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Aim To investigate whether vertebrobasilar geometry con-
tributes to the presence, severity, and laterality of white 
matter hyperintensities (WMH).

Methods We retrospectively reviewed 290 cerebral scans 
of patients who underwent time-of-flight and fluid-atten-
uated inversion recovery (FLAIR) magnetic resonance im-
aging (MRI) between 2017 and 2018. WMH were counted, 
localized, and grouped according to laterality on the FLAIR 
sequence. A 3D mesh of the posterior circulation was re-
constructed (with ITK SNAP software) and the morphology 
of the vertebrobasilar system analyzed with an in-house 
software written in Python.

Results Patients were assigned into a group with WMH 
(n = 204) and a group without WMH (n = 86). The severity 
of WMH burden was mainly affected by age and hyperten-
sion, while the localization of the WMH (or laterality) was 
mainly affected by the vertebrobasilar system morphol-
ogy. Basilar artery morphology only affected the parieto-
occipital region significantly if both posterior communi-
cating arteries were hypoplastic or absent. The dominant 
vertebral artery and basilar artery curve had an opposite 
directional relationship.

Conclusions An unequal vertebral artery flow is an im-
portant hemodynamic contributor to basilar bending. In-
creased basilar artery curvature and increased infratento-
rial WMH burden may signal inadequate blood flow and 
predict cerebrovascular events.
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Cerebrovascular diseases, predominantly stroke, remain 
the leading cause of death and functional disability world-
wide (1). White matter hyperintensities (WMH) on cerebral 
T2-weighted fluid-attenuated inversion recovery (FLAIR) 
magnetic resonance imaging (MRI) sequences have been 
linked to cerebrovascular disease outcomes and ischemic 
stroke (2,3) (Figure 1). WMH, subclinical cerebral altera-
tions caused by changes in cerebral vascular morphology, 
may lead to cerebral histological changes long before the 
manifestation of neurological deficits or cognitive decline 
(4). Multiple studies suggested that ischemia plays a cru-
cial role in the development of tortuous arterioles and re-
duced cerebral blood flow. Despite the two decades of ad-
vancements in the understanding of the etiology of these 
processes, much uncertainty remains (2). Chronic hypop-
erfusion and arteriolosclerosis are considered key features 
in the development of WMH. The presence of WMH triples 
the risk of stroke and doubles the risk of dementia (5). Pre-
vious publications showed a significant correlation be-
tween cerebral artery morphology and stroke localization 
(6). However, the connection between WMH and large ce-
rebral artery morphology is not yet fully understood.

Approximately 20% of strokes occur in the region supplied 
by the vertebrobasilar system. Unlike most systemic arteries, 

which are characterized by a tree-like branching pattern, the 
basilar artery is unique as it is created from the confluence of 
the two vertebral arteries. The vertebral arteries are mostly 
asymmetric and left-dominant. The varying vessel morpholo-
gies may cause asymmetrical blood flow in the basilar artery, 
which over time possibly leads to bending. This phenome-
non, named basilar curve or basilar bending, may create mi-
crovascular damage to the surrounding brain areas.

Therefore, our first aim was to investigate if basilar artery 
geometry affected the existence and laterality of WMH. Our 
second aim was to investigate the influence of the vertebral 
artery dominance on basilar artery geometric indices.

MeTHoDS

Patients

We retrospectively reviewed the scans of patients who un-
derwent time of flight (TOF) and FLAIR MR imaging (Philips 
Ingenia 1.5T, Philips, Amsterdam, the Netherlands) at the 
Medical Imaging Centre, Semmelweis University, between 
2017 and 2018. Most patients were referred from the De-
partment of Neurology due to visual impairment, head-
ache, or dizziness. Information on comorbidities such as 
hypertension, hyperlipidemia, and diabetes mellitus was 
gathered from medical charts. The exclusion criteria were 
medical history of large vessel obstruction, stroke, vasculi-
tis, demyelinating disease, brain malignancies, abscess, or 
encephalitis as these diseases may also present with WMH. 
Patients with autoimmune diseases and migraine were 
also excluded, as well as patients younger than 20 years 
since the development of the basilar curve is a highly age-
related and long-term process.

Imaging analysis

Images were assessed by a single reader blinded to the 
clinical information. Based on FLAIR images (echo time [TE] 
140 ms, repetition time [TR] 9000-11 000 ms, inversion time 
2450-2800 ms, slice thickness 5 mm), the patients were as-
signed to a group with WMH and a group without WMH. 
On WMH scans, the brain was divided into a right and left 
side by a virtual vertical line along the falx cerebri. Each side 
was also divided into white matter regions supplied by 
large vessels (vertebral – VA, basilar – BA, and posterior ce-
rebral artery – PCA) (Table 1). These regions were identified 
by means of templates based on imaging and anatomical 
studies (7). The regions were evaluated separately accord-
ing to age-related white matter changes (ARWMC) scale 

FIGure 1. White matter hyperintensity on T2 fluid-attenuated 
inversion recovery magnetic resonance imaging sequence 
(scale bar, 5 cm; source: Medical Imaging Centre, Semmel-
weis university). Based on our white matter hyperintensities 
evaluation protocol, this patient was categorized as posterior 
cerebral artery region right dominant.
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(8). Each region’s WMH burden was compared with that on 
its opposite side. The dominant WMH side (laterality) was 
identified either by a higher ARWMC score, or if the score 
was the same on both sides by manual counting of the 
WMH lesions that were ≥5 mm (8) (Figure 1). The posterior 
communicating arteries were also analyzed, but due to the 
restrictions of the 1.4-mm MRI slice thickness they were cat-
egorized as either “hypoplastic/no flow” or “flow detected.”

3D vascular reconstruction

We used TOF angiography MRI (TE 3-7 ms, TR 18 ms, flip an-
gle 20°, slice thickness 1.4 mm) to visualize the flow within 

the vessels, without the need to administer contrast agent. 
To ensure objective, repeatable, standardized, and auto-
mated measurements we reconstructed the vertebrobasi-
lar vascular system based on this sequence with the ITK-
SNAP software (version 3.8.0.), which is the gold standard 
for modeling arteries (9) (Figure 2). In each reconstruction, 
a lower (approx. 850 ± 50 gray level intensity) and upper 
(approx. 2500 gray level intensity) threshold were set and 
reconstructed with a built-in automated segmentation 
tool. As artifacts may appear during the reconstruction 
process, the models were smoothed with the Taubin algo-
rithm using MeshLab, version 2016.12. Thus, we obtained 
the same three main arteries to ensure standardized mea-
surement (10). We then created an automated measure-
ment method with an in-house application written in Py-
thon (scripts are available from the corresponding author 
on request). This program automatically recognizes the 
left and right vertebral artery and basilar artery and pro-
vides standardized measurements that can be used in the 
analysis of morphological properties of these arteries, en-
suring the method’s repeatability (Figure 3). Difference in 
diameter of 0.3 mm or more between the two vertebral 
arteries was used to define the dominant artery, based on 
earlier publications (11), and to eliminate artifact-based dif-

TABLe 1. regions of interest supplied by the vertebral, 
basilar, and posterior cerebral artery created with anatomical 
templates (7)

region Territories involved

Vertebral artery region Lower 2/3 of the 
cerebellum and medulla

Basilar artery region Upper 1/3 of the 
cerebellum and pons

Posterior cerebral artery region Areas of the 
parieto-occipital lobe

FIGure 2. Three-dimensional reconstruction of the two vertebral arteries and the basilar artery made with the ITK-SNAP software, 
version 3.8.0.
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ferences. The volume, curvature, torsion, and tortuosity of 
both vertebral arteries were also assessed, as well as the 
length, volume, curvature, and cross-section of the basilar 
artery. We connected the confluence of the vertebral arter-
ies and the basilar top with a straight line and grouped the 
patients based on if the basilar artery deviated to the left or 
to the right, while also measuring the deviation extent.

Statistical analysis

Differences between the WMH and control group were as-
sessed with the Mann- Whitney-U test. The Fisher exact test 

was used to compare WMH laterality with vertebral artery 
dominance and basilar artery curvature. The Spearman test 
was used to assess the directional relationship between 
the vertebral artery and the basilar artery based on their 
morphology. Logistic regression analysis was performed 
for lesions in the PCA regions to determine the predictors 
of WMH. Bonferroni correction was applied. P values of less 
than 0.001 were considered significant. Statistical analysis 
was performed in R studio, version 1.1.463 and SPSS, ver-
sion 24 (IBM Corp, Armonk, NY, USA)

reSuLTS

The study enrolled 332 patients who underwent TOF and 
FLAIR MRI (Table 2); 42 patients were excluded. The aver-
age age of the remaining 290 patients (59.3% female) was 
52.4 ± 17.6 years. The WMH group consisted of 204 patients 
(average age 57.6 ± 16.7 years; 57.8% female) and the con-
trol group consisted of 86 patients (average age 40.2 ± 13.0 
years, 62.0% female). The WMH group had significantly 
higher median age (62 years vs 37 years, U = 3681, z = 7.67, 
P < 0.001, r = 0.45) and a greater frequency of hypertension 
and diabetes mellitus compared with the control group 
(P = 0.004, odds ratio [OR] = 8.75 and P < 0.001, OR = 4.08, 
respectively, Fisher exact test).

As expected, our patients more commonly had left verte-
bral artery dominance (Table 3). In contrast, vertebra ar-
tery curvature (median = 0.15, U = 3980, z = 3.9, P < 0.001, 
r = 0.26) and torsion (median = 4.9, U = 4757, z = 2 P = 0.002, 
r = 0.13) were significantly greater in the non-dominant 
vertebral artery. The WMH burden in the VA region was 
significantly higher in the non-dominant side of the ver-
tebral artery (P = 0.006, OR = 0.13, Fisher exact test). Sixty-
six patients had less than 0.3 mm difference between the 
two vertebral arteries’ cross-sections and were classified as 
even. These patients showed no correlation with cerebel-
lar WMH laterality.

Vertebral artery dominance inversely correlated with basi-
lar artery curve laterality (P < 0.001, r = -0.56, Spearman test), 
which has already been reported in previous publications 
(6,10). Three times more patients in the whole cohort had 
the right-curved basilar artery and left-dominant verte-
bral artery (Table 4). Tortuosity (median = 0.05%, U = 7253, 
z = 2.3, P = 0.019 r = 0.13), length (median = 24.13, U = 6897, 
z = 2.68, P = 0.005, r = 0.15), and mean cross-sectional area 
of the basilar artery (median = 10.73, U = 7013, z = 2.69, 
P = 0.007, r = 0.15) were significantly greater in the WMH 
group. WMH dominance in the BA region was sig-

FIGure 3. Visual representation obtained by an in-house soft-
ware analyzing the vertebrobasilar reconstruction of a patient. 
The program identifies the arteries based on the confluence 
of the two vertebral arteries, creates the centerline for each 
vessel, and measures different geometrical indices. Basilar 
a. – basilar artery, vertebral a.l.s. – left vertebral artery, and 
vertebral a.l.d. – right vertebral artery.
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nificantly more frequent on the opposite side of the basilar 
artery curve (P = 0.002, OR = 0.06, Fisher exact test).

Logistical regression that included the whole cohort 
showed age (b = 0.56 P < 0.001 OR = 1.06) and hyperten-
sion (b = 1.33 P < 0.001 OR = 1.23) to be predictors for WMH 
burden severity in the PCA region. Out of the 290 patients, 
72 patients’ posterior communicating artery was detect-
able on both sides (25%); 56 patients (19%) had left non-
detectable and 67 patients (23%) had right non-detectable 
posterior communicating arteries. Ninety-five patients 
(33%) had non-detectable posterior communicating arter-
ies on both sides. Out of these 95 patients, 73 had WMH 
in the PCA regions. Logistic regression including these 
73 patients revealed basilar deviation from the centerline 
(b = 0.316, P = 0.013, OR = 1.37) as a predictor for WMH lat-
erality in the PCA region.

DISCuSSIoN

Our aim was to investigate whether T2 FLAIR WMH of the 
brain, which are a risk factor for stroke, are influenced by 
the morphological properties of the vertebrobasilar arteries. 
Although the relationship between vertebral artery domi-
nance and basilar artery curvature has already been inves-
tigated, most of these studies focused on the connection 
with stroke occurrence and post-stroke outcomes (12).

As expected, more patients in our study had left-dominant 
vertebral artery, which can be linked to the left subclavian 
artery branching directly from the aortic arch (13). Our re-
sults show that one-side vertebral artery hypoplasia leads 
to basilar artery curving on the opposite side, which is con-
sistent with previous reports (12). This finding may be ex-
plained by inconsistent wall shear stress on the vessel wall 
caused by decades of turbulent blood flow. These effects 
can increase the risk for atherosclerosis on the small curve 
of the basilar artery (10). Patients in the WMH group had 
an increased length, tortuosity, and volume of basilar ar-
teries, which was also observed in patients with dolichoe-
ctasia (14). Intracranial arterial dolichoectasia is defined as 
an increased diameter (ectasis) and/or long and tortuous 
course (dolichos) of at least one cerebral artery and is con-
sidered an independent risk factor for stroke (15). How-
ever, the diagnosis of dolichoectasia requires the basilar 
artery to have a cross-section of more than 4.5 mm, and 
the values in all our patients were below this cut-off (16). 
Our results showing that age, hypertension, and diabetes 
increase the risk for WMH agree with the results of previ-
ous studies (17). The average age of our WMH patients was 
57.6 ± 16.7 years. In this age range, approximately 20% of 
the population has WMH lesions, which by the age of 90 
can amount to almost 100% (18). Strassburger et al (19) 
showed a significantly higher WMH burden in hyperten-
sive patients compared with normotensive age-matched 

TABLe 2. Demographic data and risk factors in the white matter hyperintensities (WMH) group and controls

Total (n = 290) Control group (n = 86) WMH group (n = 204)

Demographic data
Age (years, mean ± standard deviation)  52.4 ± 17.6 40.2 ± 13.0  57.6 ± 16.7
Sex (male/female) 118/172 32/54  86/118
risk factors, N (%)
Hypertension 126 (43) 11 (13) 115 (56)
Diabetes mellitus  38 (13)  4 (5)  34 (17)
Hyperlipidemia  18 (6)  4 (5)  14 (7)

TABLe 3. Side of the dominant vertebral artery in the white matter hyperintensities (WMH) group and controls. The values are counts

Side of dominant vertebral artery Total (n = 290) Control group (n = 86) WMH group (n = 204)

Right side (0.3 mm difference) 84 26 58
Left side (0.3 mm difference) 139 39 100
Classified as even 66 20 46

TABLe 4. Directions of the basilar artery curve in the white matter hyperintensities (WMH) group and controls. The values are counts

Direction of basilar artery curve Total (n = 290) Control group (n = 86) WMH group (n = 204)

Right curve 143 36 107
Left curve 41 7 34
Classified as even 106 43 63
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patients. Hyperintense lesions are caused by either small 
subcortical infarcts or more often by a process of incom-
plete infarction, which reflects chronically reduced blood 
flow caused by morphological changes in the vessels and 
arteriolosclerosis (2). In the VA region, we found a signifi-
cantly higher WMH burden, increased vessel curvature, 
and torsion on the non-dominant side of the vertebral 
artery. Different vertebral artery flows have been linked 
to posterior inferior cerebellar artery territory infarctions 
in the hemisphere of the non-dominant vertebral artery 
(6,11,12). BA-region WMH burden was higher on the op-
posite side of the basilar artery curve. This might be a con-
sequence of lower blood perfusion in the perforating arte-
rioles branching from the small curve of the basilar artery 
or of micro-thrombi created by the oscillating turbulent 
flow. Basilar artery curving has also been linked to pon-
tine infarction in the hemisphere opposite to the basilar 
artery curve (6,11,12). These findings suggest a stronger 
etiological connection between sub-tentorial WMH and 
the strokes manifested in these regions. WMH severity has 
been linked to an increased risk of stroke and higher cog-
nitive decline after stroke (4). Jeerakathil et al (20) found 
that WMH was strongly related to Framingham stroke risk 
profile and its component risk factors. According to Fu et 
al (21), patients with high WMH burden had an increased 
risk of deep subcortical stroke and a recurrent stroke, but 
the authors did not assess whether the laterality of WMH 
correlated with stroke laterality. We found no connection 
between WMH severity in any region as assessed with the 
ARWMC scale and basilar artery curvature and vertebral ar-
tery diameter.

Expectedly, in the PCA regions age and hypertension were 
identified as independent risk factors of WMH. However, 
none of the basilar morphological indices was significantly 
associated with the severity of WMH. This can be explained 
by posterior communicating arteries providing anasto-
moses to the vertebrobasilar system and decreasing the 
effects of basilar artery morphology. When only patients 
with two-sided posterior communicating artery hypopla-
sia/occlusion were included in the logistic regression, basi-
lar artery deviation from the centerline was shown to be a 
risk factor for WMH laterality. We hypothesize that in these 
cases the basilar artery may supply the majority of blood 
for the two posterior cerebral arteries (22). Furthermore, 
basilar artery bending may create an asymmetrical perfu-
sion in the two posterior cerebral arteries.

Our study is burdened by several limitations. Single-center 
design makes it possibly non-generalizable to the general 

population. TOF MRI images used in this study visualize the 
flow in the posterior intracranial circulation rather than as-
sess the anatomical properties of the vessels. WMH burden 
was assessed based on only FLAIR MRI sequence, which 
may produce artifacts in the infratentorial regions. Finally, 
lack of automated quantitative measurements for WMH 
area limited the severity assessment.

In conclusion, we devised a repeatable and standardized 
technique to recreate and measure the morphology of 
the vertebrobasilar system. Our data suggests that the se-
verity of WMH burden was mainly influenced by age and 
hypertension, while the localization of the WMH (or later-
ality) was mainly influenced by the vessel morphologies. 
Increased basilar artery curvature and increased infratento-
rial lateral WMH burden may signal inadequate blood flow 
and future cerebrovascular events. The effects of basilar ar-
tery morphology on WMH in the PCA region varied based 
on the circle of Willis variations. Further studies are needed 
to better understand these variations. Our findings might 
be used in the detection of intracranial hemodynamic dis-
turbances and stroke prevention. However, further studies 
are needed to elucidate the associations between verte-
brobasilar morphology and WMH severity.
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