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Global intracranial arterial 
tortuosity is associated 
with intracranial atherosclerotic 
burden
Mi‑Yeon Eun 1,2, Ha‑Na Song 3, Jong‑Un Choi 3,4, Hwan‑Ho Cho 5, Hyung Jun Kim 3, 
Jong‑Won Chung 3, Tae‑Jin Song 6, Jin‑Man Jung 7, Oh‑Young Bang 3, Gyeong‑Moon Kim 3, 
Hyunjin Park 8,9, David S. Liebeskind 10 & Woo‑Keun Seo 3,4*

The effect of arterial tortuosity on intracranial atherosclerosis (ICAS) is not well understood. This study 
aimed to evaluate the effect of global intracranial arterial tortuosity on intracranial atherosclerotic 
burden in patients with ischemic stroke. We included patients with acute ischemic stroke who 
underwent magnetic resonance angiography (MRA) and classified them into three groups according 
to the ICAS burden. Global tortuosity index (GTI) was defined as the standardized mean curvature of 
the entire intracranial arteries, measured by in‑house vessel analysis software. Of the 516 patients 
included, 274 patients had no ICAS, 140 patients had a low ICAS burden, and 102 patients had a high 
ICAS burden. GTI increased with higher ICAS burden. After adjustment for age, sex, vascular risk 
factors, and standardized mean arterial area, GTI was independently associated with ICAS burden 
(adjusted odds ratio [adjusted OR] 1.33; 95% confidence interval [CI] 1.09–1.62). The degree of 
association increased when the arterial tortuosity was analyzed limited to the basal arteries (adjusted 
OR 1.48; 95% CI 1.22–1.81). We demonstrated that GTI is associated with ICAS burden in patients with 
ischemic stroke, suggesting a role for global arterial tortuosity in ICAS.
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Arterial tortuosity is a common angiographic finding in a variety of vascular systems, including the cerebral 
 arteries1. It has been suggested that arterial tortuosity is correlated with aging, female sex, hypertension, and 
genetic  disorders2. Previous studies have reported that a reduced axial stress or arterial wall degradation results 
in mechanical instability and arterial wall remodeling, leading to vascular elongation and  tortuosity1–3. Arte-
rial tortuosity can induce blood flow alterations and shear stress on the arterial  wall1 and may be reciprocally 
associated with  atherosclerosis4,5.

Intracranial atherosclerosis (ICAS) is one of the major causes of ischemic stroke, particularly in  Asians6. 
Although common atherosclerotic risk factors such as hypertension, diabetes mellitus, and dyslipidemia increase 
ICAS risk, there are some differences between ICAS and general atherosclerosis in terms of its risk factors, 
with dyslipidemia being less important and metabolic syndrome increasing the  risk7. Furthermore, intracranial 
arteries have greater interindividual variation in  trajectory8 and may be more prone to tortuosity due to their 
anatomical  features2. However, the effect of arterial tortuosity on ICAS has not been well established.
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There are several methods for measuring arterial  tortuosity9–12; however, previous studies have typically 
measured the tortuosity of a single vessel of interest and evaluated its association with atherosclerosis. However, 
given that tortuosity is prominent at the arterial borders and that atherosclerosis is also prevalent at major arterial 
bifurcations or branching points, measuring of the tortuosity of a single vessel may not be adequate to assess the 
burden of atherosclerosis. We hypothesized that the tortuosity of the entire intracranial arteries may reflect ICAS 
burden. Therefore, we aimed to measure the global intracranial arterial tortuosity, assessed by an in-house vessel 
analysis software, and to evaluate the effect of global tortuosity index (GTI) of the entire intracranial arteries on 
ICAS burden in patients with acute ischemic stroke.

Methods
Study population
This research was supported by grants from the national research foundation of Korea (NRF), funded by the 
Korean government (MSIT). We performed a retrospective analysis on patient data collected from a prospective 
hospital-based stroke registry during the research project, covering the period from January 2017 to December 
2019. The registry includes data on consecutive patients with acute ischemic stroke within 7 days of onset and 
includes demographic data, medical history, laboratory findings, stroke severity and etiology, and clinical out-
comes. Demographic data and vascular risk factors were collected from the registry data and medical records.

This study included the following patients: (1) patients aged ≥ 20 years, (2) with a diagnosis of acute ischemic 
stroke confirmed by brain imaging, (3) who underwent magnetic resonance angiography (MRA). Exclusion 
criteria were as follows: (1) those with MRA that could not be analyzed and geometric features could not be 
extracted, (2) patients with other vascular pathologies other than atherosclerosis, such as dissection, central 
nervous system vasculitis, Moyamoya disease, or reversible cerebral vasoconstriction syndrome, (3) patients 
with arterial occlusion because the vascular pathology could not be identified.

The samsung medical center institutional review board approved this study (SMC-2021-04-137). Informed 
consent was waived due to the retrospective study design and anonymized data analysis by samsung medical 
center. This study was conducted ethically in accordance with the declaration of the world medical association 
declaration of Helsinki.

Assessment of the burden of ICAS
Intracranial three-dimensional time-of-flight (TOF) MRA was performed using a 3.0 T magnetic resonance 
imaging system (philips medical systems) with a 32-element phased array receiver head coil. Scan parameters 
were as follows: TE, 4.59 ms; TR, 22 ms; flip angle, 23; FOV, 250 × 250 × 1.2  mm3; voxel size, 0.284 × 0.284 × 1.2 
 mm3; total acquisition time, 352 s; RBW, 130 Hz/pixel; GRAPPA factor, 3; 32 reference lines.

Two neurologists blinded to geometric features independently reviewed each patient’s intracranial TOF MRA 
image, and each intracranial artery was classified as having no significant atherosclerotic stenosis, significant ath-
erosclerotic stenosis, or occlusion. Stenoses ≥ 50% were defined as significant stenosis. The following intracranial 
arteries were included in the imaging review: bilateral intracranial internal carotid artery (ICA), middle cerebral 
artery (MCA) branches M1 and M2, anterior cerebral artery (ACA) branches A1 and A2, posterior cerebral 
artery (PCA) branches P1 and P2, basilar artery (BA), and vertebral artery (VA). Cerebellar arteries (CbllA) were 
excluded from ICAS burden assessment due to frequent poor visualization or hypoplasia. Disagreements were 
resolved by consensus. After exclusion of cases with occlusion, the number of ICAS was calculated. The ICAS 
burden was stratified into no ICAS, low ICAS burden with one significant intracranial artery stenosis, and high 
ICAS burden with two or more intracranial artery stenoses.

Assessment of global intracranial arterial tortuosity
Analysis of vessel geometric features was performed using an in-house vessel analysis software, the methods of 
which have been reported  previously13. Detailed methods are presented in the Supplementary Methods. Arter-
ies included in the analyses of geometric features were ICA, MCA, ACA, PCA, BA, VA, and cerebellar arteries, 
which include the superior cerebellar artery (SCA), anterior inferior cerebellar artery (AICA), and posterior 
inferior cerebellar artery (PICA).

Curvature is a geometric feature that quantifies the degree of bending in a line. For a line, it is calculated as 
the inverse of the radius of the osculating circle at a specific point P(x, y, z) . For a parametrically defined 3D 
curve, curvature κ is computed using the following formula:

The apostrophes within the formula indicate derivatives. The first and second derivatives of x, y, and z for 
the centerline points can be computed through calculation of the gradient of the coordinates at adjacent points. 
The graphical representation of the curvature is shown in Supplementary Fig. 1.

Curvature was measured at all points and the mean curvature  (curvaturem) was calculated by averaging the 
curvatures in each arterial segment and in the whole intracranial arteries. The tortuosity index (TI) represents the 
standardized  curvaturem for each artery, and the standardized  curvaturem for all intracranial arteries is defined 
as the GTI. A positive standardized GTI value indicates higher overall arterial tortuosity compared to the study 
population average, while a negative value suggests lower tortuosity. Values approaching zero indicate tortuosity 
levels close to the population mean.
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We measured the cross-sectional area at the centerline of each artery using our in-house vessel analysis soft-
ware. In addition, the mean area  (aream) was calculated by averaging the cross-sectional areas across all points 
within the entire intracranial arterial system.

Vessels that comprised the Circle of Willis were categorized as basal cerebral arteries and the others as distal 
arteries. To assess the global tortuosity of relatively large arteries on ICAS burden, we additionally defined GTIb 
as GTI analysis restricted to basal arteries only.

Statistical analysis
Continuous variables were presented as mean ± standard deviation or median and interquartile range, as appro-
priate. Frequencies and percentages were calculated for the categorical variables. For continuous variables with 
less than 5% missing values, such as fasting blood glucose and total cholesterol, the mean values were imputed. 
For vascular geometric features, data were standardized to reduce the scale differences between features. Base-
line characteristics and vessel geometric characteristics were compared between the three groups according to 
ICAS burden using chi-squared tests for categorical variables and analysis of variance or Kruskal–Wallis test 
for continuous variables.

Univariable and multivariable ordinal logistic regression analyses were performed to estimate the adjusted 
common odds ratio (OR) with 95% confidence interval (CI) of GTI for a shift towards more ICAS burden. 
Model 1 was adjusted for age and sex, and model 2 was adjusted by age, sex, and independent variables with 
a P-value < 0.1 in the univariable analysis. We also included the standardized  aream value in model 3, in addi-
tion to the variables in model 2. To assess for the existence of multi-collinearity, a variance inflation factor test 
was performed. Brant’s test was used to test for the assumption of parallel regression. We analyzed the effect of 
GTIb on ICAS burden in the same way. Subgroup comparisons of GTI on ICAS burden were performed and 
the interaction effect between GTI and patient demographics and vascular risk factors was assessed. Two-sided 
P-values of < 0.05 were considered statistically significant. Data analyses were performed using statistical software 
R version 4.3.014 or SPSS for Windows, version 25.0 (IBM Corporation, Armonk, NY, USA).

Results
Baseline characteristics
A total of 964 patients with acute ischaemic stroke were screened between January 2017 and December 2019, of 
whom 770 patients underwent TOF MRA imaging. Sixty-seven patients were excluded because arterial feature 
extraction was unavailable due to poor image quality. We also excluded 65 patients with vascular anomalies 
other than atherosclerosis, such as dissection, Moyamoya disease, and reversible cerebral vasoconstriction syn-
drome, and 122 patients with major intracranial arterial occlusion (Fig. 1). Of the 516 participants (mean age 
67.6 ± 13.0 years, 34.9% women) included, 274 patients had no ICAS, 140 patients had one ICAS (low ICAS 
burden), and 102 patients had two or more ICAS (high ICAS burden). The high ICAS burden group was older 
and had more comorbidities, such as hypertension, diabetes mellitus, and coronary artery disease. Details of the 
participants are summarized in Table 1.

Measurement of intracranial arterial tortuosity in study population
Among 8772 screened intracranial arteries, 590 arteries exhibited significant stenosis (86 ICAs, 153 MCAs, 40 
ACAs, 61 PCAs, 23 BAs, and 69 VAs). The in-house vessel analysis software extracted arterial features relatively 
well, and representative cases are demonstrated in Fig. 2. For each vessel, the ICA, basal and distal MCA had 
missing curvature values ranging from 0.2 to 3.9%. The basal and distal ACA had missing values ranging from 
2.5 to 10.9%. In the posterior circulation, 18.4% of the left VA and 34.7% of the right VA were missing due to 
hypoplasia and dominance, and 18.4% of the BA was missing. For the PCA, missing values ranged from 2.3 to 
2.5% for the basal PCA and from 37.6 to 39.3% for the distal PCA. The cerebellar artery was missing between 
3.1 and 5.2%. The  curvaturem of the intracranial arteries were mostly symmetric in the right and left intracranial 
arteries and the  curvaturem of the BA was lowest. The intracranial arteries in the posterior circulation and the 
distal arteries tended to have relatively higher tortuosity (Supplementary Table 1).

GTI in study population
GTI was higher in patients with large-artery atherosclerotic stroke than in those with non-large artery atheroscle-
rotic stroke (0.13 ± 1.09 vs. − 0.04 ± 0.96), although this difference was not statistically significant (P-value = 0.08). 
Similarly, GTI was slightly higher in patients with coronary artery disease (0.18 ± 1.18 vs. − 0.02 ± 0.97; 
P-value = 0.153) and peripheral artery disease (0.53 ± 0.0.84 vs. − 0.01 ± 1.0; P-value = 0.195), but these differ-
ences were also not statistically significant. GTI increased in a dose-dependent manner with the number of 
ICAS (Fig. 3). GTI was significantly higher in the high ICAS group than in the low ICAS or no ICAS group (no 
ICAS, − 0.12 ± 0.93; low ICAS, − 0.02 ± 0.97; high ICAS, 0.33 ± 1.16; P < 0.001). This trend was also confirmed 
in GTIb, with the difference in tortuosity index between groups being greater in GTIb (no ICAS, − 0.18 ± 0.91; 
low ICAS, − 0.04 ± 0.93; high ICAS, 0.52 ± 1.15). Looking at the  curvaturem of each vessel, TI of both ICAs, right 
basal MCA, BA, right basal PCA, and right CbllA were higher in the high ICAS group than in the no ICAS and 
low ICAS groups, similar to the GTI (Table 2). Standardized  aream was slightly higher in the high ICAS group 
than in the no ICAS and low ICAS groups (no ICAS, − 0.04 ± 0.89; low ICAS, 0.01 ± 0.85; high ICAS, 0.08 ± 1.40; 
P = 0.613). However, this was not statistically significant.

Effects of GTI on ICAS burden
Univariable analysis revealed that age, diastolic blood pressure, hypertension, diabetes mellitus, less atrial fibril-
lation, peripheral arterial disease, previous stroke or TIA, coronary artery disease, aortic arch complex atheroma, 
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low high-density lipoprotein cholesterol, etiology of large artery atherosclerosis, previous antiplatelet agents use, 
previous statin use, initial NIHSS, and GTI were associated with greater ICAS burden (Supplementary Table 2).

To assess the effect of GTI on ICAS burden, we performed multivariable ordinal logistic regression analy-
sis. In model 1, GTI was associated with greater ICAS burden (adjusted OR, 1.41; 95% CI 1.18–1.67). After 
adjustment for potential confounders, GTI remained as an independent predictor for greater ICAS burden in 
model 2 (adjusted OR, 1.36; 95% CI 1.12–1.65) and model 3 (adjusted OR 1.33; 95% CI 1.09–1.62) (Table 3). 
In addition to GTI, hypertension (adjusted OR 1.66; 95% CI 1.05–2.65), diabetes mellitus (adjusted OR, 1.71; 
95% CI 1.14–2.55), previous stroke or TIA (adjusted OR 1.79; 95% CI 1.11–2.88), aortic arch complex atheroma 
(adjusted OR 7.01; 95% CI 1.14–42.92), large-artery atherosclerotic etiology relative to small-vessel occlusion 
etiology (adjusted OR 2.4; 95% CI 1.48–3.88), and initial national institutes of health stroke scale (adjusted OR 
1.07; 95% CI 1.01–1.12) were significantly correlated with ICAS burden (Supplementary Table 2). Comparison 
of the effect on ICAS burden in different subgroups revealed a consistent trend with the overall effect. There was 
no significant interaction between GTI and subgroups (Supplementary Fig. 2).

Univariable and multivariable analyses were also performed for the effect of GTIb on ICAS burden and the 
degree of association with ICAS burden was stronger for the GTIb (adjusted OR 1.48; 95% CI 1.22–1.81) than 
for the GTI (Table 3).

Discussion
In this study, the tortuosity of intracranial arteries was measured according to the curvature extracted using 
in-house vessel analysis software. GTI was increased with higher ICAS burden and was independently associ-
ated with increased ICAS burden after adjustment for potential confounders and standardized  aream. The effect 
of GTI on ICAS burden was consistent across subgroups. Notably, the effect of tortuosity on ICAS burden was 
stronger when the arteries for analysis were restricted to the basal cerebral arteries.

While systemic risk factors are crucial for atherosclerosis development, there has been a growing interest 
in hemodynamic and geometric  factors15,16. Wall shear stress is a frictional stress applied in a direction parallel 
to the vessel wall. Disturbed shear stress is sensed by the endothelial mechanoreceptors and may contribute to 
atherosclerosis development by inducing inflammation and increasing susceptibility to vascular  injury15. Athero-
sclerosis is more likely to occur in areas with low wall shear stress, while high wall shear stress may contribute to 
vulnerable plaque formation and plaque rupture. Arterial tortuosity can induce blood flow derangements such as 
flow shift, flow recirculation, and low oscillatory wall shear  stress17. Thus, arterial tortuosity may be a geometric 
risk for atherosclerosis, which may explain the predilection for atherosclerotic lesions at arterial bifurcation sites.

Figure 1.  Selection of the study population.
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This study demonstrated that GTI is increased and independently associated with ICAS burden, and this 
finding is consistent with previous studies reporting that arterial geometric risk is associated with atheroscle-
rosis. In the carotid arteries, more atherosclerosis was noted characterized by kinking, tortuosity, and  coiling4. 
Tortuosity has also been reported to be associated with atherosclerosis in the coronary, femoral, and intracranial 
 arteries11,12,18,19.

Our study is relevant because geometric risk may be a more important issue in ICAS. The effect of lipids on the 
development of atherosclerosis in intracranial arteries is relatively small compared with extracranial or coronary 
 arteries7. Conversely, intracranial arteries may have a relatively high degree of  tortuosity2,20 because they are less 
anchored to the external structure, and have a small diameter, and usually have multiple  branches21. Furthermore, 
the intracranial arteries have a relatively minimal outward remodeling and develop plaque protrusion into the 
lumen from an early  stage22. This induces altered shear stress around the plaque and may reciprocally influence 
the tortuosity of intracranial arteries. Thus, the effect of tortuosity may be greater and more exaggerated in the 
intracranial arteries than in other vessels.

Table 1.  Baseline characteristics of the participants according to ICAS burden. Values are expressed as 
number (%), mean ± standard deviation, or median [interquartile range]. ICAS intracranial atherosclerosis, 
SD standard deviation, BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, 
TIA transient ischemic attack, WBC white blood cell, HDL-C high-density lipoprotein cholesterol, LDL-C 
low-density lipoprotein cholesterol, hs-CRP high-sensitivity c-reactive protein, TOAST trial of org 10,172 in 
acute stroke treatment classification, LAA large artery atherosclerosis, CE cardioembolism, SAO small artery 
occlusion, ODE other determined etiology, UDE undetermined etiology, mRS modified Rankin Scale, NIHSS 
national institutes of health stroke scale.

No ICAS (N = 274) Low ICAS (N = 140) High ICAS (N = 102) P-value

Age 66.0 ± 13.4 68.1 ± 12.0 71.1 ± 12.7 0.002

Male 184 (67.2) 86 (61.4) 68 (66.7) 0.492

BMI 23.9 ± 3.1 24.1 ± 3.6 24.7 ± 3.0 0.127

Height 165.0 ± 9.2 163.7 ± 8.6 161.9 ± 9.2 0.012

SBP 151.6 ± 28.1 156.7 ± 27.9 154.0 ± 27.8 0.209

DBP 87.2 ± 17.3 85.3 ± 17.2 81.7 ± 15.5 0.02

Hypertension 178 (65.0) 110 (78.6) 85 (83.3)  < 0.001

Diabetes mellitus 65 (23.7) 56 (40.0) 44 (43.1)  < 0.001

Dyslipidemia 159 (58.0) 92 (65.7) 68 (66.7) 0.167

Current smoking 63 (23.0) 33 (23.6) 16 (15.7) 0.256

Atrial fibrillation 57 (20.8) 17 (12.1) 15 (14.7) 0.066

Congestive heart failure 8 (2.9) 2 (1.4) 3 (2.9) 0.7

Peripheral arterial disease 1 (0.4) 1 (0.7) 4 (3.9) 0.028

Previous stroke or TIA 42 (15.3) 34 (24.3) 32 (31.4) 0.002

Coronary artery disease 21 (7.7) 16 (11.4) 22 (21.6) 0.001

Aortic arch complex atheroma 1 (0.4) 1 (0.7) 5 (4.9) 0.01

Hemoglobin 13.8 ± 2.0 13.6 ± 2.0 13.38 ± 2.1 0.259

WBC 7.61 ± 3.51 7.89 ± 2.58 7.38 ± 2.39 0.423

Platelet 222.9 ± 75.4 229.3 ± 97.8 219.5 ± 68.9 0.618

Fasting blood glucose 120.4 ± 43.1 121.1 ± 45.0 128.5 ± 50.1 0.283

Total cholesterol 173.4 ± 42.9 169.5 ± 44.7 167.6 ± 45.5 0.451

Triglyceride 154.64 ± 97.7 155.75 ± 88.0 160.11 ± 99.7 0.884

HDL-C 49.9 ± 14.5 47.2 ± 16.2 46.7 ± 13.6 0.082

LDL-C 112.0 ± 40.0 111.9 ± 39.7 1009.0 ± 40.9 0.793

hs-CRP 0.77 ± 3.05 0.55 ± 1.24 0.67 ± 1.56 0.673

TOAST  < 0.001

 LAA 42 (15.3) 41 (29.3) 46 (45.1)

 CE 71 (25.9) 24 (17.1) 12 (11.8)

 SAO 96 (35.0) 40 (28.6) 23 (22.5)

 ODE 14 (5.1) 2 (1.4) 3 (2.9)

 UDE 51 (18.6) 33 (23.6) 18 (17.6)

Prior antiplatelet agents 81 (29.6) 64 (45.7) 48 (47.1)  < 0.001

Prior statin use 77 (28.1) 53 (37.9) 45 (44.1) 0.007

Premorbid mRS 0.0 [0.0–0.0] 0.0 [0.0–0.0] 0.0 [0.0–0.0] 0.016

Initial NIHSS 2.0 [1.0–4.0] 3.0 [1.0–4.5] 3.0 [1.0–5.0] 0.027
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Figure 2.  Analysis of intracranial arteries using an in-house vessel analysis software. (A) Intracranial time-
of-flight (TOF) magnetic resonance angiography (MRA) image (FOV, 250 × 250 × 1.2 mm3; voxel size, 
0.284 × 0.284 × 1.2  mm3) of a patient with normal intracranial arteries and image processed by region-growing 
and centerline extraction. (B) TOF MRA and processed image in patients with atherosclerosis of the right 
middle cerebral artery. FOV field of view.

Figure 3.  Distribution of global tortuosity index (GTI) and basal artery GTI (GTIb) values according to the 
number of stenoses in the intracranial arteries, plotted as a restricted cubic spline curve. The x-axis represents 
the number of stenoses in the intracranial arteries, while the y-axis displays the GTI values. Colored areas 
represent 95% confidence intervals.
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We developed a global index of tortuosity by tracking whole MRA-identifiable intracranial arteries and 
found that this had a significant impact on ICAS burden. Several studies have elucidated that arterial tortuosity 
is associated with atherosclerosis, dissection, and aneurysm  development11,23–25. To determine disease associa-
tions, most studies measured TI in single relevant arteries. However, many atherosclerotic plaques can develop 
at bifurcations and at the arterial borders, and tortuosity tends to be greater at these locations. Therefore, this 
approach may be inappropriate because of the paucity of information regarding the tortuosity of the edge of 
intracranial arteries. Furthermore, tortuosity in one vessel may induce hemodynamic changes in distal arteries 
beyond that  vessel26,27. It is hence difficult to correlate tortuosity measured in a specific vessel with ICAS burden. 
GTI in this study may overcome these shortcomings to provide a comprehensive assessment of the effect of 
tortuosity on the total ICAS burden.

Although tortuosity was calculated based on the centerline of the artery, hemodynamic changes due to tortu-
osity may be influenced by several factors including arterial cross-sectional area, shear stress or blood pressure. 
Therefore, we included  aream in our multivariable analyses to determine the effect of GTI on ICAS burden. The 
results indicated that  aream did not have a significant effect on ICAS burden, but it is necessary to consider a 
range of variables as factors affecting ICAS burden.

Another potential confounding factor was height. Taller individuals typically have longer intracranial arter-
ies and this may influence the hemodynamic response to arterial tortuosity on ICAS. Our results demonstrated 
that lower height tended to be associated with ICAS burden, however, this was not statistically significant in the 
multivariable analysis.

Table 2.  Global tortuosity index (GTI) and tortuosity index (TI) of individual intracranial arteries based on 
ICAS burden. Values are mean ± standard deviation. ICAS intracranial atherosclerosis, GTI global tortuosity 
index, GTIb basal artery GTI, IQR interquartile range, ICA internal carotid artery, bMCA basal middle cerebral 
artery, dMCA distal middle cerebral artery, bACA  basal anterior cerebral artery, dACA  distal anterior cerebral 
artery, BA basilar artery, VA vertebral artery, bPCA basal posterior cerebral artery, dPCA distal posterior 
cerebral artery, CbllA cerebellar artery.

No ICAS (N = 274) Low ICAS (N = 140) High ICAS (N = 102) P-value

GTI  − 0.12 ± 0.93  − 0.02 ± 0.97 0.33 ± 1.16  < 0.001

GTIb  − 0.18 ± 0.91  − 0.04 ± 0.93 0.52 ± 1.15  < 0.001

R ICA TI  − 0.13 ± 0.95 0.08 ± 0.99 0.24 ± 1.08 0.004

L ICA TI  − 0.13 ± 0.94  − 0.01 ± 0.87 0.36 ± 1.23  < 0.001

R bMCA TI  − 0.18 ± 0.75 0.05 ± 1.22 0.43 ± 1.12  < 0.001

L bMCA TI  − 0.08 ± 0.31 0.12 ± 1.84 0.04 ± 0.28 0.153

R bACA TI  − 0.06 ± 0.88 0.06 ± 1.22 0.09 ± 0.95 0.342

L bACA TI 0.01 ± 1.21  − 0.02 ± 0.72 0.00 ± 0.65 0.968

R dMCA TI 0.03 ± 1.35  − 0.06 ± 0.19 0.00 ± 0.27 0.683

L dMCA TI  − 0.07 ± 0.89 0.06 ± 1.02 0.10 ± 1.24 0.219

R dACA TI  − 0.05 ± 0.88  − 0.03 ± 0.65 0.17 ± 1.56 0.176

L dACA TI  − 0.02 ± 1.01 0.01 ± 0.91 0.05 ± 1.11 0.823

BA TI  − 0.09 ± 0.44  − 0.08 ± 0.40 0.38 ± 2.10 0.001

R VA TI 0.09 ± 1.25  − 0.14 ± 0.41  − 0.07 ± 0.66 0.164

L VA TI  − 0.07 ± 0.38 0.05 ± 1.22 0.14 ± 1.70 0.224

R bPCA TI  − 0.11 ± 1.08  − 0.02 ± 0.76 0.34 ± 0.99 0.001

L bPCA TI  − 0.06 ± 0.80 0.08 ± 1.33 0.05 ± 0.96 0.36

R dPCA TI  − 0.04 ± 0.89  − 0.03 ± 1.12 0.14 ± 1.11 0.454

L dPCA TI 0.00 ± 0.46  − 0.13 ± 0.38 0.21 ± 2.22 0.147

R CbllA TI  − 0.11 ± 0.93  − 0.01 ± 0.91 0.33 ± 1.22 0.001

L CbllA TI  − 0.06 ± 0.34  − 0.03 ± 0.39 0.21 ± 2.14 0.071

Table 3.  Effects of global tortuosity index (GTI) and GTIb on intracranial atherosclerotic burden. ICAS 
intracranial atherosclerosis, OR odds ratio, CI confidence interval, GTI global tortuosity index, GTIb basal 
artery GTI. *Adjusted for age and sex. ***P < 0.001; **P < 0.01. † Adjusted for age, sex, variable with P-value < 0.1 
in the univariate analysis. ‡ Adjusted for variables in model 2 and  aream.

Adjusted OR (95% CI) (model 1)* Adjusted OR (95% CI) (model 2)† Adjusted OR (95% CI) (model 3)‡

GTI 1.41 (1.18–1.67)*** 1.36 (1.12–1.65)** 1.33 (1.09–1.62)**

GTIb 1.66 (1.38–1.99)*** 1.49 (1.22–1.81)*** 1.48 (1.22–1.81)***
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In this study, the effect of tortuosity on ICAS burden is greater when GTI is restricted to the basal arteries. 
These results varied from our expectation that vessels with high tortuosity might have a greater effect on ICAS 
burden, as most distal arteries have larger mean curvature values compared to basal arteries. However, consider-
ing that atherosclerosis mainly occurs in large and medium-sized arteries, this seems plausible.

There are numerous methods for measuring vessel  tortuosity2,10–12. Previous studies have usually assessed the 
arterial tortuosity using indirect  methods11,28. However, these methods can be inaccurate and may not reflect 
the hemodynamic and geometric changes. In addition, previous methods require time and effort for manual 
measurement, rendering them difficult to use in clinical practice. We could automatically assess the tortuosity 
from the absolute mean curvature of the intracranial arteries on the 3D angiographic map using an in-house 
vessel analysis software. The results are consistent with visual inspection, with a higher tortuosity in the distal 
arteries and the lowest tortuosity in the basilar artery. Intracranial ICA tortuosity was relatively lower than in 
the previous study, probably due to the influence of the post-petrous straight segment of the ICA. A recent study 
reported that mean absolute curvature using computer modelling correlates best with coronary wall shear stress 
than other methods of assessing  tortuosity29. Therefore, GTIs have the potential to elucidate the pathophysiology 
of ICAS and may be used to predict the progression of ICAS or to assess the effectiveness of treatment. Further-
more, the method used in our study provides information from each small segment of the artery. By combining 
and analyzing this information by vessel and anatomical structure, it is expected that more insight into vascular 
pathology can be gained.

Our study has several limitations. First, this study is a retrospective case-control study and may have potential 
residual confounding effects. Second, we only analyzed the effect of tortuosity on ICAS in patients with stroke; 
therefore, the results cannot be generalized to individuals without stroke. Third, some images could not be auto-
matically assessed for tortuosity using in-house software due to poor image quality. However, these limitations 
may also be present in visual assessment and may be overcome through technological advances in image cor-
rection and improvement in software accuracy. Fourth, there is a discrepancy between the arteries assessed for 
ICAS burden and those included in the GTI calculations. ICAS burden was evaluated through manual review of 
MRA images for arteries such as ICA, MCA, ACA, PCA, BA, and VA, whereas GTI calculations included CbllA 
such as SCA, AICA, and PICA, which were often inadequately visualized on MRA. This discrepancy may be a 
limitation of our study, but also implies the potential of automated analysis software to overcome the challenges 
of manual visual assessment. Finally, our data lack the detailed information on whether ICAS was symptomatic or 
not, and whether the large artery atherosclerotic stroke according to the TOAST classification was categorized as 
extracranial or intracranial large artery atherosclerosis. Understanding the symptomatic status or the location of 
atherosclerosis may provide additional implication, which warrants further study. Despite these limitations, our 
study demonstrated the association between global intracranial arterial tortuosity and ICAS burden in patients 
with ischemic stroke, suggesting a role for geometric risk in ICAS.

Data availability
The study data are available from the corresponding author upon reasonable request and with the permission 
of all contributing authors.
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