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Using Fluid-Solid Interactions (FSI), this study presents the proper configuration and Boundary 
Conditions (BC) for precise prediction of shape and cardiac performance of human heart during diastole. 
The judgment is based upon comparison of deformations and volume change of left ventricle plus atrium 
with CT scan images for a healthy person. Usage of correct BC for left ventricle plus atrium provides 
more accurate results, in terms of volume of left ventricle variations compared to real values and 
differences are less than 1.3%. Also, shape change of ventricle compares well with scanned images. 
Three different configurations are constructed from CT images as initial geometries: model A; left 
ventricle with thick ventricular wall and mitral valve, as an example of hypertrophic case, model B; the 
original left ventricle and mitral valve from scanned images and model C, which is the model B plus the 
original atrium geometry. Using unsteady FSI, the difference of experimental numerical ventricle 
volumes is expectedly large for model A, due to hypertrophy. The difference between numerical results 
and experiments is 6% for model B and 1.25%, for the more complete model C. Therefore, closer 
agreement of model C with experiment and its feasibility for more involved cases is shown. 

 

 

 

1. Introduction 
Cardiovascular diseases are the main reason of human 
fatalities and disabilities in the most countries of the world. 
According to World Health Organization’s (WHO) report, in 
2019 about 17.9 million deaths due to cardiovascular 
diseases was reported which is 31% of total death number in 
the world [1]. 

Recently, a lot of efforts was made to cure cardiovascular 
diseases and reduce the fatalities caused by them. In this 
regard, various engineering tools have been employed to 
simulate the heart function [2-10]. This enhances our 
understandings of the phenomena involved and may affect 
both cure and surgery matter in future. In 1989, Peskin et al. 
presented the immersed body method to simulate a very 
simple model of the heart ventricle as a circular cavity [11]. 
The Peksin method was used further by others to investigate 
the heart simulations [12-14]. During next years, simplified 
geometries with no valves were used in order to reach a 
feasible simulation of heart function. In 2012, Zheng et al. 

 

 
 

[14] and his colleagues presumed a semi prolate spheroid  
model for the left ventricle for healthy and patient conditions 
while neglecting the mitral and the aortic valves. They used 
immersed boundary method and modelled five stages of 
heart function; fast filling, diastasis, atrial systole, 
isovolumetric contraction and systole and studied the flow 
pattern for both healthy and patient conditions [14-27]. 

More recent investigations used both Computational 
Fluid Dynamic  (CFD) methods and CT scan images in a way 
that the blood volume inside the heart is extracted from 
different phases of CT images and considered as the 
geometry of problem [28-36]. Afterwards, the grid is 
generated for the geometry in different phases of CT images 
and for a continuous simulation, grid is interpolated between 
phases. For CFD simulation of blood flow inside the 
ventricle, some researches considered complex methods 
such as large eddy simulation [37]. Moreover, there are 
some studies that investigate the nature of heart electrical  
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interactions [38-42]. 
The other important issue in heart simulation is Fluid-

Solid Interaction (FSI) which considers the effects of 
structural deformation controlled by solid strength on the 
fluid flow and vice versa. If the deformation of heart tissues 
is small, its effect on fluid flow could be neglected. But in 
real life, heart walls undergo large deformations, therefore 
the wall effect on fluid flow is significant and cannot be 
neglected. The FSI simulation has been widely used in CFD 
calculations [18-26,43-50]. Hirosh and his colleagues 
studied filling of left ventricle using FSI methods while 
neglecting the mitral valve [14]. Similar researches carried 
out by Yoganathan et al. [12], Cheng et al. [19], Arefin and 
Morsi [22], Nakamura et al. [15] and Pourmand [43] who 
again modelled heart diastole without modelling the mitral 
valve. Nordsletten and colleagues modelled a real shaped left 
ventricle based on the CT scan images [44]. Their simulation 
covered the whole heart cycle of the systole and the diastole. 
Nevertheless, they did not model the mitral and aortic valves. 
Meanwhile some researchers studied the mitral valve 
separately; Hao Gao et al. [45] modelled the mitral valve 
based on the MRI images using FSI method [45]. In their 
study, the mitral valve was assumed to be completely placed 
in a confined region filled with the blood. The physiological 
pressure was excreted on the valve leaflets [45]. Milan Toma 
and colleagues analyzed the papillary muscle force of mitral 
valve during heart cycle using the FSI method [46].  

As the left ventricle plays an important functional role, 
the researchers evolve their models by adding mitral valve to 
left ventricle simulation. Dahl et al. [21] and Su et al. [23] 
considered such a model during diastole using a simplified 
2D geometry. Afterwards, Lau et al. performed a 3D 
simulation of left ventricle with a real shaped mitral valve, 
considering the ventricle walls as solid and FSI method was 
only employed for the mitral valve [20]. The more developed 
FSI simulations during the heart cycle were carried out by 
Seo et al. [47], Kheirandish et al. [48]. In the latter 
investigation, the geometry of left ventricle and mitral valve 
were extracted from CT scan images of a specific person. 
The inlet velocity Boundary Condition (BC) in these 
simulations was set using the physiological discharge of 
blood entering the left ventricle through the mitral valve.  

Although the use of physiological velocity at inlet BC, 
brings about the realistic values of left ventricle volume 
change, but the left ventricle shape and its change during the 
diastole would be quite unrealistic compared to CT images. 
This happens due to volume change enforcement by inlet 
velocity BC, therefore the stress and strain field should be 
incorrect, as well. In the present investigation, the inlet BC 
is changed to pressure BC in FSI simulation of left ventricle 
during the diastole and it is shown that the left ventricle 
shape during the diastole is analogous to CT scan images. 
Also, considering the actual heart geometry change during 
diastole, it is shown that a complete simultaneous FSI 
simulation of ventricle, atrium and mitral valve is imperative 
for a realistic and sound modeling of volume and wall 
deformation prediction of a whole left heart. 
Having a more accurate model of heart deformation as 
described above, other effects such as different ventricle wall 
thickness, as an important parameter on heart function, can 

Figure 1. (a) Left ventricle with thick wall with mitral valve, model 
A, (b) real geometry of left ventricle with mitral valve, model B, 
and (c) real geometry of left ventricle with mitral valve and real 
shaped atrium, model C. 

be investigated with more precision. Due to high blood 
pressure, the left ventricular wall may thicken and leads to 
Left Ventricular Hypertrophy (LVH) [49-51]. The enlarged 
heart muscle loses elasticity and may result in lower cardiac 
output. Eventually LVH increases the risk of a heart attack 
and stroke [52]. Therefore, it will be noteworthy to 
investigate the effect of ventricular wall thickness change 
using the above mentioned FSI technique. The obtained 
results may lead to a helpful tool for prediction of the cardiac 
output of patients suffering from LVH if the systolic phase is 
also carried out afterwards. 

Also, various models of mitral valve together with left 
ventricle of healthy and a tentative LVH case and the left 
atrium are concurrently simulated using FSI and the results 
are presented and discussed. 

2. Problem definition
2.1. Physical modeling 
2.1.1. Problem geometry 
In this study, the geometry of left ventricle and left atrium 
are extracted from CT scan images of a healthy young male 
at the beginning and during diastole. The mitral valve is 
designed and added to the geometry according to its 
anatomic dimensions and shape [53]. The papillary muscles 
are neglected as in previous investigations [20,21,23,47, 54]. 
Considering the anatomic shape of mitral valve, its 
dimensions are extracted from CT scan images. The 
following geometrical assumptions are also made in 
regenerating the mitral valve structure: (1) The inlet cross 
section of the valve is elliptic; (2) When the valve is 
completely closed, its two leaflets overlap on a curved shape; 
(3) The anterior leaflet is shorter than the posterior one.  

The simulations are carried out for three different models. 
The model a considers the left ventricle with mitral valve, 
while the ventricle wall is thicker than the original wall 
observed in CT images, as a simple LVH model. The model 
b represents the real geometry of left ventricle with mitral 
valve, also the ventricle wall thickness is equal to its real 
extracted value from CT images. The model C is the most 
complete and real model, including the real geometry of left 
ventricle with mitral valve and real shaped atrium (Figure 1). 

Since detailed dimensions of the mitral valve cannot be 
exactly derived from CT images, the mitral valve is 
reconstructed according to the anatomic considerations and 



3 A. Zohrabi et al./ Scientia Iranica (2025) 32(2): 6504 

Figure 2. (a) Dimensions of mitral valve leaflets from CT images, (b) vertical view of reconstructed mitral valve used in the present study, 
and (c) top view of designed mitral valve. 

the real dimensions of mitral valve obtained from CT scan 
images of the mentioned person. Figure 2 shows the 
anatomic dimensions and final geometry of mitral valve used 
in the present study. 
2.1.2. Materials and models 
Left ventricular tissue is completely deformable with greater 
deformability than elastic material. Therefore, hyper elastic 
material would be more appropriate material model for left 
ventricle wall and mitral valve. Pourmand [43] proved that 
third-order Ogden model [55] has an acceptable accordance 
with experimental results for left ventricle and mitral valve. In 
this study, the coefficients of third order Ogden model fit to 
uniaxial test results were used [43]. This model approximates an 
elastic material with density of 1050 kg/m3, Young Modulus of 
10000 Pa and Poisson Coefficient of 0.095. 

      Blood is considered as Newtonian incompressible fluid 
[21-23,30] with density equal to 1060 kg/m3 and viscosity is 
0.000345 Ns/m2. 

2.2. Numerical modeling 

FSI analysis is carried out based on the Two-Way FSI 
algorithm of ANSYS-Multiphysics software, version 17.0. 
FLUENT software solves Navier-Stokes equations in fluid 
domain and fluid forces are imposed on solid domain via FSI 
boundary. ANSYS Mechanical module performs structural 
analysis and new displacements and velocities on the fluid 
domain boundaries are determined. Details of numerical 
modeling are presented in the following sections. 

2.2.1. Governing equations and interface BC’s 
The governing equations for fluid domain are Navier-Stokes 
and continuity Eqs. and we considered the flow to be laminar 
although this assumption may be questionable at some 
instances of ventricle filling. General form of these equations 
for a Newtonian fluid are as follows: 

𝜌𝜌 �
𝜕𝜕𝜈𝜈
𝜕𝜕𝜕𝜕

+ 𝑐𝑐.𝛻𝛻𝜈𝜈� = −𝛻𝛻𝑝𝑝 + 𝜇𝜇𝛻𝛻2𝜈𝜈 + 𝑓𝑓 , (1) 
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𝜕𝜕𝑣𝑣𝑖𝑖
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where 𝑓𝑓 is the body force and 𝑐𝑐 is the fluid relative 
velocity. 𝑇𝑇𝑖𝑖𝑖𝑖 is the elements of viscous stress tensor. At in or 
outflow boundaries we may define velocity or pressure as a 
function of time, as discussed before. At walls, BC would be 
zero relative velocity of normal and tangential components. 

Alternatively, no flow through non-permeable boundary and 
zero slip relative velocity for normal and tangential 
components.  However, for a FSI study, we need extra 
conditions for the interface between fluid and solid. These 
two conditions consist of kinematical condition, equal 
displacement and equal normal stress tensor as dynamical 
condition. These two conditions guarantee that the fluid and 
solid domains will not detach or overlap, regarding zero 
thickness and mas of the interface. These conditions 
altogether are summarized as follows:  
𝑢𝑢�⃗ 𝑓𝑓 = 𝑢𝑢�⃗ 𝑠𝑠 , (4) 

�⃗�𝑣𝑓𝑓 = �⃗�𝑣𝑠𝑠 , (5) 

𝑛𝑛�⃗  . 𝜏𝜏𝑓𝑓 = 𝑛𝑛�⃗  .  𝜏𝜏𝑠𝑠 , (6) 

where 𝑢𝑢�⃗  is the displacement vector and 𝜏𝜏 is the stress tensor 
referring to fluid and solid indicated by subscripts f and s, 
respectively. Also, 𝑛𝑛�⃗  is the normal vector at FSI boundary. 
2.2.2. Fluid BC 
In this research, similar BC are applied to the three different 
models. Figure 3 shows the BC of the fluid domain. 

For all three models, the inlet BC for fluid domain is the 
atrial pressure which is approximated by a 6th order 
polynomial curve fit on the physiological pressure of left 
atrium. Previously, Kheirandish used velocity BC at the inlet 
that resulted in ventricular shape change that were not 
compatible with CT images [48]. As it will be shown, in this 
study, the pressure BC at the inlet eventuates to more 
accurate results in accordance with CT images. 

For model C, the same pressure BC was applied but on 
the atrial inlets instead of inlet of mitral valve in models A 
and B. Figure 4 illustrates the 6th order polynomial curve fit 
for atrial physiological pressure described in Guyton and 
Hall’s medical physiology textbook [53]. It should be noted 
during the diastole, blood discharge through aortic valve is 
zero and this valve acts as a wall. Therefore, the outlet BC at 
aortic valve is defined as wall BC. 

Coefficients of 6th order polynomial shown in Figure 4 
are written in Table 1. 

Table 1. Coefficients of left arterial diastole pressure interpolation 
(𝑃𝑃 = 𝐴𝐴𝜕𝜕6 + 𝐵𝐵𝜕𝜕5 + 𝐶𝐶𝜕𝜕4 + 𝐷𝐷𝜕𝜕3 + 𝐸𝐸𝜕𝜕2 + 𝐹𝐹𝜕𝜕 + 𝐺𝐺). 

𝐵𝐵 = 288538 𝐴𝐴 = −197544 
𝐷𝐷 = 41485 𝐶𝐶 = −159923 
𝐹𝐹 = 161.07 𝐸𝐸 = −4787.9 

𝐺𝐺 = 10.73 
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Figure 3. Fluid BC for three models (a), (b), and (c). 

2.2.3. Solid BC 

Solid BC for boundaries neighboring the fluid domain is of 
FSI type. On the other hand, solid domain should be fixed at 
some specific points or surfaces, therefore the ring at the 
ventricular outlet at the aortic valve are fixed for all models. 
Besides the upper ring of mitral valve, i.e., mitral annulus, is 
fixed for models A and B. Moreover, for model C, the rings 
at atrial inlets are assumed to be fixed BC (Figure 5). 
2.2.4. Computational grid 
Three different unstructured tetrahedron grids are generated 
for each model to find the grid independent solution (Figure 
6). Table 2 shows sizes of grids, i.e., number of grid 
elements, for both solid and fluid domains for each model. 

For fluid domain grid study is performed regarding the 
average pressure of a sample plane at the middle of left 
ventricle. For solid domain, grid study is done based on the 
maximum of von Mises stress on the mitral valve. For all  
cases, after three steps of mesh refinement (Table 2), grid 
independent results are achieved. Furthermore, three 
different time steps are considered; 0.01 s, 0.005 s and 0.002 
s. For all three models after decreasing time steps as per three
steps, the time step independent results are also obtained. 

Figure 4. Sixth order polynomial curve fit on the physiological left 
atrial pressure. 

Figure 7 demonstrates an instance of grid and time step 
independency study results for fluid domain. Here, 
convergence of average pressure on the sample plane shows 
that grid and time step independent solution is achieved. It 
should be noted that each simulation took one to two days’ 
time on a core-i7 eight cores system with 16 GB RAM. 
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Figure 5. Solid BCs for models (a), (b) and (c). 

Figure 6. Generated 3D grids and midsection cuts for (a) solid and (b) fluid domains. 

Table 2. Number of grids used in grid study analysis for each model. 
Model A Model B Model C 

Fluid domain 
Grid 1 76252 87412 98453 
Grid 2 168427 175611 192846 
Grid 3 200476 201422 220486 

Solid domain 
Grid 1 99512 102346 142357 
Grid 2 139246 186453 208087 
Grid 3 203274 246837 263197 
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Figure 7. Results of grid and time step independency study on the sample plane for fluid domain of model B. 

3. Results and discussion
3.1. Fluid domain 
3.1.1. Left ventricular volume change and pressure 
As it was mentioned earlier, the main objective of current 
study is to present an appropriate modelling of heart during 
diastole and verify the numerical results with experimental 
data. One of the chief parameters that is used for this 
verification is time variation of left ventricular volume. 

Figure 8 shows results of three models; A, B, and C 
simulations with inlet pressure BC as introduced in the 
previous section. Also, Kheirandish’s [48] results with the 
same initial geometry of left ventricle but with the inlet 
velocity BC are added to this figure. For comparison the CT 
scan data are also added to Figure 8. The CT scan image is 
used to calculate volume of the left ventricle generated using 
the Mimics software (Materialise NV, Leuven, Belgium) 
extracted from images in 3 directions. 

In Figure 8(b) ventricular volume change of models B 
and C are compared with the real values obtained from CT 
images. Note that initial geometry of models B and C are 
both uniquely set from CT images. It can be seen that the 
volume variation of model C is closer to the real values than 
the predictions of model B. Only for time interval  0.17 s to 
0.32 s, there is a relative deviation between model C and 
experimental results. This figure shows that maximum and 
mean error of volume difference of models B and C are 
15.6%, 6% and 8.5%, 1.25%, respectively. This indicates 
importance of considering a more geometrical complete 
model of heart i.e., model C instead of model B, for precise 
determination of volume change. We will compare the actual 
and simulated shapes at different times during diastole in 
later sections. Therefore, the improvement would be about 
four times, if we consider the more precise and complex 
geometry of model C.  

Figure 8(a) shows the effect of a thick wall, i.e., Model A 
on volumetric change during diastole compared with that of 
model C and exact values. Since outer size of ventricles are 
similar for the shown cases, thickening if an inner wall in 
model A amount to lowering the initial volume as can be seen 
in Figure 8(a). However, this initial volume difference does 
not remain constant and increases at later times. The shape 
difference between real (healthy) and diseased heart will be 
discussed in later sections.  

Since the CT scan images used in Kheirandish’s [48] 
studies are the same as those used in the current study, it is 
of interest to compare the current results with those of [48]. 
Figure 8(c) shows that the Kheirandish’s results deviate to  

Figure. 8 Left ventricular volume change for (a) models A and C, 
along with CT scan data, (b) models B and C, with ct scan data, 
(c) model C, CT scan data, and previous numerical results of 
Kheirandish et al. [48]. 
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Figure 9. Contours of total deformation and the left ventricle shape 
during diastole using the inlet velocity BC for fluid domain [48]. 

Figure 10. Left ventricular average pressure change for models A, 
B, and C along with physiological data. 

some extent from experimental data, however, model C 
results again produce a closer match of real results. Other 
than different initial volumes of model C and that of [48], the 
main difference between these two works is the application 
of inlet velocity BC in [48] and pressure BC in the present 
study. Kheirandish assumed unsteady physiological velocity 
at the inlet, i.e., mitral valve, while in current work, the 
physiological pressure is defined at the inlet surface. 
Although, Kheirandish’s results for left ventricular volume 
change are relatively different from correct values, but the 
computed shape and deformations are not also accurate and 
even non-comparable with CT scan images. 

Figure 9 shows the deformation predicted by [48] which 
is quite abnormal as can be clearly seen. It should be noted 
that the inlet velocity BC, used in [48] dictates the left 
ventricular volume change to the fluid domain, since the 
fluid volume entering the left ventricle at each time is equal 
to the surface integral of fluid velocity at the fixed area inlet 
of left ventricle. The comparison between the erroneous 
shapes of Kheirandish work (Figure 9) and shape changes of 
the current study during diastole will be discussed later in 
Figure 18 that proves the importance of choosing an 
appropriate inlet BC which is the inlet physiological pressure 
shown in Figure 4. 

Figure 10 demonstrates the change of average ventricular 
pressure for three models with physiological average left 
ventricular pressure, extracted from Guyton and Hall’s 
medical physiology textbook [53]. Although for validation 
purpose, the numerical results should be compared with the 
experimental data of the specific person which will be 
presented  in  later sections, but  the  trend  of  average  left 

Figure 11. Sectional planes for depicting velocity contours for 
model B (plane 1) and model C (plane 2). 

ventricular pressure change for numerical and experimental 
data can be studied and discussed. According to Figure 10, 
the trends of pressure change during diastole for models B 
and C are similar to physiological chart, but at the beginning 
of diastole the results of these models are far from 
physiological data. The physiological mean pressure chart 
descends drastically from a peak in a very short interval at 
the beginning of diastole. This significant decrease is due to 
the cyclic contraction and expansion of the heart muscle 
which is intrinsically an effect of electrical waves on the 
heart tissue. At the beginning of diastole, the electric waves 
guided inside the heart tissue, induce the isovolumetric 
relaxation step. At isovolumetric relaxation, the ventricle 
loosens and the ventricular pressure decreases rapidly. Since 
in the current study the electrical interactions are not taken 
to account, therefore the differences between results of 
Figure 10 at the beginning of diastole is logical. It should be 
noted that all present fluid-solid simulations during diastole 
are started and continued by applying the atrial pressure 
shown in Figure 4 and no electrical wave travel in hearth 
tissues is considered. Therefore, it can be expressed that 
early filling phase at the start of diastole is not correctly 
modeled.  

For model C, from time 0.09 s to 0.3 s the numerical 
curve has a good accordance with experimental data. The 
difference in the mean ventricular pressures of models B and 
C can be justified as the absence of pressure loss from atrium 
inlet to ventricular inlet in model B. Therefore, with the same 
pressure BC at the inlets of both models, the ventricular 
pressure of model C is less than that of model B. In the time 
interval from 0.38 s to 0.5 s, i.e., the atrium systole, the 
physiological data has a peak in mean pressure, which is 
captured by both models B and C. Also, the pressure 
predicted by model A with thickened wall is much more than 
the others which is expectable.  
3.1.2. Velocity contours and streamlines in the left ventricle 
In this section, the fluid velocity fields along with 
streamlines projected on different planes are presented. 
Figure 11 shows two assumed plane sections. 

As shown in Figure 12, at the beginning of heart cycle, at 
time 0.04 s, flow with large velocity magnitude enters left 
ventricle from mitral valve and augments the ventricular 
volume. But at the beginning of diastole, around 0.04 s, for 
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Figure 12. Velocity contours for models B (right) and C (left), drawn respectively on plane 1 and plane 2 at times 0.04 s, 0.15 s, 0.25 s and 0.45 s. 

model B without atrium, the velocity magnitude from mitral 
valve entering left ventricle is greater than that of model C. 
Also, at the time 0.15 s for both models, it is observed that 
the velocity decreases at the outlet of mitral valve, due to 
decrease of pressure at the inlet of mitral valve. As time 
passes, the velocity increases at the outlet of mitral valve and 
at time 0.45 s, velocity reaches its maximum. Besides, it can 
be perceived for all times, the maximum of velocity for 
model C is less than that of model B, which is justified as a 
result of pressure losses in the atrium of model B and the 
same BC at inlets of both models. According to Figure 12, 
the maximum of velocity at the outlet of mitral valve for 
models B and C are respectively 1.876 m/s and 1.772 m/s. 

The two-dimensional projected streamlines on planes 1 
and 2 are presented in Figure 13 at various times. According 
to Figure 13, at time 0.04 s, a small vortex is generated in 
both models B and C that becomes bigger and stronger in 
later times.  

However, the position and strength of these vortices are 
different in models B and C, especially at time 0.45 s. At this 
time, the vortex in model C leans more toward the left wall 
of ventricle. The vortex position in model B at time 0.45 s is 
closer to the middle of ventricle that affects loading and 
deformation of walls.  Another smaller vortex is present in 
model B, close to aortic valve at times of    0.25 s and 0.45 s 
that is absent in model C. These differences can be attributed 
to the presence of atrium in model C that affects the exiting 
streamlines from the mitral valve, Figure 12 at times 0.25 s 
and 0.45 s. Due to these different flow structures of models 

B and C, various shapes of left ventricle and deformations 
can be inferred in Figure 13. 

To investigate further the unsteady vortices initiation and 
flow forming, the three-dimensional path-lines can also be 
studied. The three-dimensional path-lines are assumed to be 
started from the mitral valve and propagate in the left 
ventricle. Figure 14 shows the path-lines history for model 
B. Time variation of path-lines colored by velocity 
magnitude show the maximum velocity occurs at time   0.45 
s. This variation generates the flow field vortices of Figure
13. 
3.2. Solid domain 
3.2.1. Deformation results 
In this section, the results of deformation of mitral valve for 
models B and c are presented. According to Figure 15, mitral 
valve deformation during time is similar for both models B 
and C, but the magnitude of deformation of mitral valve, 
hence amount of valve opening for model B is greater than 
model C for all times. The maximum deformation of mitral 
valve for models B and C are approximately 12  mm and 11  
mm and the main point for larger deformation of model B is 
the higher pressure on the mitral valve caused by the absence 
of atrium in model B. This larger opening of model B, is one 
of the reasons behind larger volume change in Figure 8(b) 
and higher velocities of model B in Figure 12.  

Figure 16 illustrates the deformation contours drawn on 
a cross-sectional surface of left ventricle and mitral valve for 
both models B and C. 
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Figure 13. Two-dimensional streamlines for models B (right) and C (left), respectively projected on plane 1 and plane 2 at times 0.04 s, 0.15 
s, 0.25 s and 0.45 s. 

Figure 14. Three -dimensional path-lines inside the left ventricle for model B at the times 0.04 s, 0.25 s, 0.35 s and 0.45 s. 

Figure 15. Contours of deformation for mitral valve for model C (left) and model B (right) at times 0.04 s, 0.25 s, 0.35 s and 0.45 s. 
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Figure 16. Contours of deformation for left ventricle and mitral valve for model B (right) and model C (left) at the times 0.04 s, 0.25 s, 0.35 
s and 0.45 s. 

The maximum deformation is 20.4 mm for model B and 15.6 
mm for model B. The maximum deformation of ventricular 
wall occurred at the lower part of the heart, as a vertical 
displacement of apex caused by fixation of the upper inlets 
and ventricle volume change for each model. This is also in 
accordance with larger volume change of model B compared 
to model C, Figure 8(b) and hence larger ventricular pressure 
of model B in Figure 10. 
3.2.2. Comparison of numerical results with CT scan images 
To evaluate the computational results, the results of model B 
are compared with CT scan images. The CT images used to 
extract the initial geometry of the simulations and at later 
times simulation results of ventricle shape are compared with 
CT scan images in 21 phases. The time period for taking each 
CT image is 0.0385 s. Taking the total heart cycle as 0.8 s 
which covers these 21 CT phases, 13 phases are related to 
diastole and the other 8 phases are related to systole. The 
beginning of diastole in the mentioned CT scan images, is 
from phase 35% in which the left ventricle has its minimum 
volume up to phase 95% at the of diastole. Table 3 shows the 
time interval of diastole phases, considering the time interval 
for photographing each phase is 0.0385 s.  

To compare the left ventricle geometry of CT scan 
images with that of model B, four phases are chosen 
arbitrarily among the 13 mentioned phases. The numerical 
results of model B are extracted at the mean time of each CT 
scan phase. The cross-sectional plane cut of the numerical 
results is exactly identical with cross section surface used for 
CT scan image shown in Figure 17. 

Figure 18 shows the comparison between the shapes of model 
B and CT scan images for the ventricular wall at different time 
steps. The accordance of two shapes is remarkable at all times. 

Figure 17. The cutting plane used for comparing numerical results 
of model B with CT scan images data.  

Especially if we consider the abnormal deformation of the 
heart model shown in Figure 9 obtained with inlet velocity 
BC, [48], the above agreement is highlighted.  Therefore, it 
can be concluded that not only, the calculated ventricular 
volume changes for model B and those extracted from CT 
images are in good agreement, but also, the shapes of model 
B and CT scan images are quite close. This is true only if the 
pressure BC is used for the computations instead of velocity 
BC. 
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Figure 18. Comparison between the shapes of model B and CT scan images for phases 35%, 65%, 85%, and 95% at different times. 

Table 3. The time interval of CT scan image phases during diastole. 
Phase percent 

(%) 
Time interval 

(s) 
Average time 

(s) 
35 0 – 0.0385 0.02 
40 0.0385 – 0.077 0.06 
45 0.077 – 0.1155 0.1 
50 0.1155 – 0.154 0.14 
55 0.154 – 0.1925 0.17 
60 0.1925 – 0.231 0.21 
65 0.231 – 0.2695 0.25 
70 0.2695 – 0.308 0.29 
75 0.308 – 0.3465 0.33 
80 0.3465 – 0.385 0.37 
85 0.385 – 0.4235 0.4 
90 0.4235 – 0.462 0.44 
95 0.462 – 0.5 0.48 

4. Conclusion
Having a complete heart model is imperative for exact 
performance prediction, however the computational burden 
is prohibitive. Therefore, a correct and less complex model 
of the heart is demanding. Value of a correct Fluid Solid 
Interaction (FSI) simulation tool for heart modeling can be 
appreciated through the comparison of results with real life 
data images in the present study. More exact heart model and 
performance may be obtained through considering different 
parts such as atrium or mitral valve and choosing and tuning 
different numerical details such as Boundary Condition 
(BC)., sufficiently complex models could be used for various 
purposes. In order to achieve a more precise model for heart 
simulation this study has been taken.  

It is shown that the pressure BC instead of velocity BC at 
the inlet surface of left ventricle, i.e., the mitral valve, leads 

to better computational results for the solid domain 
deformation (shapes and volume change) compared with CT 
scan images.  

Using real CT scan images, three different models are 
constructed: Model A comprising of the left ventricle and 
mitral valve with intentionally thickened ventricular wall as 
a simple model of Left Ventricular Hypertrophy (LVH), 
model B involving left ventricle with mitral valve and model 
C including left ventricle, mitral valve and atrium. model A 
is taken only as an example of changing the geometry due to 
a disease and the resulting outcome of FSI simulation, 
showing noticeable decrease in volume change and obvious 
increase of average ventricular pressure of LVH with respect 
to other models. Consequently, Left ventricular ejection 
fraction decreases.  

To investigate the accuracy of results, ventricular volume 
change during diastole for three models are compared with 
physiological and experimental values extracted from CT 
images. The mean error, as the relative difference of volume 
change, between different models and experiments are 6% 
and 1.25%, for models B and C, respectively. It can be 
concluded that the mean and maximum error of model C 
which has the most realistic and complete geometry is 
considerably lower than models B. 

The average ventricular pressure for model C is less than 
of model B which can be justified as a result of pressure loss 
from atrium inlets to mitral valve in the model C. For the 
same reason, the maximum velocity at the mitral valve outlet 
is always greater for model B than model C during the 
diastole. Additionally, the specific shape of atrium which is 
present in model C, directly affects the entrance flow to the 
mitral valve, hence the deformation of mitral valve. 
To validate the results of solid domain, computed shapes of 
ventricular wall are compared with CT scan images. It is 
observed that shapes and deformations of ventricular wall 
are in good agreement with CT scan images. This is in 
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contrast to previous simulations using inlet velocity BC, [49]. 
Although mitral valve deformations are the same for both 
models B and C, but for whole diastole, the amount of valve 
opening for model B is greater than model C. The maximum 
deformation of ventricular wall occurs at apex of left ventricle 
of model B which is bigger than model C due to larger volume 
change of model B. 

Considering the above-mentioned results, it can be 
concluded that for an accurate simulation of heart 
performance, it is essential to construct a model as close and 
as complete to real geometry as possible and as related. 
Clearly, FSI simulation may lead to feasible results only 
when relevant numerical details such as usage of inlet 
pressure condition is exercised. More complete heart 
geometry and considering multi-physics phenomena such 
heart electrical subsystem may eventually provide the 
necessary numerical tool for practical applications. Also, in 
future the comparison of the FSI simulation details with the 
results of Cardiovascular Magnetic Resonance (CMR) 
imaging [53] would provide deeper and through 
understanding of physical behavior of the hearth functioning . 
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