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Abstract

This study aimed to analyze the hemodynamic features of the offending artery at sites of neurovascular 
compression (NVC) using computational fluid dynamics (CFD). A total of 23 patients who  underwent 
microvascular decompression (MVD) for primary trigeminal neuralgia (TN) between January 2015 
and December 2016 were enrolled in this study. The compressing vessel at the NVC site was  identified 
 microsurgically in all cases, and patients were divided into two groups based on the intraoperative 
 findings: (1) the arterial NVC group and (2) the non-arterial NVC control group. A 3D surface model of 
the  structures surrounding the NVC was created using preoperative magnetic resonance imaging (MRI), 
and CFD analysis was performed for the target artery. In addition to standard parameters, such as the 
wall shear stress (WSS), flow velocity, and pressure, we calculated the WSS ratio (WSSR) by dividing the 
WSS at the NVC by the mean WSS of the target. Arterial compression was observed intraoperatively in  
13  patients. The mean WSSR of the arterial NVC group was significantly higher than that of the control 
group (2.36 ± 1.00 vs. 1.18 ± 0.73, P <0.05). There were no significant intergroup differences in the other 
calculated parameters. High WSSR, which indicates elevated WSS at the sites of NVC, was identified as a 
unique parameter of arterial compression that may contribute to TN. CFD could be a useful clinical tool 
in determining the target of MVD under preoperative conditions.
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Introduction

Neurovascular compression (NVC) at the trigeminal 
root entry zone is widely considered to be the main 
cause of trigeminal neuralgia (TN), and microvascular 
decompression (MVD) has been shown to provide 
effective symptomatic relief by releasing the vascular 
compression.1–5) However, the neurophysiological 
mechanism underlying TN still remains unclear. As 
NVC involves vascular compression to the nerve, and 
arterial compression is more likely to be symptomatic, 
the hemodynamic forces acting on the vessel wall 
at the NVC site may contribute to the pathogenesis 
of TN. A previous report revealed focal axonopathy 
and demyelination at the site of indentation of the 

trigeminal nerve in patients with TN.6) Therefore, 
monitoring the focal hemodynamic forces of the 
offending artery could increase our understanding 
of the mechanisms underlying TN.

As NVC is the target of MVD, demonstration of 
the clear anatomical structure of NVC by magnetic 
resonance imaging (MRI) studies provides important 
information for preoperative assessment. Whereas 
information obtained in MRI demonstrates the position 
or relation of the trigeminal nerve with compressing 
vessels in most cases, there are some cases when 
MRI cannot identify the offending artery, including 
cases where the artery passes through the nearby 
trigeminal nerve without obvious contact or in 
cases that involve multiple vessel contacts with the 
trigeminal nerve. Moreover, NVC is also observed in 
many asymptomatic patients. Therefore, an objective 
parameter to differentiate symptomatic compressions 
from incidental findings could have implications 
for surgical decision-making and prognosis of MVD.
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Computational fluid dynamics (CFD) is a numerical 
analysis method used to solve problems involving 
fluid flow. Recent advances in medical imaging and 
CFD have made it possible to simulate blood flow 
patterns in anatomically realistic models. Many 
studies have used CFD to analyze the hemodynamic 
characteristics in cerebral vascular disorders, such 
as atherosclerosis and intracranial aneurysms, and 
indicated particular parameters that are related to 
the cause of the disease.7–13)

This study aimed to develop a 3D surface model 
of the offending artery based on the patient’s preop-
erative MRI image and analyze the hemodynamic 
features using CFD. Specific parameters related to 
symptomatic compressions were searched.

Materials and Methods

Patient population
This retrospective study was approved by the 

Ethics Committee at Tokyo Medical and Dental 
University, Tokyo, Japan. Patients who underwent 
MVD at the Institute from January 2015 to December 
2016 were enrolled in the study. The enrollment 
criteria was as below: (1) patients diagnosed with 
primary TN according to the International Classifica-
tion of Headache Disorders,14) (2) patients who had 
compressing vessels that were identified microsur-
gically, and (3) patients with high-resolution MRI 
datasets. All surgical procedures were performed via 
a retrosigmoid suboccipital approach. Compressing 
vessels were defined as vessels that contacted and 
formed indentations with the nerve directly and 
transposed from the conflicting site. When several 
compressing vessels were found during the operation, 
only the main compressing vessel was considered. 
According to the intraoperative findings, patients 
were divided into the arterial NVC and non-arterial 
NVC control groups.

Imaging and modeling
All enrolled patients underwent 3T MRI imaging 

(GE Signa HDxt, GE Healthcare, Waukesha, WI, 
USA), including 3D fast imaging employing steady-
state acquisition (FIESTA) scans, before surgery. 
The sequence parameters were as follows: repeti-
tion time (TR), 8.7 ms; echo time (TE), 2.7 ms; flip 
angle, 70°; field of view, 230 mm; matrix, 512; slice 
thickness, 0.6 mm. All MRI images were transferred 
to commercial software Avizo (version 6.3.0, FEI, 
Portland, OR, USA) for preprocessing. Structures 
surrounding the NVC, including the arteries, veins, 
trigeminal nerve, and brainstem, were segmented to 
each object, and 3D surface models were created  
(Fig. 1). The irregularities resulting from slice gaps 

were refined using an isotropic 3D Gaussian smoothing 
filter. In the arterial NVC group, the surface model 
showed obvious contact of an offending artery 
with the trigeminal nerve. The contacting point 
on the artery surface was defined as the NVC site; 
contact of an artery was not always obvious in the 
non-arterial NVC control group. For such cases, 
the artery with the shortest distance between the 
artery surface and the trigeminal nerve surface was 
identified as the analysis artery, and the point of 
the artery with minimal distance to the trigeminal 
nerve was defined as the NVC site. Surface models 
of the offending artery were trimmed out for CFD 
analysis. The computational meshes, with mesh 
sizes between 0.5 and 1 million elements, were 
generated for these artery models.

Numerical simulations
Wall shear stress (WSS), one of the distinctive 

parameters obtained from CFD simulation, expresses 
the force per unit area exerted by the wall on the fluid 
in a direction on the local tangent plane. We applied 
CFD to the artery models using the solver function 
of commercial software SCRYU/TETRA V9 (Software 
Cradle, Osaka, Japan). The CFD theory was adapted 
and modified from previous reports.15–17) In brief, blood 
was assumed as an incompressible Newtonian fluid 
with a density of 1050 kg/m3 and a viscosity of 0.004 
N/m2/s. Vessel walls were assumed to be rigid with no 
slip conditions. A straight inlet extension was added 
to obtain a completely developed laminar flow. For 
the inlet condition, fixed mass flow, which yields a 
WSS of 2 N/m2 at the inlet, was used. Traction-free 
boundary conditions were applied at the outlets. A 
steady-state analysis was performed and the target region, 
which was a 20 mm long portion of the offending 
artery with the NVC at the center, was extracted for 
post-processing. The average WSS and pressure of 
the target region were calculated. The average WSS 
of the tiny spot with a diameter of 0.1 mm around 
the NVC was defined as the WSS at the NVC. The 
average flow velocity of the cross-section of the artery 
at the NVC was defined as the flow velocity at the 
NVC. As the magnitude of WSS differs depending on 
the vessel’s anatomical structure, we calculated the 
WSS ratio (WSSR) by dividing the WSS at the NVC 
by the average WSS of the target region.

Statistical analysis
All statistical analyses were performed with JMP 

statistical software (version 13.2, SAS Institute 
Inc., Cary, NC, USA). The Mann–Whitney U test 
was used to identify differences between the two 
groups (arterial NVC and non-arterial NVC control 
groups). Data was presented as mean ± standard 
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deviation (SD), and a probability value (P) <0.05 
was considered statistically significant.

Results

Patient characteristics
Among the 31 patients who underwent MVD 

during the study period, a total of 23 patients were 
enrolled in the study. A total of eight patients were 
excluded for the following reasons: high-resolution 
MRI datasets were unavailable (n = 3), could not 
identify the compressing vessel microsurgically  
(n = 5). Patient characteristics are summarized in 
Table 1. Arterial compression was observed intra-
operatively in 13 patients. The superior cerebellar 
artery (SCA) and anterior inferior cerebellar artery 
(AICA) was responsible for arterial compression in 
10 and three patients, respectively. In the non-arterial 
compression group (n = 10), the transverse pontine 
vein was identified as the compressing vessel in all 
cases. In the non-arterial NVC control group, SCA 
and AICA were analyzed as the nearby artery in 
eight and two patients, respectively. A complete 
CFD analysis was carried out for all patients.

Table 1 Patient characteristics

Variables NVC group Non-arterial NVC 
control group

Mean age (years) 64.5 ± 12.7 56.6 ± 15.1

Gender

 Men 8 1

 Women 5 9

Side

 Right 11 8

 Left 2 2

Compressing 
vessels

 SCA 10

 AICA 3

 TPV 10

Analyzed 
(nearby) artery

 SCA 10 8

 AICA 3 2

AICA: anterior inferior cerebellar artery, NVC: neurovascular 
compression, SCA: superior cerebellar artery, TPV: transverse 
pontine vein.

Fig. 1 Representative examples of the modeling process. (A–D) Representative case of arterial neurovascular 
compression (NVC). The patient is a 70-year-old male with right-sided trigeminal neuralgia (TN). (A) Segmentation 
of arteries (red), trigeminal nerve (green), and brainstem (blue) was performed based on the fast imaging employing 
steady-state acquisition (FIESTA) image. (B) The 3D surface model. Compression of the superior cerebellar artery 
(SCA) is demonstrated. The white arrow indicates the NVC site. (C) Intraoperative photograph of the right trigeminal 
nerve revealing the compression by the SCA (white arrow). (D) Postoperative photograph. The SCA is transposed 
away from the nerve. (E–H) Representative case of non-arterial NVC. The patient is a 65-year-old woman with 
right-sided TN. (E) The segmented objects are the arteries (red), trigeminal nerve (green), brainstem (blue), and 
veins (light blue). (F) The 3D surface model demonstrates compression of a vein. The white arrow indicates the 
nearest point on the SCA from the trigeminal nerve, which is defined as the NVC site in this non-arterial NVC case. 
(G) Intraoperative photograph revealing compression by a vein (white arrow) and its branches. (H) Postoperative 
photograph revealing interposition of pieces of oxidized cellulose between the nerve and the vein. The white arrow 
indicates the SCA, which is the analyzed vessel of this case, running behind the trigeminal nerve.

A

E
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C

G
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Presentation in representative cases
Two representative examples of the process for 

creating 3D surface models are shown in Fig. 1. 
One is a case of arterial compression (Figs. 1A–D) 
and the other is a case of non-arterial compression  
(Figs. 1E–H), which were confirmed intraopera-
tively. The NVC site was also determined and 
presented on the created surface model preoperatively  
(Figs. 1B and 1F). Visualization of the calculated 
hemodynamic features of a representative arterial 
compression case is shown in Fig. 2. Elevation of 
WSS at the NVC site was demonstrated qualitatively 
on the color map. There were no specific findings 
for the distribution of the other parameters.

Values of the calculated parameters
The calculated mean values for all cases were as 

follows: WSS at the NVC site was 5.54 ± 7.32 N/m2,  
which was higher than the average WSS of the target 

region 3.12 ± 4.01 N/m2; this difference was not 
statistically significant. The average WSS value 
differed in each case by three orders of magnitude 
in linkage with the average flow velocity, which 
was 0.21 ± 0.25 m/s. The mean WSSR was 1.85 ± 
1.04. Unlike the absolute value of WSS, the WSSR 
ranged from 0.31 to 3.70, which was comparable 
among individual cases. The average pressure at 
the artery region was 163 ± 254 N/m2.

Comparisons of each parameter between the  
arterial NVC and the non-arterial control groups

Comparisons of each parameter, including WSS 
at the NVC site, flow velocity, average pressure at 
the target region, and the WSSR, between the arte-
rial NVC and the non-arterial groups are shown in  
Fig. 3. The mean WSSR of the arterial NVC group 
was significantly higher than that of the control 
NVC group (2.36 ± 1.00 vs. 1.18 ± 0.73, P <0.05). 
No significant intergroup differences were observed 
for the other calculated parameters. The mean 
values for each group are as follows (arterial NVC 
vs. non-arterial NVC control): WSS at the NVC site: 
7.20 ± 8.45 N/m2 vs. 3.37 ± 5.70 N/m2, P = 0.067; 
average WSS at the target region: 3.20 ± 3.99 N/m2 
vs. 3.02 ± 4.56 N/m2, P = 0.598; average pressure 
at the target region: 173.0 ± 314.8 N/m2 vs. 149.5 ± 
179.4 N/m2, P = 0.877; and flow velocity: 0.205 ± 
0.202 m/s vs. 0.203 ± 0.320 m/s, P = 0.336.

Impact of the tortuosity of the analyzed artery
To examine the impact of vessel tortuosity in WSSR 

elevation, cases with tortuous vessels were excluded 
for further analysis. Curvature at the NVC site with 
an angle more than 30° was defined tortuous. About 
seven tortuous vessels in the arterial NVC group and 
four in the non-arterial NVC group were excluded 
and a total of 12 cases (six cases from each group) 
were analyzed. The mean WSSR of each group were 
2.27 ± 0.96 vs. 1.18 ± 0.91 (P = 0.093). The mean 
WSSR of the arterial NVC group was higher than 
the non-arterial group, though the difference was 
not statistically significant.

Discussion

Microvascular decompression has been the standard 
treatment for TN since it was introduced by 
Jannetta.2) As the aim of MVD is to transpose the 
compressing blood vessel and relieve the trigeminal 
nerve compression, identification of NVC, which 
is the target of MVD, is important in preoperative 
assessment. MRI is used widely as the main modality 
to detect NVC; in particular, fusion images of 3D 
FIESTA and 3D time-of-flight magnetic resonance 

Fig. 2 Visualization of the hemodynamics of a repre-
sentative case with an arterial neurovascular compression 
(NVC). (A) The distribution of wall shear stress (WSS) is 
shown in 3D geometry. The unit of the color bar is N/m2. 
White arrows indicate the NVC site. (B) WSS distribution 
of the extracted target region. Elevation of WSS is recog-
nized at the NVC site (white arrow). The magnitude of 
WSS at the NVC site is 1.47 N/m2, and the average WSS 
of the target region is 0.37 N/m2. (C) The distribution of 
pressure. The unit of the color bar is N/m2. The magni-
tude of pressure depends on the distance from the inlet, 
but there are little differences around the target region.  
The average pressure of the target region is 29.8 N/m2. 
(D) The flow velocity field is shown in the cross-sectional 
plane of the target region. The unit of the color bar is 
m/s. The average flow velocity is 0.041 m/s.

A

C

B
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angiography using 3T MRI scanners are reported 
to be efficient tools for visualizing and assessing 
vascular compression.18,19)

Although NVC has been precisely revealed by 
these high-resolution preoperative images, this 
approach only provides information regarding the 
anatomical contact of the vessel and nerve. However, 
assessment of the pathogenicity of the compression 
is necessary to explore the cause of TN because 
NVC also occurs in many asymptomatic patients.4) 
Antonini et al.20) reported that patients with NVC 
at the caudal root exit zone, which is the proximal 
portion of the trigeminal nerve, are more likely to 
be symptomatic. Herweh et al.21) studied severe TN 

patients using diffusion tensor imaging (DTI) and 
found that the loss of anisotropy detected by DTI 
indicates tissue damage of the trigeminal nerve. 
Lin et al.22) reported that a large diameter of the 
compressing artery increases the chances of the 
contact being symptomatic. These studies assessed 
the morphological features of the NVC, which is 
static information. Since arteries are more likely to 
become symptomatic than veins, dynamic information, 
like flow, velocity, or pressure derived from blood 
flow, would also affect the pathogenicity of NVC.

Since the assessment of local hemodynamic 
parameters of cerebral arteries in vivo is difficult, 
image-based CFD simulations have recently been 

Fig. 3 Comparisons of each parameter between the arterial and non-arterial neurovascular compression (NVC) 
groups. The dot plots of the calculated values of the two groups (arterial NVC and non-arterial NVC) are shown. 
The horizontal line indicates the mean value and the diamond extends from the lower to the upper confidence limit.  
(A) The wall shear stress ratio (WSSR) of the arterial NVC group was significantly higher than that of the non-arterial 
group, P <0.05. (B) The mean WSS at the NVC site of the arterial NVC group was slightly higher than that in the 
non-arterial group, but this difference was not statistically significant. (C–E) There were no significant differences 
between the two groups in (C) average WSS of the target region, (D) average pressure, and (E) average flow velocity.

A

D E

B C
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proposed to investigate the local hemodynamics 
of cerebral vascular diseases, especially cerebral 
aneurysms. Among the various parameters obtained 
from CFD simulation, WSS has been considered to 
play a key role in the interaction between blood flow 
and surrounding tissue. WSS is a frictional force of 
the blood on the epithelial layer and is known to 
modulate intracellular signaling cascades and gene 
expression via stimulation of mechanoreceptors on 
the endothelial cells, resulting in the formation of 
cerebral vascular diseases, such as cerebral aneurysm 
and atherosclerosis.23,24)

Thus, WSS may be used to indicate hemodynamic 
stress caused by the blood flow of the offending 
artery in TN patients, and there may be a relation-
ship between WSS and the pathogenicity of NVC. In 
our cases, the magnitude of WSS differed depending 
on anatomical factors, such as the artery diameter, 
branches around the target region, tortuosity of 
the artery, and the distance from the basilar artery. 
Because of this dispersion of WSS, it was necessary 
to use the WSSR, which was calculated by dividing 
the WSS at the NVC site by the average WSS  
of the target region, to perform statistical analysis 
of the calculated data.

Recent studies have indicated the involvement of 
CFD in neurovascular compression syndrome.25–27) 
Satoh et al.26) retrospectively analyzed the offending 
artery of 20 symptomatic TN and hemifacial spasm 
patients and reported a relatively high magnitude of 
WSS and restriction of WSS directional movement 
along the NVC compared with the surrounding site of 
NVC. According to this study, a high WSSR, which 
indicates focal elevation of WSS at the NVC site, has 
the potential to identify symptomatic compressions.

Based on intraoperative findings, patients in the 
current study were divided into two groups, the 
arterial NVC and non-arterial NVC groups. Among 
patients in the non-arterial group, there were cases 
where arterial NVC was depicted in the preoperative 
MRI images; however, the pathogenicity was difficult 
to judge only from the MRI images. We observed a 
significantly higher WSSR in the arterial NVC group 
than in the non-arterial NVC control group, which 
suggests that WSSR may be a useful indicator for 
evaluating ambiguous NVCs. In particular, in cases 
with several involving vessels, information regarding 
the pathogenicity would be useful for preopera-
tive simulation of MVD. The elevation of WSSR 
could be attributable to the strong compression of 
the symptomatic arterial NVC causing conforma-
tional changes in both the trigeminal nerve and 
compressing artery. These conformational changes 
are extremely small and difficult to detect intuitively 
from preoperative images; however, hemodynamic 

values obtained from CFD are highly sensitive and 
are able to identify these small changes. In addition, 
the obtained parameters are numerical values that 
can be analyzed both intuitively and statistically.

Although WSS is a hemodynamic force acting on 
the arterial wall, the elevated WSS at the NVC site 
may affect the trigeminal nerve. This may cause 
degeneration because of the tight contact between 
the arterial wall and nerve. This phenomenon may 
provide clues for understanding the occurrence of TN.

Nevertheless, this study had some limitations. The 
analyzed artery model had some geometric uncer-
tainty, and the rightness of the boundary conditions 
was unclear. Although the targets of this study were 
relatively small arteries with diameters of 1–2 mm, 
we adapted the methodology of CFD for analysis 
of cerebral aneurysms whose targets are larger 
arteries with diameters of 2–5 mm. CFD analysis 
for cerebral aneurysms, especially small branches 
occurring from large parent arteries, results in little 
blood flow and pressure, which could be ignored. 
Validation and verification of the CFD analysis for 
such small arteries are required.

Anatomical features of the vessel which could 
affect the WSS value should be assessed to clarify 
the mechanism of the WSSR elevation in the arte-
rial NVC group. In regard to vessel tortuosity, cases 
without tortuous curvature at the NVC site were 
extracted for additional analysis. WSSR was higher in 
the arterial NVC group, which suggest the contribu-
tion of the arterial compression, but the difference 
was not statistically significant. As the sample size 
is small, further study is required.

To evaluate the performance of CFD analysis as a 
clinical test to discern ambiguous NVCs, considera-
tion should be limited to patients who have arterial 
contact detected on MRI images. An appropriate 
cut-off value of WSSR should be defined based on 
receiver operating characteristic analysis, and the 
sensitivity and specificity should be evaluated.

Another limitation is that the focal axonal degen-
eration and demyelination of the trigeminal nerve, 
which are the causes of TN, are not considered in 
this study. The correlation between the microstruc-
tural changes in the trigeminal nerve revealed by 
DTI and the hemodynamic stress of the offending 
artery should be investigated in future studies. 
Furthermore, the small patient population and the 
retrospective nature of the study did not allow 
us to draw a precise conclusion on the effects of 
hemodynamic stress in TN. A prospective study 
with a larger number of patients is essential for 
further discussion.

However, unlike recent CFD studies using computed 
tomography angiogram for the construction of artery 
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models,25–27) the CFD technique used in this study is 
based on non-contrast-enhanced preoperative MRI, 
which is a simple and completely non-invasive 
method that provides useful information about the 
pathogenicity of NVC. This CFD technique should be 
considered during preoperative simulation of MVD.

Conclusion

We demonstrated the hemodynamic features of the 
offending artery using a CFD technique. Focal eleva-
tion of WSS at the site of the NVC, which suggests 
symptomatic arterial compression, was identified as 
a unique parameter that could be the reasons for 
TN. The CFD technique could be a useful clinical 
tool for determining the target of MVD under preop-
erative conditions.
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