
  

  

Abstract— There is an outstanding growing interest in 
developing numerical methods and tools to investiga te 
the hemodynamic of the arterial flow, and to unders tand 
its interaction with the anatomic structural system . As 
arteries morphology is complex and patient-related,  
medical data based reconstruction of the geometry m ay 
be utilized to generate realistic computational dom ains. 
Numerical methods and image-based geometry 
reconstruction have reached the stage where they ma y 
be utilized to investigate and predict the hemodyna mic 
flows in arteries. In this paper we report numerica l 
simulation results on arterial blood flow – vessel and 
muscular mass interaction. The flow patterns and th e 
structural displacements thus obtained may be utili zed 
for vascular surgery training, planning and interve ntion, 
to investigate atherosclerosis genesis, in drug tar geting, 
etc. 

Index Terms— Medical image reconstruction, 
numerical simulation, arterial flow 
 

1. INTRODUCTION 

ARDIOVASCULAR disease has serious health and 
social consequences for individuals while forcing 

the health care system to significant financial effort. 
According to statistical surveys [1] modern civilized 
populations suffer in an increasing rate, even from 
early ages, of Coronary Heart and Peripheral Arterial 
Diseases (CHPAD), associated to and favored by 
Arteriosclerotic Vascular Disease (ASVD) syndrome, 
more frequently called atherosclerosis [2]. A major 
impact on the atherosclerosis evolution is due to the 
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action of hemodynamic shear stresses on the vascular 
endothelium. Several studies have shown that the 
artery morphology (geometry, bifurcations) plays an 
important role in blood flow and arterial wall shear 
stress [3]. 

An outstanding increasing acceptance of numerical 
simulation is noticed to grow as an advanced research 
tool in the study of hemodynamic phenomena 
associated to the cardiovascular flow [2]. Major efforts 
are devoted to developing methods and means to 
understand the underlying blood flow hemodynamic 
and the associated mass transfer processes. The 
complex geometry of the blood flow circuitry, the vessel 
wall structure and dynamics due to the cardiac and 
respiratory motion of the heart influence the coronary 
hemodynamic [5, 6]. Therefore numerical flow 
simulations should be conducted in anatomically 
realistic computational domains. Several simulated 
arterial geometries under more or less realistic 
assumptions and different numerical schemes have 
been employed to perform hemodynamic analysis 
under either steady or pulsatile flow conditions, on 
several anatomically idealized models [6, 7]. 

This work is a continuation of [7]. We are concerned 
with the numerical simulation analysis of the blood flow 
in arterial bifurcations and the pressure induced 
deformation of the wall vessel embedded in the cardiac 
muscular body. The computational domains are 
obtained directly out of available medical data, by 
image reconstruction with the software package 
Simpleware [8]. The geometry generated in this 
environment is exported as a finite element (FEM) 
computational domain in COMSOL Multiphysics 
environment [9]. The hydrodynamic problem of the 
artery flow is governed by the momentum and mass 
conservation laws, and is solved by FEM Galerkin 
technique, implemented in the software package 
COMSOL Multiphysics. In the referred study [7], a 
section of the aortic tree, including bifurcations, is 
modeled as a solid wall three dimensional domain, 
while in the analysis presented here, the blood vessels, 
with elastic walls, are embedded in cardiac muscle 
tissue. This structure allows for considering the 
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mechanical interaction between the elastic arterial wall 
and the flowing blood, leading to the deformation of the 
artery’s internal surface. Fluid dynamics analysis 
(velocity field and variable pressure distribution) is 
coupled with the mechanical analysis of the 
deformation of artery walls. 

This study is helpful in planning and optimizing 
magnetically targeted drug therapies aimed at tumoral 
abscission. With the help of patient specific, medical 
image reconstructed geometries of the regions of 
interest and the interaction between a stationary 
magnetic field source and biocompatible coated 
superparamagnetic nanoparticles, numerical models 
can be built in order to efficiently localize the medical 
substances therapeutic action, while substantially 
reducing the unwanted side-effects. 

2. THE IMAGE-BASED RECONSTRUCTION PROCESS 

Numerical simulations are one of the most important 
processes in any modern design and research field. 
Realistic 3D models are essential in obtaining realistic 
results, and our numerical simulations bring this 
advantage. The solid models of the blood vessels and 
those of the surrounding tissue were generated using 
image-based reconstruction techniques, implemented 
in Simpleware 4.0 [8]. 

A. Medical Image Data Import 

The first step in any image reconstruction consists of 
importing the image dataset. In this case, we used 
ScanIP to import a set of MRI images, stored in 
DICOM (Digital Imaging and Communication in 
Medicine) format (Fig. 1). 

B. The Segmentation Procedure 

The segmentation procedure outlines the regions of 
interest, and consists of "extracting" of arteries out of 
the image dataset. First, the FloodFill Filter of ScanIP 
[8] was applied to contour out the blood domain and the 
arterial walls (Fig. 1). The numerical simulation 
reported next required the reconstruction of three 
different domains: the arteries, the blood, and the 
surrounding muscular mass. The Erode Filter, one of 
the Morphological Filters in ScanIP, was used to 
generate the blood vessels walls.  
 

 
Figure 1:  The arteries' walls and the blood domains 
segmented out of XoY (a), XoZ (b) and ZoY (c) 2D MRI 
slices. 

Fig. 1 shows the result obtained after applying Invert 
and Subtract boolean operations. The vessel wall 
results by inverting the adjusted arteries' mask. 

 

 

Figure 2:  The final 3D solid models of blood (a), arteries 
(b) and surrounding tissue (c), comprising the whole 
computational domain (d). 

After postprocessing (crop, smooth, resample), all 
three domains are ready to be meshed, Fig. 2. 

C. The FEM Mesh 

The solid volumes are then meshed (ScanIP) and 
exported to Comsol Multiphysics FEM package for 
numerical modeling and simulation that we used to 
solve for the fluid-structure interaction, Fig. 3. 



  

 

 

Figure 3: The FEM mesh made of approx. 470,000 
tetrahedral, quadratic Lagrange elements. 

3. THE MATHEMATICAL MODEL 

The analysis accounts for the mechanical response 
of the cardiac muscle and the vessel walls to the action 
of the blood flow. The vessels walls are made of elastic 
fibers that allow them to expand when blood is ejected 
into them from the heart, and to constrict as blood 
flows out of them. The cardiac muscle presents 
stiffness that resists to the artery deformation under the 
pressure exerted by the blood stream. 

The mathematical model that we used couples the 
hemodynamic to the structural model of the vessel wall 
and muscular mass where the arterial system is 
embedded [10]. 

3.1. The Blood Flow 

The fluid (blood) is Newtonian, with constant 
properties [15]. Its flow is assumed laminar, 
incompressible, described by the momentum (Navier-
Stokes) and mass conservation (u is the velocity field, 
p is pressure, � is mass density, � is dynamic 
viscosity, and I the unit matrix) 
 

 ρ
∂u
∂t

+ u ⋅∇( )u 
  

 
  

= −∇ − pI + η ∇u + ∇u( )T( )[ ], (1) 

 
 ∇ ⋅ u = 0. (2) 
 

The dynamics of the flow – hence, the vessels 
expansion and constriction under the flow pressure 
field – is related to the cardiac cycle [6]. The boundary 
conditions (BC) that close the flow model are as 
follows: for the blood flow, no-slip velocity conditions at 
the walls; the inlet and outlet cross sections to the 

vessels have prescribed pressure conditions. The 
arterial structure modeled here belongs to the group of 
arteries that are known as resistance vessels [6]. 
These vessels have relatively large cross sections, and 
they oppose little resistance to the flow of blood. Hence 
the pressure drop is small. In what follows we 
conjecture that the pressures at the inlet and outlet flow 
ports of the model vary synchronously.  

3.2. The Structural Model 

The muscle and artery walls materials are almost 
incompressible, whereas they can undergo very large 
strains (finite deformations), and the stress-strain 
relationship is generally nonlinear. Finite deformations 
are an adequate assumption when significant rigid-
body rotations occur, the strains are no longer small 
(larger then a few percent), and the loading of the body 
depends on the deformation [9]. Therefore we assume 
a hyperelastic law for the artery wall and cardiac 
muscle, where the large displacement and the 
constitutive behavior of the materials imply a highly 
nonlinear behavior [10]. The constitutive law is defined 
based on a strain energy density function, W. The 
stresses, S, are computed by deriving W with respect 
to Green-strains, E, so that S = ∂W ∂E . The strain 
energy density model used here is neo-Hookean 
(isotropic model) [10],  
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where J = det(F) is the ratio between the current and 
the original volume; F is the deformation gradient; C = 
FTF is the right Cauchy-Green tensor; I1 = traceC( ); 

I 1 = I1J
−2 3. 

The mathematical model was implemented in 
Comsol Multiphysics [9]. In view of the hyperelastic 
structural model the vessels and the muscular mass 
are deformed (expansion and constriction) under the 
flow field pressure. Therefore the solution strategy is 
made of two steps: first, the flow part of the problem is 
solved for; next, using the pressure exerted by the flow 
on the vessel walls, the structural model is solved for. 
The dynamic flow is solved for a long enough time until 
quasisteady periodic regime is obtained (as indicated, 
e.g., by the wall friction function). Then the flow solution 
is saved for the following period, for specified time 
moments. So far the vessels were assumed non-
deformable. The structural problem is next solved for 
using the flow solution (e.g. the pressure field) thus 
saved. 

 
 
 
 



  

 
TABLE 1: MATERIAL PROPERTIES USED IN THE NUMERICAL SIMULATIONS 

[10] 
Material Property Value 

Blood ρB 1060 kg/m3 
µB 5 m·N·s/m2 

Artery wall 
(neo-Hookean 
hyperelastic) 

ρA 
µ 
ν (Poisson ratio) 

960 kg/m3 
6204106 N/m2 
0.45 

Cardiac muscle 
(neo-Hookean 
hyperelastic) 

ρC 
µ 
ν (Poisson ratio) 

1200 kg/m3 
719676 N/m2 
0.45 

4. NUMERICAL SIMULATION RESULTS 

The one-way coupling between the two models (flow 
and structure) provides for a more convenient 
computational load too. The pressure conditions that 
drive the flow are time dependent, oscillating about the 
stationary values [6]: p2 = 13,290 pi(t) N/m2; p3 = 13,040 
pi(t) N/m2; p1 = 13,300·pi(t) N/m2; p4 = 13,040 pi(t) N/m2, 
pi t( ) = 1+ K sin t + 3 2( ), where K is a factor of order 10-

1. 
The BC that close the structural model are of 

displacement type: the faces of the muscular volume 
are fixed (no displacement), except for the face that 
contains the inlet of the arterial system (although free, it 
is not allowed to move in Oy direction) and the face 
that comprises the exits, which are set free (Fig. 4).  
 

 

Figure 4: Computational domain and boundary conditions. 

The structural model is solved for steady states, 
using a parametric solver that reads the pressure field 
at different moments, produced by the fluid dynamics 
analysis and previously stored on disk. The solvers 
utilize the BICGStab algorithm with geometric multigrid 
preconditioning [9]. 
 

  
a. t =0 .75 s 

   
b. t =1 s 

   
c. t =1.5 s 

Figure 5:  Flow-structure interactions by numerical 
simulation – deformations are amplified by a factor of 
122. 

Fig. 5 presents the flow field (arrows and streamlines 
(tubes), and the deformation of the muscular volume 



  

and vessels walls under the pressure of the flow. The 
model outlines the influence of large displacements 
and for the hyperelastic behavior of the biological 
tissues. Fig. 5,c shows the total displacement at the 
peak load (after 1.5 s). The displacements are of the 
order of 10 µm, sustaining the validity of the one-way 
coupling. 

5. CONCLUSIONS 

This work is concerned with the blood flow 
interaction with the arterial vessels and the cardiac 
muscle, under pulsatile flow conditions. The 
computational domain was built by image 
reconstruction. The mathematical model accounts for 
the nonlinear constitutive behavior of the vessels, 
muscular mass and the hemodynamic – structural 
interaction in a one-way coupling: it is only the flow that 
acts upon the vessels and muscular mass. 

The specific morphology and details of the vessels, 
the flow parameters and the constraints imposed to 
muscular mass play key roles in the hemodynamic-
structural interaction processes. Mass transport 
patterns and their link with atherosclerosis may be 
obtained by this approach. This study makes the object 
of future research. 
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