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Abstract. In recent years, the role of computational fluid
dynamics for Budd-Chiari syndrome evaluation has become
the focus of certain studies. The purpose of the present study
was to evaluate the role of computational fluid dynamics
in Budd-Chiari syndrome with obstruction of the inferior
vena cava (IVC). Magnetic resonance venous angiography
was used to obtain original IVC and hepatic venous blood
flow images from patients with Budd-Chiari syndrome. The
computational fluid dynamics method was used to establish a
three-dimensional model and simulate the blood flow velocity,
wall shear stress and wall pressure. The results revealed that
the hemodynamic parameters of Budd-Chiari syndrome were
successfully simulated by computational fluid dynamics.
The hemodynamic parameters of the IVC stenosis varied
with the cardiac cycle. Vascular flow velocity (pre-operative,
1.64+0.10 m/sec; post-operative, 0.34+0.14 m/sec; t=34.97,
P<0.001) and wall shear stress (pre-operative, 25.69+2.85 Pa;
post-operative, 3.51+1.70 Pa; t=29.86, P<0.001) at the area
of stenosis decreased after interventional therapy and the
wall pressure increased (pre-operative, -119.33+251.50 Pa;
post-operative, 1,128.42+207.70 Pa; t=17.10, P<0.001). In
conclusion, the computational fluid dynamics method was
able to effectively simulate the hemodynamic parameters of
Budd-Chiari syndrome with obstruction of the IVC and may
provide an effective quantitative method for the evaluation of
vascular function post-treatment.
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Introduction

Budd-Chiari syndrome (BCS) is a pathological condition asso-
ciated with obstruction of the hepatic veins (HVs) and/or the
inferior vena cava (IVC) above its opening (1). Percutaneous
transluminal angioplasty is a relatively effective treatment but
relapse after surgery is common; therefore, it is important to
determine the mechanism underlying the development of BCS
and evaluate interventional efficacy (2,3). Previous studies
have demonstrated that hemodynamic changes are crucial for
the occurrence of cardiovascular system-associated diseases
but currently available research has mostly been limited to
the arterial vasculature, including cerebral arteries, carotid
arteries, and thoracic and abdominal aorta (4-6). Research on
the diseases of the IVC is still in its early stages. In the present
study, a patient with BCS with obstruction of the IVC was
selected and the computational fluid dynamics (CFD) tech-
nique was used to evaluate the changes in blood flow velocity,
wall pressure and wall shear stress prior to and after interven-
tional treatment. Based on previous research, a combination
of semi-quantitative and quantitative indicators was used to
analyze the hydrodynamic parameters of the IVC (7). The aim
of the present study was to provide a novel quantitative method
to further elucidate the hemodynamic changes and possible
mechanisms underlying IVC obstruction in BCS prior to and
after interventional therapy.

Materials and methods

Study subject. A female 64-year-old patient with BCS and
IVC obstruction was selected as the study subject. The patient
was admitted to the Affiliated Hospital of Xuzhou Medical
University (Xuzhou, China) due to abdominal distension
and wheezing. The patient had signed an informed consent
form prior to treatment and consent for publication was also
obtained from the patient. The present study was approved
by the Institutional Review Board of Affiliated Hospital of
Xuzhou Medical University.

MRI data acquisition. MR venography was performed with
a 3.0-T clinical unit (Discovery 750w; GE Healthcare) along
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with a 32-element phased-array coil. Dynamic LAVA MR
sequences were performed prior to and after the administra-
tion of the contrast agent (gadopentetate dimeglumine) during
three different phases: Hepatic arterial phase (25 sec after
contrast agent administration), portal venous phase (60 sec
after contrast agent administration) and equilibrium phase
(150 sec after contrast agent administration). The parameters
for the LAVA sequence were as follows: Matrix, 288x256; flip
angle, 12°; bandwidth, 83.33; field of view, 40 cm; layer thick-
ness, 0.8 mm.

Interventional therapy. A GE 3100 digital subtraction angi-
ography machine (GE Healthcare) and the Seldinger puncture
technique were used for endovascular interventional therapy.
The stenosis of IVC was pre-dilated with a small balloon
catheter (Cook Medical Inc.) and then dilated repeatedly with
a large balloon (Cook Medical Inc.).

Vascular modeling. The 3-dimensional (3D) image was
reconstructed by Simpleware software using MR venog-
raphy images and the model was smoothed and meshed by
intercepting the target blood vessels. Subsequently, the files
were imported into the Fluent 17.0 software (ANSYS, Inc.) to
establish an individualized model of the IVC. The IVC model
included the IVC and HVs. The blood flow in the lumen was
modeled as a homogeneous and incompressible Newtonian
fluid, the dynamic blood viscosity was 0.0035 P and the mass
density was 1,050 kg/m?. It was hypothesized that the vessel
wall was rigid and the velocity on the wall was set to 0 m/sec.
The continuity equation of flow mass conservation and the
Navier-Stokes equation of momentum conservation were
adopted (8). The heart rate was assumed to be 85/min and the
cardiac cycle 0.7 sec. The entire calculation process started
from the static flow field with a time step of 0.035 sec. The
maximum number of iterations per time step was 2,000 and
the time step was 20 steps. Fluent software was used to output
the maximum and minimum hemodynamic simulation values
of blood flow velocity, wall shear stress and wall pressure prior
to and after interventional therapy in one cardiac cycle. The
mass flow rate was all set at 0.1 m/sec at the inlets and the
blood pressure at the exit was set to 0 Pa.

Statistical analysis. All statistical analyses were performed
using GraphPad Prism software (version 5.0; GraphPad
Software, Inc.). The hemodynamic parameters (blood flow
velocity, wall shear stress and wall pressure) of 20 nodes in
a complete cardiac cycle at the narrowest point of the IVC
were measured and their mean values (+ standard deviation)
were calculated. The parameters prior to and after interven-
tional therapy were compared using a paired-samples t-test.
P<0.01 was considered to indicate a statistically significant
difference.

Results

General characteristics of the model. The pre-operative IVC
3D model included 17,482 finite element model units and
49,533 nodes. The total number of finite element model units
after interventional therapy was 17,542 and the total number
of nodes was 50,372. According to the model, the diameter

and shape of the IVC after balloon dilatation were restored to
approximately normal levels (Fig. 1).

Analysis of blood flow velocity. Pre-operative blood flow
velocity was measured in the midline region of the IVC,
where stenosis was the most prominent. The maximum value
in the cardiac cycle was 1.85 m/sec, the minimum value was
1.53 m/sec and the mean value was 1.64+0.10 m/sec. The flow
velocity in the upper and lower regions was relatively reduced
(Fig. 2A and B). After treatment, the maximum value of blood
flow velocity in the original stenosis of the IVC was 0.48 m/sec,
the minimum value was 0.06 m/sec and the mean value was
0.34+0.14 m/sec. The post-operative flow velocity distribution
characteristics were similar to those prior to treatment, i.e., the
maxima region was still distributed in the central line area of
the IVC and the blood flow velocity in the adjacent region was
slightly lower (Fig. 2C and D).

Analysis of wall shear stress. Prior to the operation, the shear
stress of the IVC wall increased significantly in the stenotic
area and it was relatively uniform in the non-stenotic area.
The maximum and minimum values of wall shear stress in
the stenotic area were 29.71 and 21.37 Pa in the cardiac cycle,
with a mean of 25.69+2.85 Pa (Fig. 3A and B). The maximum
and minimum wall shear stress were 6.12 and 0.53 Pa in the
original stenotic area after treatment, with a mean value of
3.51+1.70 Pa. However, the wall shear stress in the stenotic
part of the cardiac cycle was still higher compared with that in
the non-stenotic part (Fig. 3C and D).

Analysis of wall pressure. The wall pressure of the distal end
of the IVC was significantly increased prior to the operation.
The wall pressure gradually decreased in the stenotic and
proximal end of the IVC, particularly in the narrowest part
of the lumen during the cardiac cycle (Fig. 4A and B). The
maximum and minimum wall pressure in the narrowest area
prior to the operation were 290.32 and -464.21 Pa, with a mean
of -119.33+251.50 Pa in the cardiac cycle. The wall pressure of
the distal end of the IVC decreased significantly after interven-
tional therapy (Fig. 4C and D). The maximum and minimum
values in the narrowest part were 1,431.23 and 850.68 Pa in the
cardiac cycle, with a mean of 1,128.42+207.70 Pa.

Following treatment, the blood flow velocity and wall shear
stress all decreased significantly in the narrowest part of the
lumen (t=34.97 and 29.86; P<0.001; Fig. 5A and B). However,
the wall pressure increased remarkably in the lesion area after
interventional therapy (t=17.10, P<0.001; Fig. 5C).

Discussion

In recent years, CFD technology has been widely used in
biomedical research (9-11). This technology may be used to
calculate important functional indicators, including target
vessel wall pressure, wall shear stress and blood flow velocity.
The application of CFD in the cerebral artery has been well
established, particularly for the evaluation of risk factors for
aneurysm rupture and the efficacy of stent surgery, which has
important clinical significance (12). At present, the morpholog-
ical and functional assessment of IVC in BCS mainly includes
ultrasound, CT, MRI and digital subtraction angiography
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Figure 1. Grid model of the IVC. (A) Posterior stenotic segment of the IVC prior to treatment. (B) The diameter and shape of the original stenotic area after
interventional therapy resembled those of the normal IVC. IVC, inferior vena cava.

(DSA) (13-15). Among these, CT and MRI are able to evaluate
the shape of stenotic vessels, but it is difficult to perform a
functional evaluation. Ultrasound may achieve morphological
and functional evaluation but the subjective factors of the
operator confer a somewhat poor repeatability. DSA may be
used to evaluate blood flow in the lumen of the lesion, but it
is difficult to observe the shape of the blood vessels and wall
structure (16). CFD technology has enabled a better analysis of
the morphology and function of the IVC in patients with BCS.

Previous studies have used CFD to evaluate the IVC in
BCS: Certain scholars have used CFD technology to construct
a three-dimensional model of IVC occlusion and clarify the
distribution of local blood flow velocity and shear stress on
the wall of the IVC, and have proposed that this may be the
cause of thickening and thrombosis of the IVC in patients
with BCS (17). By analyzing the changes in the blood flow
parameters prior to and after BCS interventional therapy,
Nai et al (18) pointed out that the wall shear force remained
higher compared with that of the normal IVC in patients with
BCS, which may be one of the reasons for restenosis after
BCS interventional therapy. Cheng et al (7) constructed a BCS
vascular model based on MRI and idealized membranes with
different degree of stenosis (16, 37 and 54%) were built based
on the vascular model of BDS. CFD technology was used to
successfully analyze the blood flow parameters in the lesion

area, and the difference of wall shear force in different degrees
of stenosis was demonstrated. In the present study, the time
factor of the cardiac cycle was added to the basis provided by
previous studies. Quantitative parameters of vascular stenosis
in the cardiac cycle were obtained, and the parameters prior
to and after the operation were compared and analyzed, in
the hope that this may enable a more objective analysis of the
changes in the vascular parameters in the lesion area of BCS
and the fluid parameters following interventional therapy.
The experimental results demonstrated that the blood flow
velocity and wall shear stress were highest and the wall pres-
sure was lowest in the IVC stenosis prior to the intervention.
The results were consistent with those reported by a previous
study (18). According to the incompressible fluid continuity
equation, Q=V1 x A1=V2 x A2, where V indicates the mean
flow velocity of the section and A the cross-sectional area of
the flow, for any two flow cross-sections, V is inversely propor-
tional to A when the total flow is constant. When blood flows
through the stenotic area of the IVC, V markedly increases due
to a sharp decrease in A. After the intervention, the V value
decreased due to the increase of the A in the narrowed area.
According to the Bernoulli principle (19),
p + 1/2pv? + pgh=C, where p is the pressure at a point in the
fluid, v is the velocity at that point, p is the fluid density, g is
the gravitational acceleration, h is the height of the point and
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Figure 2. Distribution of blood flow velocity in the lumen of the IVC. The (A) maximal and (B) minimal phase of blood flow velocity prior to the operation in
the IVC. The (C) maximal and (D) minimal phase of blood flow velocity after the operation in the IVC. IVC, inferior vena cava.
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Figure 3. Distribution of wall shear stress in IVC. The (A) maximal and (B) minimal phase of wall shear stress prior to the operation in the IVC. The
(C) maximal and (D) minimal phase of wall shear stress after the operation in the IVC. IVC, inferior vena cava.

C is a constant, when the blood flow is at a high flow rate, a
higher flow rate is associated with a smaller pressure. Prior to
treatment, the blood flow velocity through the stenotic area
was higher, which reduced the pressure on the blood vessel
wall. Therefore, the stenotic area of IVC would have a nega-
tive value, i.e., a ‘negative pressure’ state. As the flow rate at
the stenosis decreased after treatment, the corresponding wall
pressure increased.

The shear stress is obtained by the Hagen-Poiseuille
formula (20): F= 4nQ/nR?, where F is the shear stress, 1) is the
fluid viscosity, Q is the flow rate and R is the lumen radius.
The shear stress is a force that obstructs the blood flow parallel to
the axis of the blood vessel. Its mechanism is that blood viscosity
causes friction between the blood and the vessel wall, which
is opposite to the direction of blood flow (21). A commonly
used unit for describing the shear force of a blood vessel wall
is Dyne/cm? (1 Dyne/cm?=0.1 Pa). It was previously reported

that the vascular endothelial cell basement membrane may
become exposed due to direct mechanical damage in the pres-
ence of excessive wall shear forces (>100 Dyne/cm?), resulting in
endogenous coagulation followed by vascular occlusion (20). In
the present study, the mean wall shear force of the stenotic area
pre-operatively was 25.69 Pa >100 Dyne/cm?, and this excessive
wall shear force may be one of the causes of IVC stenosis in BCS.
The mean value of wall shear stress in the original stenotic area
was 3.51 Pa (35.1 Dyne/cm?). This value was significantly lower
compared with that prior to treatment and had then returned
to the physiological high shear force range (15-50 Dyne/cm?).
The physiological high shear force enables timely endothelial
cell repair and intimal hyperplasia is suppressed, which may
promote benign remodeling based on vasodilation (20,22).
Therefore, the evaluation of the shear force changes of the IVC
wall in BCS may help elucidate the cause of vascular stenosis
and also provides quantitative indicators and theoretical support
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Figure 4. Distribution of wall pressure in the IVC. The (A) maximal and (B) minimal phase of wall pressure prior to the operation in the IVC. The (C) maximal
and (D) minimal phase of wall pressure after the operation in the IVC. IVC, inferior vena cava.
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Figure 5. Distribution and changes of hemodynamic parameters in the lesion area of the inferior vena cava prior to and after interventional therapy: (A) Blood

flow velocity, (B) wall shear stress and (C) wall pressure.

for the evaluation of interventional therapy and post-operative
follow-up. In addition, under physiological conditions, the blood
flow in the circulatory system periodically changes with the
cardiac cycle, which is referred to as pulsating flow (23,24).

Based on previous studies on IVC, the time factor was
added to the model. The results demonstrated that the blood
flow velocity, wall pressure and wall shear stress change
periodically with the cardiac cycle, which may prove helpful
in establishing a three-dimensional model of IVC occlusion
in BCS in the real circulatory state that is more in line with
human hemodynamics in the future.

Although the model of IVC stenosis in BCS was successfully
established in the present study, there were certain limitations.
First, the human vascular wall is characterized by elasticity but
in the present study, the vascular wall was considered as a rigid
structure, which is different from the real blood flow environ-
ment. Furthermore, the extent and degree of venous stenosis, the
complexity of collateral circulation and the individual differ-
ences of venous vascular lesions caused by BCS will affect the
repeatability of modeling to a certain extent.

In conclusion, the present study successfully established
a model of IVC stenosis based on BCS through CFD. The
hemodynamic characteristics of blood flow velocity, wall
shear stress and wall pressure in the lesion area in association
with the cardiac cycle were obtained, which may provide a
new possibility for the clinical evaluation of IVC in BCS.
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