in Table 1. Patients with
WMH (67.7 £ 13.5) were older than those without WMH (53.3 £ 17.7), and a significant age
difference was observed between the two groups (p < 0.001). Patients with WMH had higher
rates of HT (74.4% vs. 25.6%), DM (68.8% vs. 31.2%), hyperlipidemia (73.7% vs. 26.3%), CVD
(72.9% vs. 27.1%), and history of stroke (75.9% vs. 24.1%) (p < 0.05). However, aortic arch
calcification (79.6% vs. 20.4%) and carotid artery stenosis (82.6% vs. 17.4%) detected on CT
scans in the group with WMH were significantly higher than in the other group (p < 0.001).
When the carotid geometric parameters of both groups were compared, higher bifurcation
angle (55.58 & 19.43 vs. 45.18 £ 0.96), ICA angle (27.08 £ 15.3 vs. 21.55 £ 9.5), and ICA TI
values (1.87 & 0.51 vs. 1.55 & 0.35) were detected in the group with WMH (p < 0.001).

Table 1. Demographic data and imaging factors among individuals with and without White

Matter Hyperintensity.
White Matter Hyperintensity
Negative Positive Total
Parameters (1 = 179) (1 = 289) (1 = 468) p Values
Age (years) &= SD 533 £17.7 67.7 £13.5 62.2 £16.7 <0.001 2

DM, n (%)

No 130 (41.8%) 181 (58.2%) 311 (66.5%) 0.027°

Yes 49 (31.2%) 108 (68.8%) 157 (33.5%)
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Table 1. Cont.
White Matter Hyperintensity
Negative Positive Total
Parameters (1 = 179) (1 = 289) (1 = 468) p Values
Gender, n (%)
Female 84 (37.2%) 142 (62.8%) 226 (48.3%) 0.704 b
Male 95 (39.3%) 147 (60.7%) 242 (51.7%)
HT, n (%)
No 108 (56.5%) 83 (43.5%) 191 (40.8%) <0.001 P
Yes 71 (25.6%) 206 (74.4%) 277 (59.2%)
Hyperlipidemia, 1 (%)
No 148 (42.3%) 202 (57.7%) 350 (74.8%) 0.002 b
Yes 31 (26.3%) 87 (73.7%) 118 (25.2%)
Stroke History, n (%)
No 130 (49.1%) 135 (50.9%) 265 (56.6%) <0.001 P
Yes 49 (24.1%) 154 (75.9%) 203 (43.4%)
CVD, n (%)
No 133 (44.6%) 165 (55.4%) 298 (63.7%) <0.001 "
Yes 46 (27.1%) 124 (72.9%) 170 (36.3%)
Alzheimer’s disease, n
%‘g 160 (39.6%) 244 (60.4%) 404 (86.3%) 0.129b
Yes 19 (10.6%) 45 (15.6%) 64 (13.7%)
Parkinson’s disease, n
%‘g 177 (38.9%) 278 (61.1%) 455 (97.2%) 0.085 €
Yes 2 (1.1%) 11 (3.8%) 13 (2.8%)
Epilepsy disease, 1 (%)
No 167 (38.0%) 272 (62.0%) 439 (93.8%) 0.720b
Yes 12 (41.4%) 17 (58,6%) 29 (6.2%)
Psychiatric disease, n
%\;O) 147 (36.8%) 252 (63.2%) 399 (85.3%) 0.132"
© 32 (46.4%) 37 (53.6%) 69 (14.7%)
Yes
PAD, n (%)
No 175 (38.5%) 280 (61.5%) 455 (97.2%) 0.574 ¢
Yes 4 (2.2%) 9 (3.1%) 13 (2.8%)
Thyroid disease, 1 (%)
No 169 (38.4%) 271 (61.6%) 440 (94.0%) 0.776 b
Yes 10 (10.7%) 18 (17.3%) 28 (6.0%)
Migraine disease, 1 (%)
No 165 (36.7%) 284 (63.3%) 449 (95.9%) 0.456 €
Yes 14 (7.8%) 5 (1.7%) 19 (4.1%)
Aortic arch plaque, n
0,
%o) 139 (51.1%) 133 (48.9%) 272 (58.1%) <0.001 "
© 40 (20.4%) 156 (79.6%) 196 (41.9%)
Yes
Carotid artery stenosis,
nl\(I/o) 153 (48.3%) 164 (51.7%) 317 (68.0%) <0.001"
° 26 (17.4%) 123 (82.6%) 149 (32.0%)
Yes
CCA diameter 6.77 £ 1.15 692 +1.13 6.86 &+ 1.13 0.1844
(mm) + SD
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Table 1. Cont.

White Matter Hyperintensity

Negative

Positive

Total

Parameters (1 = 179) (1 = 289) (1 = 468) p Values
Gender, n (%)
Female 84 (37.2%) 142 (62.8%) 226 (48.3%) 0.704 b
Male 95 (39.3%) 147 (60.7%) 242 (51.7%)
Bifurcation diameter 11.19 + 1.87 1127 £188 1124+ 188 0.654 4
(mm) + SD
ICA diameter 5.28 4 0.73 542 4+ 0.72 537 +0.73 0.035 d
(mm) £+ SD
CCA area (mm?) & SD 41.56 + 6.36 42.69 + 6.4 42.26 + 6.41 0.063 4
Bifurcation area d
(mm?) £ SD 79.91 + 14.16 7997 151  79.94 + 14.70 0.967
ICA area (mm?) + SD 2291 + 4.43 2244 + 453 22,62 + 45 02724
Bifurcation angle d
(dogree) - SD 45.18 + 8.96 55.58 + 19.43 51.6 + 17 <0.001
I1cA anfgl()degree) 21.55+ 9.5 2708 +153  24.96 + 13.64 <0.001 4
ICA TI + SD 1.55 + 0.35 1.87 4 0.51 1.78 4 0.49 <0.001 ¢

Notes: ? Student’s t-test with mean + standard deviation (SD). ? Chi-Square with n (%).¢ Fisher’s Exact test
with 1 (%). ¢ Mann-Whitney U-test with median + interquartile range (IQR). Statistically significant results
(p < 0.05). Abbreviations: SD; Standard deviation, PAD, peripheral arterial disease, DM, Diabetes Mellitus, HT;
Hypertension; CVD; Cardiovascular Disease, TI; Tortuosity index, CCA; Common Carotid Artery, ICA; internal

carotid artery.

An ANOVA test was applied to determine the parameters associated with WMH severity,
followed by a Tukey post hoc test to identify the direction of the differences. According to
the test results, a linear relationship was found between WMH severity and age, as well as
between carotid bifurcation angle and ICA angle (p < 0.05) (Table 2 and Figure 3).

Table 2. The severity of White Matter Hyperintensities and carotid geometry variables.

Parameters Group 1 Group 2 Group 3 p Values
Age (years) = SD <0.001 2
Group 1vs. 2 <0.001°?
Group 1vs. 3 53.36 = 17.7 66.12 £ 13.5 71.69 + 12.95 <0.001P
Group 2vs. 3 0.014b
Bifurcation angle
<0.001 2
(degree) + SD <0.001 P
Group 1vs. 2 45.18 + 8.96 52.04 + 18.68 64.51 +18.5 <0'001 b
Group 1 vs. 3 <0.001 "
Group 2vs. 3 .
ICA angle (degree) <0.001 @
+SD 0.011b
Group 1 vs. 2 21.55 £ 9.5 25.47 +14.91 31.12 £ 15.63 <0' 001 b
Group 1vs. 3 0 603 b
Group 2vs. 3 .
ICATI £ SD <0.001 2
Group 1vs. 2 <0.001°
Group 1vs. 3 1.55 £0.35 1.85 £ 0.51 1.96 £0.52 <0.001 P
Group 2vs. 3 0138°

Note: @ p < 0.05 was considered statistically significant (one-way ANOVA).? p < 0.05 was considered statistically
significant (one-way ANOVA with a post hoc Tukey test). Abbreviations: SD; Standard deviation, TI; Tortuosity
index, ICA; Internal Carotid Artery, Group 1; Fazekas 0; Group 2; Fazekas 1-2, Group 2; Fazekas 3.
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Figure 3. Relationship between age (A), carotid bifurcation angle (B), ICA angle (C) and ICA TI (D)
values and the severity of white matter hyperintensities. Horizontal lines within each box represent
mean values, and lower and upper lines of each box represent minimum and maximum values,
respectively. Vertical lines and whiskers indicate 95% Cls. Note: ICA; internal carotid artery, TI;

tortuosity index, Grade; Fazekas scale.
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Regression analysis was used to determine risk factors in patients with WMH diagno-
sis. In univariate regression analysis, age (OR, 1.06 per year increment; 95% CI, 1.04-1.07),
hypertension (OR, 3.77; 95% ClI, 2.54-5.59), diabetes mellitus (OR, 1.58; 95% CI, 1.05-2.37),
hyperlipidemia (OR, 2.05; 95% CI, 1.29-3.26), CVD (OR, 2.17; 95% CI, 1.44-3.26), stroke history
(OR, 3.02; 95% CI, 2.02—4.52), aortic arch calcification (OR, 4.07; 95% CI, 2.67—6.20), carotid
artery stenosis (OR, 4.41); ICA angle (OR, 1.03 per degree increment; 95% CI, 1.01-1.04),
bifurcation angle (OR, 1.04 per degree increment; 95% CI, 1.02-1.05) and ICA TI (OR, 0.46 per
unit increment; 95% CI, 0.28-0.73) were determined as risk factors. In multivariate regression
analysis, age (OR, 1.02 per year increment; 95% CI, 1.01-1.04), hypertension (OR, 1.94; 95% CI,
1.15-3.26), history of stroke (OR, 2.32; 95% CI, 1.44-3.76), bifurcation angle (OR, 1.03 per degree
increment; 95% CI, 1.01-1.05) and ICA TI (OR, 1.25 per unit increment; 95% CI, 1.14-1.44)
were determined as independent risk factors (Table 3).

Table 3. Univariate and Multivariate Binary Logistic Regression Analysis Results to Determine Risk
Factors Effective in White Matter Hyperintensity.

Univariate Multivariate
p Values OR (CI 95%) p Values OR (CI 95%)
Age (years)
per year increment <0.001 1.06 (1.04-1.07) 0.005 1.02(1.01-1.04)
DM
yes against no 0.027 1.58 (1.05-2.37) 0.252 ns
HT
yes against no <0.001 3.77 (2.54-5.59) 0.012 1.94 (1.15-3.26)
Hyperlipidemia
yes against no 0.002 2.05 (1.29-3.26) 0.088 ns
CVD
yes against no <0.001 2.17 (1.44-3.26) 0.125 ns
Stroke History
yes against no <0.001 3.02 (2.02-4.52) 0.001 2.32 (1.44-3.76)
Aortic arch plaque
yes against no <0.001 4.07 (2.67-6.20) 0.067 ns
Carotid artery stenosis
yes against no <0.001 441 (2.73-7.11) 0.354 ns
Bifurcation angle
per degree increment <0.001 1.04 (1.02-1.05) 0.001 1.03 (1.01-1.05)
ICA angle
per degree increment <0.001 1.03 (1.01-1.04) 0.096 ns
ICATI
per unit increment <0.001 1.46 (1.28-1.73) 0.001 1.25 (1.14-1.44)

Note: Statistically significant results (p < 0.05). Abbreviations: ns, not significant; OR, Odds ratio; CI, Confidence
interval; DM, Diabetes Mellitus, HT; Hypertension; CVD; Cardiovascular Disease, TI; Tortuosity index, ICA;
Internal Carotid Artery.

4. Discussion

We have demonstrated that carotid anatomy and geometry play an independent role
in the development of white matter hyperintensity lesions in patients with MRI-confirmed
white matter hyperintensity lesions. Higher carotid bifurcation angle and increased ICA
TI values may lead to hemodynamic changes in the carotid artery. These hemodynamic
changes may contribute to the development of WMH and contribute to the formation of
these lesions. In addition to traditional risk factors, identifying these individual risk factors
may help identify patients at high risk of developing WMH much earlier.
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Abrupt changes in carotid bifurcation geometry and anatomy may cause blood flow
disturbances and turbulence, leading to various vascular complications [12]. A portion of
the pulse wave reaching the bifurcation is reflected; as the degree of reflection increases,
local hemodynamic stress and flow energy loss also increase [12]. However, the hemody-
namic mechanisms contributing to the structural brain lesions and cognitive impairments
associated with these vascular changes remain unclear [13]. Mitchell et al. hypothesized
that changes in the aorta and carotid artery structure reduce flow wave reflection and, as a
result, facilitate the transmission of excessive pulsatile energy to the cerebral microcircula-
tion, leading to microvascular damage and dysfunction [13]. Our study findings indicate a
significant relationship between WMH and the carotid bifurcation angle and the ICA angle,
with the severity of WMH increasing as the bifurcation angle increases. Possible reasons
for this situation may be the loss of normal flow level due to disruption of the normal
anatomical and geometric structure of the carotid arteries, resulting in increased tension on
the vessel walls [6]. This may cause perivascular edema and secondary brain damage [14].
In addition, to our knowledge, our study is the first to examine the relationship between
WMH and the carotid bifurcation angle. However, we did not find a significant relationship
between the diameter and area measurements of the carotid arteries and WMH in our study.
A possible reason for this may be that our study excluded patients with moderate and
high-grade stenosis in the carotid arteries because carotid stenosis can lead to secondary
changes in vascular anatomy [12].

Our study results show that ICA TI is significantly associated with WMH lesions.
Studies have shown that arterial tortuosity is associated with cerebral minor vessel diseases,
but there are only a few studies examining its relationship with white matter hyperin-
tensities [15-17]. In our research, since there is no definitive diagnostic criterion for ICA
vessel tortuosity, we preferred the TI value as a more straightforward and more practical
method. Arterial tortuosity can lead to a loss of vascular elasticity and increased pul-
satility, as reflected in the brain parenchyma [10]. Therefore, changes in the tortuosity
of the carotid artery may play a crucial role in the formation of abnormal hemodynamic
forces that contribute to the development of WMH lesions. Our findings show that ICA
TI values are an independent risk factor for WMH, but they are not associated with its
severity. Chen et al. stated in their study that arterial tortuosity is only associated with
grade 3 white matter hyperintensities [10]. This inconsistency may be due to differences in
the research group and the methodology used. In the past,

WMH was often considered a natural consequence of advancing age and was not
taken seriously. However, in recent years, large-scale studies have shown that this is not
a universally held belief and that, although it increases with age, its prevalence remains
relatively constant across all age groups. More importantly, studies have emphasized that
this condition should be taken seriously due to its relationship with significant clinical and
risk factors [18]. WMH is strongly associated with cognitive impairment, dementia, stroke,
depression, balance disorders, and poor physical performance, and it increases the risks of
these diseases [18-20]. The main determinants of WMH severity are age and HT, as well as
many other risk factors such as DM, smoking, CVD, and hyperlipidemia [1,18,19].

The large sample size in our study allowed us to comprehensively evaluate the risk
factors associated with WMH. Our current findings are consistent with previous studies,
which have shown that high blood pressure is associated with WMH [21,22]. We found that
hypertension is an independent risk factor for WMH. Hypertension, which is identified as
the primary risk factor for WMH, along with age, is recognized as the most significant risk
factor for minor vessel diseases [21]. Cerebral small vessel disease caused by hypertension
and hemodynamic damage in the blood-brain barrier may lead to the development of
WMH [23].
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Current studies indicate that aging is the most significant risk factor for WMH [24].
Numerous studies demonstrate a strong correlation between age and WMH, indicating that
aging makes an independent contribution to the prevalence and severity of WMH [20,25].
Our study findings, in line with the existing literature, demonstrate that age is a significant
independent risk factor for WMH and is also associated with its severity.

The relationship between DM and WMH remains unclear. Some cross-sectional studies
have suggested that there is no clear relationship between diabetes mellitus and white
matter hyperintensities [26,27]. However, some studies contradict this view, arguing that a
relationship exists between DM and WMH, particularly in elderly individuals [28,29]. Our
study findings also revealed a statistically significant relationship between DM and WMH.
Reactive oxygen species generated by diabetes induce oxidative stress, which negatively
impacts the endothelium and impairs its function [30]. The microvascular abnormalities
associated with this condition may trigger or exacerbate the formation of WMH in the
brain [31].

Rost et al. reported that WMH load was higher in patients with acute cerebral in-
farction and that WMH was an independent predictor of cerebrovascular disease [32].
Ghaznawi et al. argued that WMH volume and shape may be associated with mortality
and poor prognosis in stroke patients [33]. In addition, in addition to the negative effects
of WMH on cognitive functions, it has also been associated with the volume, recurrence,
and severity of infarction [1,34]. It has been suggested that this may be related to impaired
vascular density and cerebral blood flow in WMH regions [1,35]. The results of this study
were also consistent with the existing literature, showing that WMH is associated with
stroke and may even be an independent risk factor.

The relationship between hyperlipidemia and WMH is inconsistent in the literature [21,24].
Although there are some studies suggesting that hyperlipidemia is a risk factor for WMH,
there are also studies that do not support this view [20,36]. Our study findings showed that
hyperlipidemia may be a risk factor for WMH.

The anatomical structure and geometric characteristics of the carotid artery may influ-
ence local hemodynamic flow patterns within the vascular lumen, alter wall shear stress,
and thereby contribute to the development of carotid artery atherosclerosis. Atherosclerosis
in large arteries such as the aorta and carotid arteries has also been reported to be asso-
ciated with white matter hyperintensities (WMH) [25,37]. The reason for this association
is explained by the hardening and narrowing of the vessels caused by atherosclerosis,
which negatively affects cerebral perfusion by reducing blood flow to the brain tissue,
thereby impairing the flow ability of the cerebral vessels [25]. Increased pulse pressure
caused by atherosclerosis in large arteries may be reflected in the pressure-sensitive cerebral
small vessels, leading to the development of WMH [25]. Some studies have reported that
the prevalence of WMH increases in individuals with coronary artery disease and that
cardiovascular plaques may be a risk factor for WMH [38,39]. Our current findings also
suggest that cardiovascular diseases may be a risk factor for WMH.

5. Conclusions

In conclusion, our study findings indicate that, in addition to HT and age, which are the
primary risk factors for WMH, ICA TI and carotid bifurcation angle are also independent
risk factors for this disease. Given the vascular pathologies involved in the pathogenesis of
WMH, identifying these risk factors may help identify individuals with an increased risk.

6. Limitations

This study has several limitations. First, the use of a retrospective and cross-sectional
design may create selection bias. Second, since radiological imaging was performed
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according to clinical requirements, individuals included in the study may have higher
vascular risk. However, excluding patients with carotid artery stenosis greater than 30%
contributed to minimizing this effect. Third, since the smoking status and body mass
index data of the individuals included in the study were not recorded in the system, the
relationship between these risk factors and WMH was not evaluated. Finally, since our
study group represents a specific region and ethnic group, our results do not necessarily
reflect the characteristics of the general population. Therefore, our study findings should
be supported by future multicenter studies with a large population.

Author Contributions: Conceptualization, S.S. and A.E.; methodology, S.S.; software, S.S.; validation,
S.S., A.E.; formal analysis, S.S.; investigation, S.S., A.E.; resources, A.E.; data curation, S.S., A.E.;
writing—original draft preparation, S.S., A.E.; writing—review and editing, S.S., A.E.; visualization,
A.E,; supervision, S.S.; project administration, S.S., A.E.; funding acquisition, S.S. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki. Ethical approval was obtained from the Siirt University Non-Invasive Ethics Committee
on 28 January 2025, with approval number 131081.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Written informed consent has been obtained from the patients to publish this paper.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

WMH  White Matter Hyperintensities

MRI Magnetic Resonance Imaging

CTA Computed Tomography Angiography
ICA Internal Carotid Artery

CCA  Common Carotid Arteries

TI Tortuosity Index

References

1. Lee, J.; Choi, K.S.; Choi, S.H.; Hwang, L; Shin, T. Deep learning-based prediction of cerebral white matter hyperintensity burden
using carotid magnetic resonance angiography. Front. Neurol. 2025, 16, 1656705. [CrossRef]

2. Lim,].S,; Lee, K].; Kim, B.J.; Ryu, W.S.; Chung, J.; Gwak, D.S.; Bae, H.]. Nonhypertensive White Matter Hyperintensities in Stroke:
Risk Factors, Neuroimaging Characteristics, and Prognosis. JAHA 2023, 12, e030515. [CrossRef]

3. Wang, D.Q.; Wang, L.; Wei, M.M.; Xia, X.S.; Tian, X.L.; Cui, X.H.; Li, X. Relationship between type 2 diabetes and white matter
hyperintensity: A systematic review. Front. Endocrinol. 2020, 11, 595962. [CrossRef]

4. Derraz, I; Abdelrady, M.; Ahmed, R.; Gaillard, N.; Morganti, R.; Cagnazzo, F.; Costalat, V. Impact of white matter hyperintensity
burden on outcome in large-vessel occlusion stroke. Radiology 2022, 304, 145-152. [CrossRef] [PubMed]

5. Demirtas, I; Ayyildiz, B.; Demirbas, A.T.; Ayyildiz, S.; Ssnmez Topgu, F.; Kus, K.C.; Kurt, M.A. Geometric morphometric study of
anterior branches of external carotid artery and carotid bifurcation by 3D-CT angiography. Surg. Radiol. Anat. 2022, 44, 1029-1036.
[CrossRef] [PubMed]

6. Hong An Ngo, D.; Lee, U.Y.; Kwak, H.S. Geometric changes and clinical risk factors from aortic arch to proximal internal carotid
artery between normal subjects and moderate right carotid plaques. Sci. Rep. 2024, 14, 19632. [CrossRef]

7. Akdag, R.; Soylu, U.; Uckun, O.M.; Polat, O; Girpinar, i; Daglioglu, E. Aneurysm Formation at the Internal Carotid Artery

Bifurcation Is Related to the Vascular Geometry of the Bifurcation. Brain Sci. 2024, 14, 1247. [CrossRef] [PubMed]

https://doi.org/10.3390/tomography12010012


https://doi.org/10.3389/fneur.2025.1656705
https://doi.org/10.1161/JAHA.123.030515
https://doi.org/10.3389/fendo.2020.595962
https://doi.org/10.1148/radiol.210419
https://www.ncbi.nlm.nih.gov/pubmed/35348382
https://doi.org/10.1007/s00276-022-02985-w
https://www.ncbi.nlm.nih.gov/pubmed/35840762
https://doi.org/10.1038/s41598-024-70653-7
https://doi.org/10.3390/brainsci14121247
https://www.ncbi.nlm.nih.gov/pubmed/39766446
https://doi.org/10.3390/tomography12010012

Tomography 2026, 12, 12 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

Chu, L.C.; Haroun, R.R.; Beaulieu, R.J.; Black, ].H., III; Dietz, H.C.; Fishman, E.K. Carotid artery tortuosity index is associated
with the need for early aortic root replacement in patients with Loeys-Dietz syndrome. JCAT 2018, 42, 747-753. [CrossRef]
Schulz, U.G.; Rothwell, PM. Major variation in carotid bifurcation anatomy: A possible risk factor for plaque development?
Stroke 2001, 32, 2522-2529. [CrossRef]

Chen, Y.C.; Wei, X.E; Lu, J.; Qiao, R.H.; Shen, X.F; Li, YH. Correlation between internal carotid artery tortuosity and imaging of
cerebral small vessel disease. Front. Neurol. 2020, 11, 567232. [CrossRef]

Kynast, J.; Lampe, L.; Luck, T.; Frisch, S.; Arelin, K.; Hoffmann, K.T.; Schroeter, M.L. White matter hyperintensities associated
with small vessel disease impair social cognition beside attention and memory. JCBFM 2018, 38, 996-1009. [CrossRef]

Chang, X.; Zhu, H.; Guo, Z.; Shi, H.; Tian, Y.; Hao, Q.; Zhou, H. Expert Consensus on the Diagnosis and Management of Carotid
Atherosclerotic Plaque: Pathophysiology, Clinical Management, and Preventive Approaches. Int. J. Med. Sci. 2025, 22, 2738.
[CrossRef]

Mitchell, G.E; Van Buchem, M.A.; Sigurdsson, S.; Gotal, ].D.; Jonsdottir, M.K.; Kjartansson, O.; Launer, L.J. Arterial stiffness,
pressure and flow pulsatility and brain structure and function: The Age, Gene/Environment Susceptibility-Reykjavik study.
Brain 2011, 134, 3398-3407. [CrossRef] [PubMed]

Wardlaw, J.M.; Chappell, EM.; Valdés Herndndez, M.D.C.; Makin, S.D.; Staals, ].; Shuler, K.; Dennis, M.S. White matter
hyperintensity reduction and outcomes after minor stroke. Neurology 2017, 89, 1003-1010. [CrossRef] [PubMed]

Brown, W.R.; Moody, D.M.; Challa, V.R,; Thore, C.R.; Anstrom, J.A. Venous collagenosis and arteriolar tortuosity in leukoaraiosis.
J. Neurol. Sci. 2002, 203, 159-163. [CrossRef]

Kwa, VI.H.; Van der Sande, ].J.; Stam, J.; Tijmes, N.; Vrooland, J.L. Retinal arterial changes correlate with cerebral small-vessel
disease. Neurology 2002, 59, 1536-1540. [CrossRef]

Sun, Z.; Li, C.; Masurkar, A.V.; Muccio, M.; Wisniewski, T.; Ge, Y. Tortuous extracranial arteries contribute to white Matter
hyperintensities in aging brains. Front. Aging Neurosci. 2025, 17, 1641214. [CrossRef]

Wardlaw, ].M.; Valdés Herndndez, M.C.; Muiioz-Maniega, S. What are white matter hyperintensities made of? Relevance to
vascular cognitive impairment. JAHA 2015, 4, e001140. [CrossRef]

Debette, S.; Markus, H. The clinical importance of white matter hyperintensities on brain magnetic resonance imaging: Systematic
review and meta-analysis. Bmj 2010, 341, c3666. [CrossRef] [PubMed]

Zhuang, EJ.; Chen, Y.; He, W.B.; Cai, Z.Y. Prevalence of white matter hyperintensities increases with age. Neural. Regen. Res. 2018,
13, 2141-2146. [CrossRef]

Jimenez-Conde, J.; Biffi, A.; Rahman, R.; Kanakis, A.; Butler, C.; Sonni, S.; Rost, N.S. Hyperlipidemia and reduced white matter
hyperintensity volume in patients with ischemic stroke. Stroke 2010, 41, 437-442. [CrossRef]

Habes, M.; Erus, G.; Toledo, ].B.; Zhang, T.; Bryan, N.; Launer, L.J.; Davatzikos, C. White matter hyperintensities and imaging
patterns of brain ageing in the general population. Brain 2016, 139, 1164-1179. [CrossRef]

Ammirati, E.; Moroni, F.; Magnoni, M.; Rocca, M.A.; Messina, R.; Anzalone, N.; Camici, P.G. Relation between characteristics
of carotid atherosclerotic plaques and brain white matter hyperintensities in asymptomatic patients. Sci. Rep. 2017, 7, 10559.
[CrossRef] [PubMed]

Lam, B.Y.K,; Yiu, B.; Ampil, E.; Chen, C.L.H.; Dikot, Y.; Dominguez, ].C.; Mok, V.C.T. High burden of cerebral white matter lesion
in 9 Asian cities. Sci. Rep. 2021, 11, 11587. [CrossRef] [PubMed]

Baik, M.; Kim, K.; Yoo, J.; Kim, H.C.; Jeong, S.H.; Kim, K.H.; Nam, H.S. Differential impact of white matter hyperintensities on
long-term outcomes in ischemic stroke patients with large artery atherosclerosis. PLoS ONE 2017, 12, e0189611. [CrossRef]

den Heijer, T.; Vermeer, S.E.; Van Dijk, E.J.; Prins, N.D.; Koudstaal, P.J.; Hofman, A.; Breteler, M.M.B. Type 2 diabetes and atrophy
of medial temporal lobe structures on brain MRI. Diabetologia 2003, 46, 1604-1610. [CrossRef]

Schmidt, R.; Launer, L.].; Nilsson, L.G.; Pajak, A.; Sans, S.; Berger, K.; CASCADE Consortium. Magnetic resonance imaging of
the brain in diabetes: The Cardiovascular Determinants of Dementia (CASCADE) Study. Diabetes 2004, 53, 687-692. [CrossRef]
[PubMed]

Manschot, S.M.; Brands, A.M.; van der Grond, J.; Kessels, R.P.; Algra, A.; Kappelle, L.J. Brain magnetic resonance imaging
correlates of impaired cognition in patients with type 2 diabetes. Diabetes 2006, 55, 1106-1113. [CrossRef]

Van Harten, B.; Oosterman, ].M.; Potter van Loon, B.J.; Scheltens, P.; Weinstein, H.C. Brain lesions on MRI in elderly patients with
type 2 diabetes mellitus. Eur. Neurol. 2007, 57, 70-74. [CrossRef]

Liu, Y;; Sun, Y,; Li, G.; Wang, Z.; Sun, Y.; Zhang, Y. Factors associated with restenosis after carotid artery stenting differ between
closed-cell and open-cell stents. Front. Neurol. 2025, 16, 1726023. [CrossRef]

Tamura, Y.; Araki, A. Diabetes mellitus and white matter hyperintensity. Geriatr. Gerontol. Int. 2015, 15, 34—42. [CrossRef]

Rost, N.S.; Fitzpatrick, K.; Biffi, A.; Kanakis, A.; Devan, W.; Anderson, C.D.; Rosand, ]. White matter hyperintensity burden and
susceptibility to cerebral ischemia. Stroke 2010, 41, 28072811. [CrossRef] [PubMed]

Ghaznawi, R.; Geerlings, M.L; Jaarsma-Coes, M.; Hendrikse, J.; de Bresser, J. Association of white matter hyperintensity markers
on MRI and long-term risk of mortality and ischemic stroke: The SMART-MR study. Neurology 2021, 96, e2172-e2183. [CrossRef]

https://doi.org/10.3390/tomography12010012


https://doi.org/10.1097/RCT.0000000000000764
https://doi.org/10.1161/hs1101.097391
https://doi.org/10.3389/fneur.2020.567232
https://doi.org/10.1177/0271678X17719380
https://doi.org/10.7150/ijms.107479
https://doi.org/10.1093/brain/awr253
https://www.ncbi.nlm.nih.gov/pubmed/22075523
https://doi.org/10.1212/WNL.0000000000004328
https://www.ncbi.nlm.nih.gov/pubmed/28794252
https://doi.org/10.1016/S0022-510X(02)00283-6
https://doi.org/10.1212/01.WNL.0000033093.16450.5C
https://doi.org/10.3389/fnagi.2025.1641214
https://doi.org/10.1161/JAHA.114.001140
https://doi.org/10.1136/bmj.c3666
https://www.ncbi.nlm.nih.gov/pubmed/20660506
https://doi.org/10.4103/1673-5374.241465
https://doi.org/10.1161/STROKEAHA.109.563502
https://doi.org/10.1093/brain/aww008
https://doi.org/10.1038/s41598-017-11216-x
https://www.ncbi.nlm.nih.gov/pubmed/28874779
https://doi.org/10.1038/s41598-021-90746-x
https://www.ncbi.nlm.nih.gov/pubmed/34078946
https://doi.org/10.1371/journal.pone.0189611
https://doi.org/10.1007/s00125-003-1235-0
https://doi.org/10.2337/diabetes.53.3.687
https://www.ncbi.nlm.nih.gov/pubmed/14988253
https://doi.org/10.2337/diabetes.55.04.06.db05-1323
https://doi.org/10.1159/000098054
https://doi.org/10.3389/fneur.2025.1726023
https://doi.org/10.1111/ggi.12666
https://doi.org/10.1161/STROKEAHA.110.595355
https://www.ncbi.nlm.nih.gov/pubmed/20947843
https://doi.org/10.1212/WNL.0000000000011827
https://doi.org/10.3390/tomography12010012

Tomography 2026, 12, 12 15 of 15

34.

35.

36.

37.

38.

39.

Jiang, J.; Yao, K.; Huang, X.; Zhang, Y.; Shen, E; Weng, S. Longitudinal white matter hyperintensity changes and cognitive decline
in patients with minor stroke. ACER 2022, 34, 1047-1054. [CrossRef] [PubMed]

Kim, G.M.; Park, K.Y.; Avery, R.; Helenius, ].; Rost, N.; Rosand, J.; Ay, H. Extensive leukoaraiosis is associated with high early risk
of recurrence after ischemic stroke. Stroke 2014, 45, 479-485. [CrossRef]

Marseglia, L.M.; Nicotera, A.; Salpietro, V.; Giaimo, E.; Cardile, G.; Bonsignore, M.; Di Rosa, G. Hyperhomocysteinemia and
MTHEFR polymorphisms as antenatal risk factors of white matter abnormalities in two cohorts of late preterm and full term
newborns. Oxid. Med. Cell. Longev. 2015, 2015, 543134. [CrossRef] [PubMed]

Lee, S.J.; Kim, J.S.; Lee, K.S.; An, J.Y.; Kim, W,; Kim, Y.I; Jung, S.L. The leukoaraiosis is more prevalent in the large artery
atherosclerosis stroke subtype among Korean patients with ischemic stroke. BMIC Neurol. 2008, 8, 1-6. [CrossRef]

Johansen, M.C.; Gottesman, R.F; Kral, B.G.; Vaidya, D.; Yanek, L.R.; Becker, L.C.; Nyquist, P. Association of coronary artery
atherosclerosis with brain white matter hyperintensity. Stroke 2021, 52, 2594-2600. [CrossRef]

Kral, B.G.; Nyquist, P,; Vaidya, D.; Yousem, D.; Yanek, L.R.; Fishman, E.K.; Becker, D.M. Relation of subclinical coronary artery
atherosclerosis to cerebral white matter disease in healthy subjects from families with early-onset coronary artery disease. AJC
2013, 112, 747752. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/tomography12010012


https://doi.org/10.1007/s40520-021-02024-5
https://www.ncbi.nlm.nih.gov/pubmed/35084664
https://doi.org/10.1161/STROKEAHA.113.003004
https://doi.org/10.1155/2015/543134
https://www.ncbi.nlm.nih.gov/pubmed/25829992
https://doi.org/10.1186/1471-2377-8-31
https://doi.org/10.1161/STROKEAHA.120.032674
https://doi.org/10.1016/j.amjcard.2013.05.002
https://doi.org/10.3390/tomography12010012

	Introduction 
	Materials and Methods 
	Study Population 
	CTA Imaging Protocol 
	Three-Dimensional Reconstruction of Carotid Artery 
	Measurement of Carotid Artery Geometry 
	Measurement of Arterial Stenosis 
	MRI Examination and Analysis 
	Other Study Variables 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	Limitations 
	References

