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OBJECTIVE Offending vessels at the site of neurovascular contact (NVC) in patients with trigeminal neuralgia (TN) and
hemifacial spasm (HFS) may have specific hemodynamic features. The purpose of this study was to investigate the wall
shear stress (WSS) of offending vessels at NVCs by conducting a computational fluid dynamics (CFD) analysis.

METHODS The authors retrospectively analyzed the cases of 20 patients (10 with TN and 10 with HFS) evaluated by 3D
CT angiography and used the imaging findings for analysis of the hemodynamic parameters. The 3D CFD images were
directly compared with the NVCs determined by simulated multifusion images of CT angiogram and MR cisternogram, and
operative photos. The magnitudes of the WSS (WSSm) at the proximal (WSSm-p), just-beginning (WSSm-j), contact site
(WSSm-s), and distal (WSSm-d) areas of each NVC were analyzed. The ratios of the WSSm-j, WSSm-s, and WSSm-d ar-
eas to the WSSm-p area were calculated individually. The direction of the WSS (WSSv) and its temporal variation (WSSvV)
were depicted and morphologically compared with the NVC confirmed by simulated images and operative findings.

RESULTS The ratios of WSSm at the just-beginning and the contact site to the proximal area of the NVCs (WSSm-j/
WSSm-p and WSSm-s/WSSm-p) were both significantly higher than that at the distal area (WSSm-d/WSSm-p) (p <
0.05). The WSSv and WSSvV at the NVCs showed small variation in a single cardiac cycle, especially along the areas

that were in contact with the affected nerve.

CONCLUSIONS Areas of relatively high WSSm and temporal variation of WSSm (WSSmV) were observed at the
NVCs. Less mobility of the WSSv and WSSvV was detected along the side of the vessels in contact with the nerves.
These findings may be consistent with the actual area of the NVC. Hemodynamic features of the site of NVC can be
added to the preoperative simulation for MVD surgery, which may be useful for the diagnosis and treatment planning of

TN and HFS.

https://thejns.org/doi/abs/10.3171/2018.1.UNS172544
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such as trigeminal neuralgia (TN) and hemifacial
spasm (HFS) are caused by neurovascular contact
(NVC) between blood vessels and nerves.>* Microvascu-
lar decompression (MVD) surgery is usually carried out to
release the contact of vessels from nerves.>#-1° The patho-

E ; yMPTOMS of neurovascular compression syndromes

physiological mechanism underlying the causal relation-
ship between blood vessels and nerves in NVCs is not ful-
ly elucidated. In the present study, we used computational
fluid dynamics (CFD) to assess the hemodynamic charac-
teristics of the offending vessels at NVCs. We investigated
specific parameters at NVCs including the magnitude and

ABBREVIATIONS AICA = anterior inferior cerebellar artery; CFD = computational fluid dynamics; FR-avg = time-averaged flow rate; HFS = hemifacial spasm; MVD =
microvascular decompression; NVC = neurovascular contact; NVC-d = distal NVC area; NVC-j = just-beginning NVC area; NVC-p = proximal NVC area; NVC-s = contact
site NVC area; PICA = posterior inferior cerebellar artery; SCA = superior cerebellar artery; TN = trigeminal neuralgia; WSS = wall shear stress; WSSm = magnitude of
WSS; WSSm-avg = time-averaged WSSm; WSSm-d = WSSm at distal area of NVC; WSSm-dia = end-diastolic WSSm; WSSm-j = WSSm at just-beginning area of NVC;
WSSm-p = WSSm at proximal area of NVC; WSSm-s = magnitude of WSS at contact site; WSSm-sys = peak-systolic WSSm; WSSmV = temporal variation of magnitude of

WSS; WSSv = direction of WSS; WSSvV = temporal variation of direction of WSS.
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direction of wall shear stress (WSSm and WSSy, respec-
tively) and their temporal variations in a single cardiac cy-
cle (WSSmV and WSSvV). These parameters were com-
pared with the simulation images and operative findings.
To our knowledge, the relevance of hemodynamic features
of the offending vessels to the morphological findings of
the affected cranial nerves at NVCs has not been reported.

Methods

This retrospective study was approved by the ethics
committee of Satoh Neurosurgical Hospital. Written in-
formed consent was obtained from all patients for the use
of their clinical data.

Patient Population

Between January 2015 and September 2016, 20 pa-
tients with neurovascular compressive diseases underwent
MVD at our hospital (Table 1). Of the 20 patients, 10 had
TN (5 men and 5 women) and 10 had HFS (2 men and
8 women). The median age of the TN patients was 66.5
years (range 37—-85 years). The neuralgia was on the right
side in 7 patients and the left side in 3 patients. The offend-
ing vessel was the trunk of the superior cerebellar artery
(SCA) in 3 patients and a caudal branch of the SCA in 7
patients. The median age of the patients in the HFS group
was 60.0 years (39-74 years), and the affected side was
the right in 2 patients and the left in 8 patients. The of-
fending vessel was the posterior inferior cerebellar artery
(PICA) in 9 patients and the anterior inferior cerebellar
artery (AICA) in the remaining patient.

Imaging Procedure of Preoperative 3D CT Angiography

A multidetector CT system (Activion-16, Canon Medi-
cal Systems) was used in Real-Prep scan mode with
100 ml of contrast agent (Iomeron, iodine concentration
350 mg/ml, Eizai Pharmaceutical) injected at 3 ml/sec
into the antecubital vein. Imaging parameters were 16-
cm field of view, a 512 x 512 matrix, 0.5-mm thickness,
scanning time 8 seconds, and a total of 201 images. The
original volume data were reconstructed into a matrix
of 1024 x 1024 pixels and a thickness of 0.3 mm using
a workstation (Ziostation-2, Ziosoft-AMIN). The vessel
configurations were reconstructed by a volume-rendering
algorithm, and the arterial lumen was selected from the
opacity chart of the volume data with a threshold of > 90
Hounsfield units (HU).

CFD Analysis

Patient-specific geometries were generated as a stereo-
lithography format using the preoperative 3D CT angiog-
raphy, including the proximal end of the intracranial verte-
bral arteries, the basilar artery, the PICAs, the AICAs, the
SCAs, and the proximal segment of the posterior cerebral
arteries (PCAs).

These surface meshes were filled with unstructured
cells mainly composed of hexahedrons. The size of the
meshes was adjusted to vary in space. In far-wall regions,
the length of the meshes was approximately 0.25 mm, and
in near-wall regions the meshes were aligned to fit the
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TABLE 1. Characteristics of the TN and HFS groups

Characteristic TN (n=10) HFS (n=10)
Age, yrs

Median 66.5 60.0

IQR 61.25-70.25 54.25-64.5

Range (min—-max) 37-85 39-74
Sex

Male 5 2

Female 5 8
Side

Right 7 2

Left 3 8
Offending vessels

SCA trunk 3

SCA caudal 7

PICA 9

AICA

Max = maximum; min = minimum.
Values are numbers of cases unless otherwise indicated.

boundary with 3 layers. In the area nearest the wall, the
size of the mesh was 0.125 mm in width and 0.05 mm in
height. Flow was computed in a 3D unsteady fashion us-
ing a commercial package (Hemoscope v1.4, EBM Corp.,
Tokyo). The blood was assumed to be incompressible and
Newtonian fluid with a density of 1050 kg/m® and a viscos-
ity of 0.004 Pa-sec. The Euler and second-order upwind
schemes were utilized for discretizing unsteady and con-
vective acceleration terms. The time step was determined
to keep the Courant number less than 1. The boundary
conditions were determined in accordance with a constant
WSS theory (1.5 Pa). A pulsatile flow-rate waveform was
added based on the work of Ford et al.> A pulsatile pres-
sure waveform was set as a physiological one with an av-
erage of 100 mm Hg” The inlet of the vessel was set as a
pressure boundary and the outlet as a velocity boundary.

The vascular geometry was segmented including a
proximal NVC area (NVC-p), the just-beginning NVC
area (N'VC-j), the contact site NVC area (NVC-s), and the
distal NVC area (NVC-d). We analyzed the time-aver-
aged flow rate (FR-avg) and WSSm of the peak-systolic
(WSSm-sys), end-diastolic (WSSm-dia), and time-aver-
aged (WSSm-avg) phases at the above segmented areas,
respectively. The WSSm was detailed in a 3D time series.
Likewise, the temporal variations of WSSm (WSSmV)
and WSSv (WSSvV) were depicted in 3D.

Comparison of 3D CFD Images With Morphological
Findings

We reconstructed the 3D multifusion images by com-
positing a coregistered 3D CT angiogram and a 3D MR
cisternogam, as previously described.®-!° Briefly, an MR
cisternogram with a heavily T2-weighted 3D fast spin-
echo sequence was reconstructed with a perspective vol-
ume-rendering algorithm. Offending vessels delineated
by the 3D CT angiogram were superimposed on the 3D
MR cisternogram. The anatomical elements consisting of
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the NVC, including the offending vessels, affected nerves,
and surrounding brain parenchyma, were depicted as a
single 3D image. Postoperatively, 3D multifusion images
were reconstructed to simulate the operative view.

The CFD features of the offending vessels in the vicin-
ity of the NVC were analyzed and displayed in a surgi-
cal view and comparatively evaluated with the anatomical
simulation of 3D multifusion images and operative photos.
Comparison of images with respect to hemodynamic fea-
tures, anatomical simulation, and operative findings was
done by 3 independent neurosurgeons (T. Satoh, K.O., and
M.K.). We were thus able to directly compare the WSS
parameters at the various areas of each NVC to the mor-
phological findings.

Analysis of CFD Parameters

As specific hemodynamic parameters at NVCs, we
investigated the magnitude and direction of wall shear
stress (WSSm and WSSv) and their temporal variations in
a single cardiac cycle (WSSmV, WSSvV). We numerically
assessed the WSSm in the individual cases by calculating
the relative ratios of the WSSm at the NVC-j, NVC-s, and
NVC-d areas to the NVC-p (i.e., the WSSm-j/WSSm-p ra-
tio, the WSSm-s/WSSm-p ratio, and the WSSm-d/WSSm-
p ratio, respectively) (Fig. 1). The dynamic changes in the
WSSm and WSSv were evaluated by using the animation
display during a cardiac cycle in accord with the cardiac
waveform. We used static images of the WSSvV at the
NVC to assess the mobility of the vector in a single car-
diac cycle, and we compared them with the morphological
findings.

Statistical Analysis

The results of hemodynamic analysis are expressed as
median values and interquartile ranges (IQRs). A Mann-
Whitney U-test was used for assessing the statistical sig-
nificance of differences between the WSSm ratios, inde-
pendently. A p value < 0.05 was considered to indicate
statistical significance.

Results
Numerical Value and Relative Ratio of WSSm

The results of hemodynamic analysis are summarized
in Table 2. The average flow rate (FR-avg) of the offending
vessels varied among the individual patients. The WSSm
values of the offending vessels at the NVCs were relatively
high during the peak-systolic, end-diastolic, and cycle-av-
erage phases. The relative ratios of the WSSm in the indi-
vidual cases revealed that the WSSm-j/WSSm-p ratio and
the WSSm-s/WSSm-p ratio were both significantly higher
than the WSSm-d/WSSm-p ratio (p < 0.05).

Animation and Static Images of WSSm and WSSv

Temporal changes of WSSm and WSSy in a single car-
diac cycle are shown in the animation in Video 1.

VIDEO 1. Animation and summary of the WSSm and WSSy at the
NVC for a representative case of TN (Fig. 2). Copyright Toru Satoh.
Published with permission. Click here to view.

The animation of WSSm showed dynamic change of mag-
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FIG. 1. Schema of NVC in TN. Segmentation of vessel: proximal area of
NVC (NVC-p), just-beginning area of NVC (NVC-j), contact site of NVC
(NVC-s), and distal area of NVC (NVC-d). Relative ratios of the WSSm
compared to the WSSm at NVC-p: at NVC-j (WSSm-j/p ratio), NVC-s
(WSSm-s/p ratio), and NVC-d (WSSm-d/p ratio). CN-V = trigeminal
nerve.

nitude in accordance with a cycle waveform. The anima-
tion of the WSSv showed movement of the vector arrows
during a single cardiac cycle. On the static images of
WSSVV, an area of small and stable movement of the vec-
tor was depicted on the vessel walls on the side in contact
with the nerve. In contrast, large or unstable movements of
the vector were observed on the vessel sides that were not
in contact with the nerve. Representative cases of WSS in
the CFD analysis for TN (Fig. 2) and HFS (Fig. 3) were
shown.

Discussion

In patients with TN and HFS, the offending vessels
usually compress the nerves severely.24>3-1° Nerves are
compressed by vessels and may adhere to vessel walls, re-
sulting in morphological changes such as deformation and
dimple. At the NVC, the movable range of both the vessels
and the nerves may be limited. Accordingly, hemodynam-
ic features of the NVC may be related to the compression
and immobility of the offending vessels and the affected
nerves.

The WSS indicates the frictional force exerted by the
flowing blood tangentially on the vessel wall during the
cardiac cycle. The WSS is a vector quantity whose char-
acteristics can be expressed by its magnitude (WSSm) and
direction (WSSv). Temporal variation of the WSSv (WSS-
vV) quantifies an accumulated amount of angular change
of a single WSS vector over an entire cardiac cycle. This
characteristic value can denote directional unsteadiness of
the WSS.

Hemodynamic Features of the NVC

Two specific features of hemodynamic parameters
were demonstrated at the NVCs of the offending vessels
in patients with TN and HFS in this study. One feature
was associated with the relative ratio of the WSSm, which
showed that the magnitude of the WSS increased com-
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TABLE 2. Hemodynamic features of the TN and HFS cases

Group & Feature NVC-p NVC-j NVC-s NVC-d
TN (n=10)
FR-avg, mi/min
Median 1717 17.11 1710 17.11
IQR 9.63-28.10 9.60-28.11 9.65-27.94 9.62-28.11
WSSm-sys, Pa
Median 2.55 6.05 2.90 215
IQR 1.58-4.04 3.72-8.27 2.12-7.82 1.29-3.88
WSSm-dia, Pa
Median 0.96 2.34 119 0.79
IQR 0.63-1.48 1.48-3.08 0.84-2.83 0.54-1.41
WSSm-avg, Pa
Median 1.48 3.64 1.80 1.27
IQR 0.96-2.36 2.26-4.90 1.28-4.58 0.79-2.28
WSSm-sys, ratio Ref
Median 1.93* 1.29* 0.77
IQR 1.45-2.22 1.05-1.81 0.69-0.98
WSSm-dia, ratio Ref
Median 1.89* 1.21%* 0.76
IQR 1.34-2.22 1.05-1.78 0.68-0.93
WSSm-avg, ratio Ref
Median 1.69* 1.26** 0.84
IQR 1.38-2.06 1.02-1.83 0.73-1.26
HFS (n =10)
FR-avg, mi/min
Median 29.64 2412 23.96 24.08
IQR 16.26-39.81 17.03-38.40 17.37-38.47 17.29-38.83
WSSm-sys, Pa
Median 2.58 5.23 3.85 2.1
IQR 2.27-5.83 3.24-6.79 3.41-5.88 2.49-4.59
WSSm-dia, Pa
Median 0.96 1.74 1.57 112
IQR 0.81-1.86 1.34-2.40 1.31-2.17 0.93-1.72
WSSm-avg, Pa
Median 1.54 2.98 2.87 1.75
IQR 1.35-3.29 2.22-3.93 2.10-3.53 149-273
WSSm-sys, ratio Ref
Median 1.80* 1.43* 1.00
IQR 1.26-2.18 1.27-1.52 0.77-1.13
WSSm-dia, ratio Ref
Median 173 1.49* 1.1
IQR 1.33-2.06 1.30-1.61 0.88-1.23
WSSm-avg, ratio Ref
Median 1.28** 1.45* 1.05
IQR 1.22-1.78 1.29-1.53 0.91-1.23

Avg = average; dia = diastolic; NVC = neurovascular contact; NVC-d = distal area of NVC; NVC-j = just-beginning area of NVC; NVC-p = proxi-
mal area of NVC; NVC-s = NVC contact site; sys = systolic; WSSm = magnitude of wall shear stress.
*p <0.05, ** p < 0.01 by Mann-Whitney U-test of the WSSm ratio for NVC-j/NVC-p, NVC-s/NVC-p, and NVC-d/NVC-p.

paratively along the NVC, including the proximal, just- WSSvV, which showed that the temporal variation of the
beginning, contact site, and distal areas of the NVC. The WSS was decreased at the site of NVC.
other feature was associated with the static image of the The WSSm at the NVC area showed relatively high
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FIG. 2. Visualization of wall shear stress (WSS) in the CFD analysis of a representative case of TN, with an intraoperative pho-
tograph (A), simulated multifusion image (B), simulated and segmented vascular geometry of CFD of the ipsilateral projection in
contact with the nerve (C), the ipsilateral projection of temporal variation in the magnitude of the WSS in contact with the nerve (D),
the contralateral projection of temporal variation in the magnitude of WSS (E), the ipsilateral projection of temporal variation in the
vector of the WSS (F), and the contralateral projection of temporal variation in the vector of WSS (G). NVC = area of neurovascular
contact; NVC-d = distal area of NVC; NVC-j = just-beginning area of NVC; NVC-p = proximal area of NVC; NVC-s = contact site of
NVC; SCA-c = caudal segment of SCA; SCA-r = rostral segment of SCA; SPV = superior petrosal vein.

values during the peak-systolic, end-diastolic, and cycle-
average phases. The animation display depicted the dy-
namic changes in the numerical value of the WSSm along
the NVC in a cardiac cycle. Moreover, the WSSm values at
the NVC-j and NVC-s were higher than those at the NVC-
p and NVC-d. The ratios of the WSSm at the NVC-j and
NVC-s to the NVC-p (i.e., the WSSm-j/WSSm-p ratio and
WSSm-s/WSSm-p ratio) were significantly higher than the
WSSm-d/WSSm-p ratio (p < 0.05). These observations in-
dicated that the magnitude of the WSS of the offending
vessels increased at the area of the NVC. Though patients
with TN and HFS experience different clinical symptoms,
the above hemodynamic features can be commonly ob-
served in both conditions. A relatively high shear stress
at the NVC may cause arteriosclerotic remodeling of the
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vessels as a mechanotransduction response of vascular en-
dothelial cells.'® Also, a contact of the offending vessels
with affected nerves may deform the luminal geometry.
We speculate that these two factors may be, at least in part,
responsible for increased WSS.

In the animated display of WSSy, the dynamic change
in the directions of WSS exhibited various types of flow
motions including parallel, rotational, convergent patterns.
Relatively small or stable movements were observed at the
side of the offending vessel that was in contact with the
nerve. Areas of less movement of WSSv at the contact-
ing side were well differentiated from other areas of the
NVC. In contrast, frequent or unstable vector movements
were depicted on the vessel wall at the sides lateral and
contralateral to the nerve. Because the WSSvV showed
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FIG. 3. Visualization of the WSS in the CFD analysis of a representative case of HFS, with an intraoperative photograph (A),
simulated multifusion image (B), simulated and segmented vascular geometry of CFD of the ipsilateral projection in contact with the
nerve (C), the ipsilateral projection of temporal variation in the magnitude of the WSS in contact with the nerve (D), the contralateral
projection of temporal variation in the magnitude of WSS (E), the ipsilateral projection of temporal variation in the vector of the WSS
(F), and the contralateral projection of temporal variation in the vector of WSS (G). CN-VII = facial nerve; VA = vertebral artery.

an accumulated angular change of WSSy, distributions
of WSSvV may suggest a range of mobility of the ves-
sels. Consequently, stable WSSvV depicted at the area in
contact with the affected nerve may indicate a limitation
of movement of the offending vessel. Simultaneously, the
mobility of the affected nerve may be reduced at the area
of the NVC.

In general, curved vessel geometry leads to eccentric
flow. The eccentric flow results in a local flow accelera-
tion that increases the magnitude of WSS. As for the tem-
poral variation of WSS, then, the outer and inner walls
of the vessel, respectively, undergo stable and unstable
movements due to an acceleration and deceleration. These
flow features arise in stenotic vessels as well, where the
proximal to middle part of the site of NVC experiences
higher magnitude and stable variation of WSS, whereas
the middle to distal region experiences the opposite. Our

findings of hemodynamic features at the NVC can be ex-
plained accordingly. Thus, the spatial changes of WSS that
we observed reflected an NVC-induced vascular defor-
mation. Such a small deformation may often be difficult
to identify geometrically, but the hemodynamic features
demonstrated by CFD may help to assess the location and
degree of NVC.

Limitation of a CFD Analysis of NVC

Several limitations may exist in the evaluation and
analysis of hemodynamic characteristics in cases of TN
and HFS. First, because the offending vessels, such as the
SCA and its tributaries, the AICA, and the PICA, are small
in size, it is difficult to create patient-specific geometries
of vessels in detail in some cases. A second limitation is
related to the reconstruction of the image data with the
use of the volume-rendering technique. In the process of
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selecting the offending vessels and excluding others, there
may be difficulties in separation of the arteries, veins, and
surrounding bony structures. The third limitation concerns
the matching of the location of the NVC between the 3D
CFD images and the anatomical simulated images. The
3D simulated images are reconstructed by a perspective
volume-rendering algorithm, whereas the 3D CFD images
are created by a parallel volume-rendering algorithm. A
certain incompatibility exists between these algorithms.
A fourth limitation concerns the assessment of the static
WSSvV image. Though the exact area of a small variation
in an NVC is well recognized visually, the real extent and
degree of compression at the NVC must be compared and
confirmed by the actual operative findings.

Benefits and Perspectives of CFD Analysis of NVCs

In the neurosurgical MVD operation for TN and HES,
offending vessels compressing the nerves should be isolat-
ed and moved to eliminate physical contact with the nerve.
Hemodynamic features of the offending vessels at NVCs
may be useful for treatment planning of MVD. Although
anatomical condition may differ in the TN and HFS, the
CFD analysis may reveal similar results and tendencies at
the NVCs. Patterns of the changes in the relative WSSm
ratios along the vessels may correlate with the NVC re-
gion. In addition, the small variation revealed by the WSS-
vV may be related to the areas of restricted movement of
the offending vessels at the NVC, as well as the affected
nerves contacted and adhered by the vessels.

Prospectively, in combination with the preoperative
anatomical simulation of 3D multifusion images, hemody-
namic features of the WSS may play a role in the evaluation
of the specific areas, especially the just-beginning areas
and contact sites of NVCs for MVD surgery. More work
is required to validate the imaging techniques described
herein and to clarify the significance of hemodynamic fea-
tures detected by CFD regarding the pathophysiology of
NVC:s for the execution of MVD surgery in patients with
neurovascular compression syndromes.

Conclusions

Patterns of the changes in the relatively high WSSm ra-
tio along the vessels may correlate with the NVC regions.
Small variation in the WSSvV may be related to the areas
of movement limitation at the NVC of the offending ves-
sels. Hemodynamic features of the WSS may play a role in
the preoperative evaluation of the specific areas of NVCs
in patients with TN and HFS.
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