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Abstract: Purpose: This study delves into the hemodynamic characteristics of Vertebrobasilar Artery Fenestration (VBAF) combined with
Vertebrobasilar Dolichoectasia (VBD) using Magnetic Resonance Angiography (MRA). By summarizing the hemodynamic features and
identifying high-risk populations, we aim to provide insights for clinical treatment. Methods: Utilizing MRA images as a foundation, arte-
rial three-dimensional geometric models were constructed. A total of 22 cases were categorized into control, S, L, U, and Spiral groups,
and numerical simulation analysis of the vessels was conducted using computational fluid dynamics methods. Results: Hemodynamic
parameters of the VBAF combined with the VBD model were obtained, including blood flow velocity, oscillatory shear stress (0Sl), wall
shear stress (WSS), and aneurysm formation indicator (AFl). The V, OSI, and WSS indices of the L, U, and Spiral groups were significantly
higher than those of the control group (P < 0.05). High-speed blood flow, elevated WSS, and increased OSl in these groups were concen-
trated at the fenestration site, with scattered distribution along the tortuous vertebral artery and basilar artery segments, accompanied
by significant differences in the parameters of the bilateral vertebral arteries. Conclusion: This preliminary investigation identifies the L,
U, and Spiral groups as high-risk populations. Abnormal hemodynamics may lead to a vicious cycle in vascular wall pathology, increasing
the likelihood of adverse events such as cerebral infarction. Clinical attention should focus on individuals within these groups and their

corresponding vascular regions.
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Introduction

Cerebral artery fenestration is a congenital vascular
anomaly resulting from the failed fusion of embryonic
blood vessels, characterized by arterial lumen division
and reconnection distally to form a single lumen, involving
local replication of endothelial cells and media splitting
[1, 2]. Cerebral artery fenestration can occur in multiple
vessels, with a predilection for the vertebrobasilar arter-
ies [3]. Vertebrobasilar Artery Fenestration (VBAF) typi-
cally ranges from 1-5 mm, and due to its small diameter,
it may often be an easily overlooked cerebrovascular
abnormality in clinical practice. While VBAF is rare, its
association with cerebral infarction (Cl), aneurysms, arte-
riovenous malformations, and subarachnoid hemorrhage
has been reported [4].

Vertebrobasilar dolichoectasia (VBD) represents an arte-
rial pathology characterized by the vertebral or basilar
arteries’ elongation, dilation, or tortuosity. VBD can lead
to alterations in intracranial hemodynamics, subsequent-
ly resulting in corresponding clinical symptoms closely
associated with posterior circulation ischemia and, in
severe cases, cerebral infarction. Studies have indicated

that hemodynamic alterations caused by morphological
changes in the vertebral or basilar arteries are significant
contributors to adverse events such as Cl [5]. It is cur-
rently believed that the formation of VBD may result from
the interaction between arterial wall pathology and vascu-
lar mechanics, with hemodynamic forces playing a pivotal
role [6]. VBD formation factors include arterial wall struc-
ture, vascular wall pressure, and wall shear stress [7].

Both VBAF and VBD alter the geometric characteristics of
arteries, leading to changes in internal flow dynamics
such as the formation of high-viscosity blood and stasis,
which affect the biological function of endothelial cells lin-
ing the arterial walls and predispose to pathological
thrombotic events, culminating in adverse events like Cl
[8]. Therefore, analyzing relevant hemodynamic parame-
ters of VBAF combined with VBD is imperative. This stu-
dy conducts a hemodynamic analysis of VBAF combined
with VBD based on MRA, extracting hemodynamic param-
eters of the VBAF combined with the VBD model to under-
stand the hemodynamic changes within abnormal ves-
sels, extract and summarize parameter characteristics,
and provide relevant evidence for clinical treatment and
early intervention.
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Materials and methods
Data collection

This study selected 22 patients diagnosed with VBAF
combined with VBD who underwent MRA scans at the
Hongqgi Hospital, affiliated with Mudanjiang Medical
University, between October 2022 and December 2023.
Head MRA was conducted using a Philips Intera 3.0 T
superconducting MR scanner with an 8-channel head
coil. MRA scan parameters were as follows: TR 32 ms, TE
4 mes, slice thickness 5 mm, slice gap 1 mm, matrix
256%256, FOV 240 mmx240 mm. In previous studies,
the vertebral artery (VA) or basilar artery (BA) were often
separately analyzed before diagnosing vertebrobasilar
dolichoectasia (VBD). There is no consistent imaging stan-
dard for defining and classifying VBD, and there has been
no proposed comprehensive classification system for
VBD (considering VA and BA as a whole) [9]. Building upon
prior research, this study categorizes VBD based on over-
all vascular morphology into four preliminary types (Figure
1): S, L, U, and spiral types. The S-type exhibits double-
reversed twists in VA and/or BA, resembling the letter “S”.
U-type and L-type predominantly involve BA deviating from
the brainstem, with one side of VA crossing to the contra-
lateral side and joining the contralateral VA to form the
BA, resembling the letters “U” and “L". The spiral type
involves severe twisting and turning of VA and/or BA,
resembling a spiral shape. Inclusion criteria [10]: (1)
Diagnosed with VBAF (S, L, U, and Spiral groups) via head
MRA; (2) Met one of the following criteria: the length of the
basilar artery exceeds 29.5 mm, or the lateral deviation
distance exceeds 10 mm from the perpendicular line
between the origin and bifurcation of the basilar artery;
the intracranial segment of the vertebral artery exceeds
23.5 mm in length, or any deviation distance of the verte-
bral artery exceeds 10 mm from the line between the
intracranial entrance of the vertebral artery and the origin
of the basilar artery; (3) High-quality MRA reconstruction
models suitable for hemodynamic analysis. Exclusion cri-
teria [11]: (1) Presence of other vascular malformations,
intracranial tumors, or conditions affecting arterial blood
flow; (2) Concurrent severe cardiac, pulmonary, hepatic, or
renal dysfunction. Examination data were uniformly stored
in the international standard DICOM format on CDs. The
research protocol was approved by the Medical Ethics
Committee of Mudanjiang Medical University.

Model reconstruction

MRA images were processed using the advanced visual-
ization software MIMICS (Materialise, Belgium) to gener-
ate three-dimensional models of VBAF combined with
VBD. This software utilizes DICOM (Digital Imaging and
Communications in Medicine) format MRA images to cre-
ate spatial reconstructions of the vascular system. The
region of interest was segmented using threshold seg-
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mentation, with manual delineation of certain vessels,
and three-dimensional reconstructions were confirmed
based on multi-planar views to ensure accurate mea-
surements. The reconstructed model was saved in STL
format and imported into 3-MATIC software (Materialise,
Belgium) for model smoothing and quality diagnostics.
After obtaining qualified models, they were saved in STL
format. The vertebrobasilar arteries were treated as a
whole [12], and the datasets were divided into five groups
based on the degree of vertebral basilar artery tortuo-
sity and vascular morphology, namely: “Control group, S
group, L group, U group, and Spiral group”, as shown in
Figure 1.

Mesh generation

The model was imported into ANSYS FLUENT MESHING
(ANSYS, USA) software to define a model inlet and outlet
boundaries, meshing surface and volume grids, and opti-
mize. The number of grids for all models ranged from
329,465 to 664,605, with model properties set to fluid
for subsequent computational analysis. To ensure the
accuracy of the results, the model underwent six-layer
boundary layer refinement.

Boundary conditions and computational settings

The numerical simulation assumed that the vertebrobasi-
lar artery wall was rigid, and blood was modeled as lami-
nar flow with Newtonian fluid properties [13]. The bound-
ary condition at the vertebrobasilar artery wall inlet was
set as velocity inlet. The study employed blood density
p=1060 kg/m?3 and blood viscosity of 0.0035 Pa-s, and
computational simulations were performed using Fluent
software (ANSYS, USA) [14].

Statistical analysis

The final data of the last cardiac cycle obtained from the
above calculations were imported into ENSIGHT (CEl,
USA), with random sampling (20 sampling points) in the
fenestration area. Four hemodynamic parameters, na-
mely Velocity (V), Aneurysm formation indicator (AFI),
Oscillatory shear index (0Sl), and Wall shear stress (WSS)
were selected for comparison analysis among the five
groups. Statistical analysis was performed using SPSS
26.0 software, including tests for normality and homoge-
neity of variance. Normally distributed and homogenous
quantitative data were expressed as mean * standard
deviation, while non-normally distributed or heteroge-
neous quantitative data were expressed as median (quar-
tile). Group comparisons of quantitative data were con-
ducted using analysis of variance for normally distribut-
ed data and the Kruskal-Wallis rank-sum test for non-nor-
mally distributed data. Count data were analyzed using
Fisher’s exact probability method. A significance level of P
< 0.05 was considered statistically significant.

Am J Nucl Med Mol Imaging 2024;14(4):253-260



Vertebrobasilar artery fenestration and dolichoectasia: hemodynamic insights from MRI

Figure 1. Displaying different groups. The top row shows maximum intensity projection images, while the bottom row displays the three-
dimensional reconstructed models. A, B. Control Group; C, D. S Group; E, F. L Group; G, H. U Group; |, J. Spiral Group.

Table 1. Comparison of baseline characteristics among groups

Control Group S Group (n=3)

Variables (n=6)

L Group (n=5) L Group (n=5)

Spiral Group  Statistical
(n=3) analysis

Age (years)

Male 1(17%) 2 (67%)
Hyperlipidemia 3 (50%) 1 (33%)
Smoking history 2 (33%) 2 (67%)
Hypertension history 4 (66%) 2 (67%)
Diabetes history 5 (84%) 1 (33%)
Alcohol consumption history 3 (50%) 1 (33%)

61.83+10.68 71.00+3.61 69.20+6.61 70.40+4.04 67.00+1.00 1.45 0.26

1 (20%) 3 (60%) 2 (67%) 4.64 0.37
2 (40%) 1(20%) 1 (33%) 1.53 0.96
(80%) 3 (60%) 2(67%) 2.81 0.75
(40%) 3 (60%) 1 (33%) 1.85 0.89
(80%) 2 (40%) 2(67%) 3.94 0.46
(80%) 1 (20%) 1 (33%) 4.05 0.47

Results
General characteristics

The general characteristics, including clinical age, gender,
history of hyperlipidemia, smoking, hypertension, diabe-
tes, and alcohol consumption among the five groups,
were compared using analysis of variance or Fisher’s
exact test (Table 1). No statistically significant differenc-
es were observed (P > 0.05).

Comparison of blood flow velocity among groups

As depicted in Figure 2, the hemodynamic parameter V in
the L, U, and Spiral groups surpasses that of the control
group, with statistical significance (P < 0.05). Figure 3
illustrates the variation in hemodynamic parameters
across different groupings. The control and S groups
exhibit relatively lower and stable blood flow velocities
without apparent turbulence or disturbed flow (0.10 *
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0.04 m/s, 0.18 + 0.06 m/s). Conversely, the velocities in
the U, L, and Spiral groups progressively accelerate (0.30
+0.05m/s, 0.30 £ 0.07 m/s, 0.32 + 0.01 m/s), indicating
heightened complexity in blood flow patterns. In the L
group, high-velocity blood flow is observed from the fen-
estration site to the basilar artery, albeit without evident
turbulence. The U group manifests high-velocity blood
flow areas in the vertebral arteries, fenestration site, and
basilar artery segment, accompanied by minor turbulence
and substantial disparity in blood flow velocities between
bilateral vertebral arteries. Notably, the Spiral group
exhibits high-velocity blood flow and turbulence in the
basilar artery segment, extending across a broader range
than preceding groups, with the fenestration site being
the focal point.

Comparison of OSI among groups

As depicted in Figure 2, 0S| parameters of the L, U, and
Spiral groups were significantly higher than those of the
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Figure 2. Bar chart illustrating hemodynamic parameters across groups. The hemodynamic parameters V, 0S|, and WSS in the L, U, and
Spiral groups are higher than those in the control group, with statistical significance (P < 0.05). However, the AFl parameter does not
show statistical significance between groups (P > 0.05). ns, not significant, P> 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Control group, with statistical significance (P < 0.05).
Figure 3 reveals that OSI variations in each group were
concentrated at the fenestration and the terminal bifurca-
tion area of the basilar artery, with minimal changes
observed in other vessels. The Control and S groups
exhibited lower overall OSI values, showing no significant
abnormal fluctuations (0.12 + 0.01, 0.13 + 0.06). In the L
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group, high OSI values were observed at the fenestration
origin, confluence, and the terminal segment of the
basilar artery (0.24 + 0.04), with no other noticeable
anomalies. The U group showed high OSI values at the
commencement of the vertebral artery, fenestration,
and mid-segment of the basilar artery (0.29 + 0.03),
accompanied by significant differences in WSS between

Am J Nucl Med Mol Imaging 2024;14(4):253-260
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Figure 3. Model graphs of hemodynamic parameters for each group. The first row displays images of V, the second row shows OSlI, the
third row illustrates WSS, and the fourth row presents AFI. A-D. Control Group; E-H. S Group; I-L. L Group; M-P. U Group; Q-T. Spiral Group.
The Control Group and S Group show similar parameter values. For V, the L, U, and Spiral groups exhibit higher values in both VA and BA
compared to the Control Group. In terms of OSI, high OSI values in the L, U, and Spiral groups are primarily concentrated at the fenes-
tration and the distal segments of the BA. For WSS, elevated WSS is observed in specific segments of VA and BA in the L, U, and Spiral
groups. The AFI values are similar across all groups. Detailed statistical differences can be found in Figure 2. Note: VA, Vertebral Artery;
BA, Basilar Artery.
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the bilateral vertebral arteries. In the Spiral group, ele- Comparison of WSS across groups

vated OSI| was concentrated at the fenestration and the

commencement of the posterior cerebral artery, with rela- Figure 2 illustrates that the hemodynamic WSS parame-
tively higher numerical values (0.30 + 0.03). tersinthe U, L, and Spiral groups are all higher than those
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in the Control group, with statistically significant differ-
ences (P < 0.05). As depicted in Figure 3, the elevated
WSS in the L, U, and Spiral groups mainly concentrates on
the fenestration and bifurcation of the basilar artery. The
Control and S groups exhibit low WSS values, with no sig-
nificant elevation observed (0.75 + 0.25 Pa, 1.42 + 0.34
Pa). The WSS values and range gradually increase in the
U, L, and Spiral groups (11.19 + 3.84 Pa, 14.08 + 2.52
Pa, 14.70 + 1.48 Pa). The overall vascular performance in
the L group manifests as high WSS, whereas, in the U
group, high WSS is concentrated on one side of the verte-
bral artery and at the fenestration, accompanied by sig-
nificant differences in WSS between the bilateral verte-
bral arteries. Moreover, the Spiral group exhibits higher
overall WSS values, with significant fluctuations in WSS at
the fenestration.

Comparison of AFl across groups

The differences in AFIl values among the groups were not
statistically significant (P < 0.05), as illustrated in Figure
2. However, Figure 3 reveals that variations in AFI within
different groups are primarily concentrated at the fenes-
tration and vessel bifurcation sites. All groups exhibit ele-
vated AFI values, with no significant instances of low AFI
values observed. Specifically, the control group recorded
a mean AFl of 0.97 + 0.01, the S group had a mean AFI of
0.92 £ 0.05, the L group exhibited a mean AFI of 0.90 +
0.05, the U group showed a mean AFl of 0.93 + 0.01, and
the Spiral group displayed a mean AFI of 0.93 + 0.05.

Discussion

VBAF and VBD are both rare vascular anomalies closely
associated with pathological events such as cerebral
infarction and aneurysm, yet their mechanisms remain
elusive [15]. It is speculated that they are largely linked to
atherosclerotic changes in arterial walls induced by hemo-
dynamic abnormalities. However, scant research exists
on the hemodynamic correlation between these two con-
ditions. The coexistence of VBAF and VBD can lead to
hemodynamic alterations in intracranial blood flow, sub-
sequently resulting in corresponding clinical symptoms
and complications such as subarachnoid hemorrhage.
Given the acute onset and short window for effective
intervention, these conditions negatively impact patients,
severely compromising their quality of life [16]. Hence,
understanding the risk mechanisms of VBAF combined
with VBD and being able to predict, diagnose early, and
intervene promptly hold significant clinical implications.
In this study, utilizing MRA imaging data and mechani-
cal modeling software, we conducted three-dimensional
post-processing of VBAF combined with VBD image data
of various morphologies, analyzing the hemodynamic
aberrations associated with these conditions.

Computer simulation analysis is an effective method for
evaluating hemodynamics in the human vasculature. It
provides hemodynamic parameters that are difficult to
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obtain in animal and basic experiments and visually dis-
plays them to analyze early hemodynamic changes in
VBAF combined with VBD. Therefore, based on real
patient image data in this study, we established three-
dimensional vascular models and divided them into dif-
ferent groups to discuss hemodynamic parameters, iden-
tifying differences among groups and identifying high-
risk populations for VBAF combined with VBD, thus pro-
viding guidance for early treatment.

Regarding the V aspect, high-speed blood flow in Groups
L, U, and Spiral is distributed in the tortuous vertebral
arteries, fenestrations, and the basilar artery, with turbu-
lent flow observed at the fenestrations. Structural ano-
malies in this study’s fenestrations and vertebral basilar
arteries increase the complexity of hemodynamics com-
pared to normal vessels. Normal blood flow within vessels
exhibits laminar flow, with slightly higher velocity flow in
the center and lower velocity flow in the periphery [17].
This pattern facilitates the effective transport of sub-
stances within the blood, reduces friction with the vessel
wall, and prevents the deposition of atherosclerotic sub-
stances on the vessel wall [18, 19]. It has been found that
turbulent flow and plaque formation are more likely to
occur at arterial branches, bifurcations, and curvatures.
In Groups L, U, and Spiral, turbulent flow is observed in
the tortuous vertebral arteries, fenestrations, and the
basilar artery, disrupting normal blood flow patterns, facil-
itating the transport of atherosclerotic factors to the ves-
sel wall, and increasing the probability and severity of
inflammatory reactions. The study by Mei et al [20] also
suggests that a significant increase in arterial velocity
promotes the formation of atherosclerosis and simultane-
ously affects the healing process after treatment, further
corroborating the findings of this study.

Regarding OSI, with values ranging from O to 1, it is a
dimensionless parameter indicating the degree of change
in blood flow direction. Higher OSI values indicate greater
changes in blood flow direction, even retrograde flow,
whereas lower values signify stable blood flow, indicating
normal flow conditions with stable flow intensity and
direction [21]. Higher OSI values imply greater changes in
wall shear stress direction, which are more related to dis-
turbances in the flow field within the vessel [22]. In our
experiment, high OSl values in Groups L, U, and Spiral are
predominantly located at the fenestrations, with scat-
tered high OSl values in the vertebral and basilar arteries.
High OSI reduces effective blood flow within the vessel
lumen, increases kinetic energy loss, shortens the prolif-
eration and apoptosis cycle of endothelial cells, and
increases endothelial cell lipid uptake, disrupting normal
endothelial cell physiological processes, disturbing the
balance between active protective factors and vascular
injury factors, and leading to vascular wall degeneration,
thereby increasing the probability and severity of inflam-
matory reactions [23]. Tong et al [24] built hypothetical
fenestration models based on normal basilar artery mod-
els of different sizes and positions. They found that an
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increase in OSI values at the fenestration site correlates
with a higher risk of adverse events such as stroke
formation.

Regarding WSS, high WSS in Groups L, U, and Spiral is
observed at the fenestrations and the basilar artery seg-
ment, partially overlapping with high-speed blood flow
areas, with significant differences in WSS in some ves-
sels. During blood flow, the energy carried by the blood
gradually converts into force acting on the vessel wall,
with WSS being the primary force proportional to blood
flow velocity. It is currently believed that high WSS incre-
ases the risk of events such as cerebral infarction [25].
As blood flow velocity increases, WSS significantly rises,
exceeding a certain threshold, leading to vascular wall
damage, recruitment of numerous inflammatory cells to
the damaged vessel wall, and a series of inflammatory
reactions. This continuous cycle of disruption destabilizes
the vessel wall, making it unable to maintain its basic
form and function, thereby increasing the risk of wall rup-
ture and other events [26]. Endothelial cell damage, dis-
ruption of the internal elastic lamina, recruitment of
numerous inflammatory cells to the weakened part of the
vessel wall, hypoxia in the medial layer of the arterial wall,
vascular necrosis, endothelial cell damage, driving inflam-
matory cascade reactions, further aggravate vessel wall
damage. Consistent with previous studies, Xu et al [27]
also found that arterial velocity and WSS significantly
increase the risk of unstable arterial wall rupture and
affect the post-treatment healing condition of the ves-
sels. The study by Lescher et al [28] showed that high
WSS may increase the risk of vascular wall rupture, fur-
ther supporting the findings of this study.

Regarding AFI, the vascular changes in each group are
concentrated at the fenestrations and vessel bifurca-
tions, with all groups exhibiting high AFI, and no signifi-
cant low AFI values observed. AFI refers to the specific
value measured by the angle between the instantaneous
WSS and the mean vector direction at any given moment
[29]. A smaller AFI value indicates that the WSS vector
direction is closer to 90°, indicating significant abnormal
blood flow changes at this location, increased wall stress
variation, and worsened hemodynamics.

This study utilized post-processing software to simulate
local blood vessels in the human body. Although real
patient imaging data was collected, the study’s retrospec-
tive nature precluded the specific collection of boundary
conditions for each patient, potentially overlooking the
influence of individual differences on blood flow. In this
study, blood flow was assumed to be a Newtonian fluid.
However, blood flow properties within arteries approxi-
mate Newtonian fluids. Human blood flow is actually a
non-Newtonian fluid, which will be gradually improved in
future research [30].

Conclusion

This preliminary investigation identifies the L, U, and
Spiral groups as high-risk populations. Abnormal hemo-
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dynamics may lead to a vicious cycle in vascular wall
pathology, increasing the likelihood of adverse events
such as cerebral infarction. Clinical attention should focus
on individuals within these groups and their correspond-
ing vascular regions.
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