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Background: Vascular geometry may play an important role in the development of atherosclerosis. This 
study aimed to investigate the relationships between the geometrical characteristics of basilar artery (BA) and 
the presence, burden, and distribution of BA plaques using magnetic resonance vessel wall imaging.
Methods: Patients with cerebrovascular symptoms in the posterior circulation were recruited and 
underwent magnetic resonance imaging. The BA’s geometrical characteristics, including actual length, 
straightened length, tortuosity, lateral basilar artery-vertebral artery (VA) angle, lateral mid-BA angle, and 
BA convexity, were measured. The presence of plaques, stenosis, and plaque burden, including mean and 
maximal wall thickness, were evaluated. The BA’s cross-sectional vessel wall was divided into 4 quadrants: 
dorsal, ventral, right, and left quadrant. The distribution of BA plaques was analyzed.
Results: Of 344 recruited patients (mean age: 68.1±11.1 years; 200 males), 100 (29.1%) had BA plaques. 
Patients with BA plaques had higher tortuosity of the BA (13.6±9.0 vs. 9.7±7.7, P<0.001) compared to those 
without BA plaques. Multivariate regression analysis showed that tortuosity of the BA was associated with 
the presence of BA plaques (OR, 1.641; 95% CI, 1.232 to 2.186; P=0.001) and mean wall thickness (β, 0.045; 
95% CI, 0.008 to 0.081; P=0.017). The plaque distribution in the left wall and right wall of BA was more 
frequent in patients with right (P=0.006) and left (P<0.001) convex BA, respectively. 
Conclusions: The BA’s geometrical characteristics, particularly tortuosity and convexity, are independently 
associated with the presence, burden, and distribution of plaques in the BA.
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Introduction

Posterior circulation ischemia accounts for approximately 
20–25% of cerebrovascular ischemic strokes (1). Basilar 
artery (BA) atherosclerotic plaques are an important cause 
of posterior circulation ischemic stroke (2). Increasing 
evidence has shown that the burden and distribution of 
atherosclerotic plaques are related to cerebrovascular disease 
risk. Previous studies have reported that plaque burden 
measured by wall thickening was associated with acute 
ischemic stroke (3,4). Since BA perforators mainly originate 
from its lateral or dorsal walls (5), atherosclerotic plaques 
distributed in the BA lateral wall were more likely to be 
correlated with symptoms (6). Therefore, it is crucial to 
better understand the factors associated with the presence, 
burden, and distribution of atherosclerotic plaques in the 
BA before occurrence of ischemic events. 

Recent studies have utilized vascular geometrical risk 
factors to explain the presence and characteristics of the 
burden and distribution of atherosclerotic plaques. For 
example, high tortuosity was associated with atherosclerotic 
plaques in the middle cerebral artery (7) and superficial 
femoral artery (8). High carotid tortuosity was also an 
independent predictor for plaque burden of the internal 
carotid artery bulb measured by wall thickness (9). Vascular 
geometric characteristics may influence local hemodynamic 
forces and play an important role in the development of 
atherosclerotic plaques. However, there are geometric 
variations in the vertebrobasilar system. For example, 
the angle between the vertebral artery (VA) and BA is 
different. The left VA is often larger than the right VA (10).  
Therefore, asymmetric VA flow may induce higher 
tortuosity in the BA (11). The BA tortuosity and the angle 
between the VA and BA may influence the hemodynamic 
patterns associated with the presence and progression 
of atherosclerotic plaques. Unfortunately, few studies 
have explored the associations between geometrical 
characteristics of the BA and the presence, burden (12), 
and distribution of atherosclerotic plaques in the BA 
(13,14). The relationship between the BA convexity 
and the distribution of atherosclerotic plaques is still 
controversial (13,14). This study’s objective was to evaluate 
the associations between the geometrical characteristics 
of the BA and the presence, burden, and distribution of 
atherosclerotic plaques in the BA using high-resolution 
magnetic resonance (MR) vessel wall imaging. 

Methods

Study population

In this study, patients who had recent cerebrovascular 
symptoms (ischemic stroke or transient ischemic attack 
in the posterior circulation <2 weeks) were consecutively 
enrolled and underwent MR vessel wall imaging for 
intracranial arteries. The exclusion criteria were as follows: 
(I) non-atherosclerotic vasculopathy, such as arterial 
dissection, moyamoya disease and arteritis determined by 
computed tomography angiography, magnetic resonance 
angiography (MRA), or MR vessel wall imaging; (II) 
embolic sources from the heart (atrial fibrillation or valvular 
heart disease) and the aorta; (III) bilateral VAs did not 
converge to a common BA congenitally; (IV) occluded BA; 
(V) contraindication to MR examination. Demographic 
and clinical information, including age, gender, body mass 
index (BMI), history of hypertension, diabetes mellitus, 
hyperlipidemia, smoking status, and coronary heart disease, 
was collected from medical records. The study protocol was 
reviewed and approved by the Institutional Review Board, 
and all subjects provided written informed consent.

MR vessel wall imaging

MR vessel wall imaging was performed on a 3.0T MR 
scanner (Discovery 750, GE Healthcare, Milwaukee, WI, 
USA) equipped with a 32-channel head coil. The imaging 
protocol for MR vessel wall imaging included time-of-flight 
(TOF) MRA and three-dimensional (3D) variable refocusing 
flip angle fast spin echo T1-weighted imaging (T1-CUBE). 
The 3D TOF MRA for intracranial arteries was acquired 
using the following parameters: spoiled gradient recalled, 
repetition time/echo time 20/3.4 ms, the field of view  
22 cm × 16.5 cm, flip angle 20º, matrix size 512×192, slice 
thickness 1.0 mm, and scan time 4 minutes 33 seconds. The 
3D T1-CUBE imaging sequence (slice =152) was acquired 
coronally for the BA and the intracranial segments of VAs 
using the following parameters: fast spin echo, repetition 
time/echo time 600 ms/14 ms, the field of view 20 cm × 
16 cm, matrix size of 320×288, echo train length 28, slice 
thickness 0.8 mm, and scan time 6 minutes 31 seconds.

MR image analysis

The BA MR vessel wall images were reviewed by two 



2713Quantitative Imaging in Medicine and Surgery, Vol 11, No 6 June 2021

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2021;11(6):2711-2720 | http://dx.doi.org/10.21037/qims-20-1291

trained radiologists with more than 2 years of neurovascular 
imaging experience with consensus using commercialized 
software (Vessel Explorer 2, TSimaging Healthcare, Beijing, 
China). The lumen and wall boundaries of the BA were 
manually outlined (15). Wall thickness was automatically 
measured as the average distance between the lumen and 
wall boundaries. The plaque burden of mean wall thickness 
(Mean WT) and maximal wall thickness (Maximal WT) was 
calculated as the average and maximal per artery (16). The 
atherosclerotic plaque was defined as eccentric or focal wall 
thickening, while the thinnest part of the wall was estimated 
to be <50% of the thickest point on T1W imaging (17). 
The degree of BA stenosis was estimated by dividing 
“blood lumen area” excluding plaques by “vessel inner 
wall area” and multiplying by 100 (13). The BA cross-
sectional vessel wall was divided into 4 quadrants: dorsal, 
ventral, right, and left quadrant (6). For cases with plaques 
involving more than 2 quadrants, the quadrant with the 
maximal plaque thickness was chosen. If 1 plaque was 
equally distributed in 2 quadrants, observers looked at the 
adjacent proximal and distal slices and determined if there 
was a majority of quadrant distribution to assist with their 
assessment.

The methodology for  measuring BA geometry 
was summarized in Figure S1. The geometry of the 
vertebrobasilar arterial system was evaluated from the 
following aspects: (I) the actual length; (II) the straightened 
length; (III) the tortuosity; (IV) the direction of BA 
convexity; (V) the BA angles from the lateral view (lateral 
BA-VA angle and lateral mid-BA angle). The actual length 
and the straightened length of the BA were measured on 
TOF MRA images. The BA centerline was automatically 
extracted by tracing the course of the vessel using the MR 
workstation (Advantage Workstation, AW4.7; GE Medical 
Systems). The curved segments of the BA were also taken 
into account. The BA actual length was measured along 
the centerline from the top of the BA to the junction of 
both VAs (18). The straightened length was measured by 
a linear distance between the top of the BA to the junction 
of both VAs (18). The tortuosity of the BA was measured 
by the following formula (18): tortuosity = (actual length/
straightened length − 1) × 100. A straight line between 
the top of the BA to the junction of both VAs was used to 
determine BA convexity (toward the right side or the left 
side or straight) in the anteroposterior view (13). Two lines 
were drawn from the vertebrobasilar junction to the BA (a 
line) and the dominant VA (b line) in the lateral view, and 
the angle between the 2 lines was regarded as the lateral 

BA-VA angle (13,19). The dominant VA was defined as 
the VA with a larger diameter or connected to the BA in 
a straighter fashion (11). An imaginary line (c line) was 
drawn from the posterior cerebral artery bifurcation point, 
maximally including the BA in the midline. The point 
where a line and c line conjoined was regarded as the 
mid-BA point, and the angle between the two lines was 
considered as the lateral mid-BA angle (13).

Reproducibility study

A total of 30 patients were randomly selected for inter-
observer and intra-observer reproducibility studies. 
Two observers (DS and WY) independently measured 
the geometrical characteristics of the BA. One observer 
(DS) interpreted all the images of the 30 cases again after  
1 month time interval, blinded to the results of the first 
round of review to minimize memory bias.

Statistical analysis

All statistical analyses were performed using the software 
SPSS version 22.0 (IBM, Chicago, IL, USA). Continuous 
variables were summarized as mean ± SD (standard 
deviation), and categorical variables were presented as 
count (percentage). The clinical data and BA geometrical 
characteristics were compared between subjects with 
and without BA plaques using the independent t test or 
Mann-Whitney U test for continuous variables and the 
Chi-square test for categorical variables. Univariable 
and multivariable logistic regressions were performed to 
assess the associations between geometrical characteristics 
of the BA and the presence of BA plaques. Variables 
with the potential association (P<0.10) indicated by the 
univariable logistic regression were included in the model of 
multivariate logistic regression. The relationships between 
the BA geometry and the plaque burden and stenosis of the 
BA were analyzed using linear regression. The differences 
in plaque distribution were determined using the Mann-
Whitney U test or Kruskal-Wallis test. The inter-observer 
and intra-observer reproducibility in measuring BA 
geometry was evaluated using the intraclass correlation 
coefficient (ICC). The P value <0.05 was considered as 
statistically significant.

Results

A total of 366 patients were enrolled in this study between 

https://cdn.amegroups.cn/static/public/QIMS-20-1291-supplementary.pdf
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Table 1 Clinical and geometrical characteristics of the study population (n=344)

Characteristics
Mean ± SD or n (%)

P value
With BA plaque (n=100) Without BA plaque (n=244)

Clinical characteristics

Age, years old 70.5±11.3 67.1±10.8 0.006

Gender, male 60 (60.0) 140 (57.4) 0.654

BMI, kg/m² 24.0±3.0 23.5±3.3 0.238

Hypertension 84 (84.0) 157 (64.3) <0.001

Diabetes 49 (49.0) 73 (29.9) 0.001

Hyperlipidemia 30 (30.0) 68 (27.9) 0.691

Smoker 35 (35.0) 85 (34.8) 0.977

Coronary heart disease 8 (8.0) 30 (12.3) 0.249

Geometrical characteristics

Actual length (cm) 2.8±0.5 2.7±0.4 0.258

Straightened length (cm) 2.5±0.4 2.5±0.3 0.446

Tortuosity 13.6±9.0 9.7±7.7 <0.001

Lateral BA-VA (°) 24.0±21.9 24.7±22.7 0.828

Lateral mid-BA (°) 28.7±15.5 28.4±13.4 0.832

SD, standard deviation; BA, basilar artery; BMI, body mass index; VA, vertebral artery.

May 2017 and August 2020 from our hospital. Of the 366 
patients, 22 were excluded due to the following reasons: 
(I) poor image quality (n=7); (II) bilateral VAs did not 
converge to the BA congenitally (n=9); and (III) BA with 
total occlusion (n=6). Of the remaining 344 patients (mean 
age: 68.1±11.1 years old; 200 males), 100 (29.1%) had 
atherosclerotic plaques in the BA, of which 10 (10.0%) 
patients had concentric plaques, 90 (90%) patients had 
eccentric plaques, and 13 patients had calcified plaques in 
BA. Compared to patients without BA plaques, those with 
BA plaques had older age (70.5±11.3 vs. 67.1±10.8 years, 
P=0.006), a higher incidence of hypertension (84.0% vs. 
64.3%, P<0.001) and diabetes (49% vs. 29.9%, P=0.001), 
and greater tortuosity of the BA (13.6±9.0 vs. 9.7±7.7, 
P<0.001) (Table 1). 

Associations between geometry and the presence of plaques 
in the BA

Univariable logistic regression analysis showed that age 
(OR, 1.029; 95% CI, 1.006 to 1.052; P=0.012), hypertension 

(OR, 2.909; 95% CI, 1.604 to 5.276; P<0.001), diabetes 
(OR, 2.251; 95% CI, 1.395 to 3.631; P=0.001), and the 
tortuosity of the BA (OR, 1.592; 95% CI, 1.250 to 2.028; 
P<0.001) were significantly associated with the presence of 
plaques. After adjusting for confounding factors including 
age, hypertension, diabetes, and the actual length of the 
BA, the association between BA plaques and the tortuosity 
of the BA (OR, 1.641; 95% CI, 1.232 to 2.186; P=0.001) 
remained statistically significant (Table 2).

Associations between geometry and plaque burden and 
stenosis in the BA

Linear regression analysis revealed that the tortuosity of the 
BA was significantly correlated with Mean WT (β, 0.045; 
95% CI, 0.008 to 0.081; P=0.017) after adjusting for the 
confounding factors of age, gender, BMI, smoking status, 
and hypertension. However, there were no significant 
correlations between other geometrical characteristics 
and the plaque burden and stenosis of the BA (all P>0.05,  
Table 3).
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Table 3 Associations between geometrical characteristics and plaque burden and stenosis in the BA

Mean WT Maximal WT Stenosis

β (95% CI) P value β (95% CI) P value β (95% CI) P value

Tortuosity 0.045 (0.008, 0.081) 0.017 0.007 (−0.001, 0.015) 0.106 −0.080 (−0.660, 0.499) 0.784

Lateral BA-VA (°) 0.001 (−0.001, 0.002) 0.416 0.000 (−0.003, 0.004) 0.937 0.052 (−0.160, 0.264) 0.628

Lateral mid-BA (°) 0.006 (−0.032, 0.043) 0.768 −0.000 (−0.005, 0.005) 0.992 0.250 (−0.075, 0.575) 0.130

Mean WT, mean wall thickness; Maximal WT, maximal wall thickness; BA, basilar artery; VA, vertebral artery.

Table 2 Associations between geometrical characteristics and the presence of plaques in the BA

Characteristics
Univariate logistic regression Multivariate logistic regression

OR (95% CI) P value OR (95% CI) P value

Clinical characteristics

Age, years old 1.029 (1.006, 1.052) 0.012 1.019 (0.995, 1.043) 0.121

Gender, male 1.114 (0.694, 1.790) 0.654

BMI (kg/m²) 1.044 (0.972, 1.123) 0.238

Hypertension 2.909 (1.604, 5.276) <0.001 2.499 (1.345, 4.644) 0.004

Diabetes 2.251 (1.395, 3.631) 0.001 1.981 (1.195, 3.284) 0.008

Hyperlipidemia 1.109 (0.665, 1.849) 0.691

Smoker 1.007 (0.618,1.641) 0.977

Coronary heart disease 0.620 (0.274, 1.405) 0.252

Geometrical characteristics

Actual length (cm) 1.576 (0.931, 2.666) 0.090 0.852 (0.439, 1.656) 0.637

Straightened length (cm) 0.954 (0.471, 1.932) 0.895

Tortuosity 1.592 (1.250, 2.028) <0.001 1.641 (1.232, 2.186) 0.001

Lateral BA-VA (°) 0.999 (0.988, 1.009) 0.803

Lateral mid-BA (°) 1.002 (0.985, 1.019) 0.832

BA, basilar artery; OR, odds ratio; BMI, body mass index; VA, vertebral artery.

Associations between geometry and the distribution of 
plaques in the BA

From the anteroposterior view, the plaque distribution in 
the left wall of BA was more frequent in patients with right 
convex BA than those with a left convex or straight BA 
(46.2% vs. 5.9% vs. 25.8%, P=0.006). In contrast, BA plaque 
distribution in the right wall was more frequent in patients 
with left convex BA than in those with a right convex and 
straight BA (58.8% vs. 9.6% vs. 25.8 %, P<0.001) (Table 4 
and Figure 1). 

From the lateral view, the mid-BA angle was marginally 

higher in patients with plaques in the dorsal wall than 
in patients with plaques in the ventral wall (33.4°±20.2° 
vs. 25.6°±12.3°, P=0.086). There were no significant 
correlations between the lateral BA-VA angle and the 
distribution of BA plaques in the ventral and dorsal wall 
(21.6°±19.9° vs. 23.8°±22.9°, P=0.802).

Reproducibility

Excellent inter-observer (ICC: 0.875–0.965) and intra-
observer (ICC: 0.865–0.935) agreements were found in 
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measuring actual length, straightened length, tortuosity, 
lateral BA-VA angle, and mid-BA angle (Table S1).

Discussion

This study investigated the relationships between the BA 
geometrical characteristics and the presence, burden, and 
distribution of atherosclerotic plaques in the BA using MR 
vessel wall imaging. We found that the BA tortuosity was 
associated with the presence and burden (Mean WT) of BA 
plaques. Moreover, the convexity of the BA was found to be 
associated with the distribution of plaques. The presence 
of left plaques was more frequent in patients with right 
convex BA, whereas the presence of right plaques was more 
frequent in patients with left convex BA. Our results provide 
further compelling evidence that geometrical characteristics 
may play a role in atherosclerosis development and 

progression.
This study demonstrated that the tortuosity of the BA 

was associated with the presence of BA plaques. Our results 
were consistent with previous studies, in which tortuosity 
was related to middle cerebral artery atherosclerosis (OR, 
1.060; P=0.003) (7) and the fraction of high curvature of the 
superficial femoral artery was significantly larger in patients 
with atherosclerosis than in atherosclerosis-free patients 
(22.77±10.22 vs. 11.39±6.82; P<0.001) (8). The association 
between tortuosity and the presence of plaques may be 
explained by low wall shear stress (WSS). As an important 
hemodynamic parameter, the WSS represents a frictional 
force that is parallel to the vessel wall by the viscosity of 
blood (20). Investigators believed that curvatures of vessels 
were susceptible to low WSS (21) and higher curvature of 
vessels had overall larger low WSS compared with lower 
curvature of vessels (4.13±1.91 vs. 1.79±1.13, P=0.009) (8). 

Table 4 Associations between BA convexity and the distribution of plaques in the BA

Quadrants
Direction of BA convexity (%)

P value
Left Straight Right

Left wall 1 (5.9) 8 (25.8) 24 (46.2) 0.006

Ventral wall 2 (11.8) 10 (32.3) 14 (26.9) 0.298

Right wall 10 (58.8) 8 (25.8) 5 (9.6) <0.001

Dorsal wall 4 (23.5) 5 (16.1) 9 (17.3) 0.803

BA, basilar artery.

Figure 1 The patient has an atherosclerotic plaque in the basilar artery. The multiple planar reconstructed vessel wall image (A) shows an 
atherosclerotic plaque (arrow) in the right wall of the BA. Cross-sectional image (B) confirmed that the atherosclerotic plaque (arrow) was 
located in the right wall. This patient had left convex BA and larger tortuosity (C). BA, basilar artery.

B CA

ventral

leftright

dorsal

https://cdn.amegroups.cn/static/public/QIMS-20-1291-supplementary.pdf
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Low WSS has been proven to negatively affect endothelial 
function (22) and stimulate the expression of an atherogenic 
phenotype (23). However, the WSS of the BA was not 
studied in the present work. Our results suggest that 
tortuosity of the BA may play a role in the development of 
BA atherosclerosis.

We also found that the tortuosity of the BA was 
significantly correlated with the Mean WT of the BA. 
Mean WT represents one of the metrics for plaque burden 
(24,25). Previous studies showed that higher curvature of 
the superficial femoral artery might lead to larger area ratios 
of low WSS (8). Low WSS was associated with a greater 
increase in plaque burden due to both changes in plaque 
area and the differential pattern of arterial remodeling in 
the coronary artery (26). Also, a study of mouse carotid 
arteries showed that the areas of atherosclerotic lesions 
in the lowered shear stress regions were much larger than 
those in the regions with vortices and oscillatory shear 
stress (intima/media, 1.38±0.68 vs. 0.22±0.04; P<0.05) (27).  
Therefore, the higher tortuosity we observed in the BA 
with larger plaque burden probably indicates lower WSS. 
However, the relationship between WSS and plaque burden 
is still controversial (28,29), and the underlying mechanism 
remains unclear. The potential relationship between 
higher tortuosity and WT has also been observed in a 
previous study (9), in which high carotid tortuosity was an 
independent predictor for the WT of the internal carotid 
artery bulb (regression coefficient =0.764; P<0.001). Unlike 
Zhou et al.’s study (12), our results also showed a significant 
correlation between BA tortuosity and plaque burden. This 
discrepancy in the results may be due to the differences 
in the methodology for measuring vascular tortuosity and 
the sample size (Zhou et al.’s study: N=67). In Zhou et al.’s 
study, investigators measured vascular tortuosity on the 
BA maximum angle by subjective inspection visually on 
MRA. In contrast, our vascular tortuosity was automatically 
calculated, which reduced subjective bias from the 
observers. Therefore, given the previous inconsistent 
observations and the highly artery-specific anatomical 
structure characteristics, the association between tortuosity 
and plaque burden requires further determination. 

We found that BA plaques were frequently distributed 
in the lateral walls (56.0%) in symptomatic patients. Our 
results were consistent with Chen et al.’s reports (6), in 
which BA plaques were frequently located in the lateral 
walls (66.1%). Our findings that patients with right convex 
BA were more likely to develop atherosclerotic plaques in 
the left wall and vice versa may provide insights into the 

underlying mechanisms of BA lateral wall susceptibility 
to atherosclerotic disease. In the present study, the BA 
convexity was found to be associated with the distribution 
of plaques, and the BA plaques were predominantly located 
in the vessel wall of the inner curvature. A previous study 
showed that plaques were more often observed at the 
vessel’s inner curvature, probably due to the relatively lower 
WSS at these locations (30). Our results were consistent 
with Kim et al.’s study, in which right and left plaques of the 
BA were more frequently observed in the left (P=0.009) and 
right (P=0.024) convex BA in an asymptomatic BA plaque 
population, respectively (13). The main differences between 
Kim et al.’s study and our study are the study populations 
and the study focus. Kim et al.’s study’s major focus was the 
associations between plaque quadrant distribution and BA 
morphology and the characteristics of plaque burden in an 
asymptomatic BA plaque population. Beyond evaluating 
the distribution of BA plaques, our study also investigated 
the relationship between the BA’s tortuosity and plaque 
formation and plaque burden in a symptomatic BA plaque 
population. A previous study reported that the location of 
the pontine infarct was opposite to the convexity of the BA 
(P<0.01) (11). These findings suggest that assessment of 
vascular morphology may be useful for the early prediction 
of the presence of BA plaques and subsequent ischemic 
events in the posterior circulation territory.

In addition, we found that hypertension and diabetes 
were significantly associated with the presence of BA 
plaques in the present study. Our results were in line 
with previous studies, in which hypertension (OR, 1.826; 
95% CI, 1.274 to 2.618; P=0.001) and diabetes mellitus 
(OR, 1.490; 95% CI, 1.105 to 2.010; P=0.009) were 
related to posterior circulation atherosclerosis (31). It 
has been demonstrated that elevated blood pressure may 
stimulate the development of atherosclerosis, as elevated 
blood pressure can damage the endothelium and arterial 
wall through both mechanical and humoral factors (32). 
Some investigators revealed that blood glucose disorder 
was related to oxidative stress, inflammation, endothelial 
dysfunction, and vasorum neovascularization (33,34).

Several limitations in our study need to be acknowledged. 
First, the potential influence of existing atherosclerosis 
on measurements of geometric parameters cannot be 
completely avoided. The causal relationships between 
BA geometry characteristics and the presence and burden 
of plaques need to be demonstrated in a longitudinal 
study. Second, there was no direct study of intravascular 
hemodynamics in our work. In the future, non-invasive 
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quantitative research on intravascular hemodynamics is 
needed to bridge the correlations between the geometrical 
characteristics of the BA and plaque formation and 
progression. Third, only five BA geometric parameters 
were included in this study. Therefore, future work that 
includes other geometric parameters (vertebrobasilar 
junction) is warranted. Fourth, because the sample size 
of calcified plaques was relatively small, we will explore 
the relationships between geometrical characteristics and 
plaque composition (calcification) in future work.

Conclusions

Geometrical characteristics of the BA, particularly 
tortuosity and convexity, are independently associated with 
the presence, burden, and distribution of atherosclerotic 
plaques in the BA. Longitudinal studies are warranted for 
validation.
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Table S1 Inter-observer and intra-observer reproducibility in measuring BA geometry

ICC (95% CI)

Inter-observer Intra-observer

Actual length 0.916 (0.827, 0.960) 0.926 (0.847, 0.965)

Straightened length 0.920 (0.834, 0.962) 0.919 (0.834, 0.962)

Tortuosity 0.875 (0.749, 0.940) 0.865 (0.730, 0.935)

Lateral BA-VA 0.965 (0.864, 0.991) 0.935 (0.868, 0.968)

Lateral mid-BA 0.878 (0.586, 0.968) 0.881 (0.765, 0.941)

BA, basilar artery; VA, vertebral artery; ICC, intraclass correlation coefficient; CI, confidence interval.

Figure S1 Illustration of the measurement of basilar artery geometry. A: top of BA; B: junction of both VAs. The picture shows a left convex 
BA. Tortuosity = (actual length/straightened length − 1) × 100. A straight line between A to B was used to determine BA convexity in the 
anteroposterior view. In the lateral view, the angle between the BA (a line) and the dominant VA (b line) was regarded as lateral BA-VA 
angle, and the angle between a line and c line was considered as lateral mid-BA angle. BA, basilar artery; VA, vertebral artery.
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