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Numerical investigation of cardiac function parameters in left heart hemodynamics 
with stenosed mitral
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ABSTRACT: This work studies the effect of cardiac function parameters on ventricular flow pattern 
in a stenosed mitral. A three-dimensional simulation is performed employing dynamic mesh based on 
a geometry and valve flow rates extracted from medical images. Different mitral areas from 6 to 2 cm2 

then different parameters for stenosed 2 cm2 case are investigated. Special attention has been drawn to 
compare wall shear stress, blood velocity and pressure distribution, while the power used by ventricle 
and atrium to pump the blood are also highlighted. Computing the power used by the heart walls to move 
the blood shows that the stenosed mitral increases the needed force and the energy for the blood flow 
suction during the early diastole (from 0.06 W for mitral area of 6 cm2 to 1.28 W for mitral area of 2 cm2). 
For the stenosed mitral area of 2 cm2, in the systole, decreasing the ejection fraction to half decreased the 
maximum ventricle power to around half. In the diastole, decreasing the E/A which is the ratio of early 
diastole (E wave) and late diastole (A wave) ratio from 4.8 to 1 decreased the maximum ventricle power 
to one-third. The numerical results confirmed that the compensation mechanism to afford the pumping 
power could be changing the E/A ratio which leads to enlarged atrium. 
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1- Introduction
The mitral valve (MV) is one of the four valves which 

guarantees proper control of blood flow through the heart. 
The MV area varies between 4 and 6 cm2 in a normal condi-
tion [1]. Heart valve diseases could be classified as congenital 
and acquired. These diseases cause defects in the functional-
ities of the valve by blood regurgitation, or stenosis and re-
duction of the valve effective opening area [2]. The spectrum 
of congenital mitral stenosis (MS) consists of defects includ-
ing obstruction of left ventricular inflow [3]. MS is a heart 
valve disease in which narrowing the mitral orifice restricts 
the blood flow from LA to LV and consequently increases 
the pressure gradient between the left chambers during the 
diastole. Rheumatic heart disease (RHD) is the most prob-
able reason for MS worldwide and is more widespread in the 
developing countries [4]. Moreover, there are some cases in 
that surgeries may lead to MS.

When the MV becomes diseased, the resultant MV regur-
gitation is normally fixed surgically [5]. For instance, there 
are some cases in which MV treatment is performed using 
MV area reduction which includes restrictive mitral annulo-
plasty (RMA) and percutaneous edge-to-edge MV repair us-
ing a mitral clip [6]. Both treatments result in MV area reduc-
tion and therefore could alter the ventricular flow patterns. In 
addition, Chan et al. [7] showed that MS could take place in 
patients after MV repair for degenerative mitral regurgitation. 

Goldstein et al. [8] discussed that RMA could lead to a func-
tional MS which is related to a high degree of recurrent mitral 
regurgitation. To evaluate and diagnose the MS effect, it is 
necessary to study heart hemodynamics. Computational fluid 
dynamics (CFD) by evaluating intra-ventricular flow could 
be used in this way [9].

Votta et al. [10] reviewed computational methods for 
patient-specific simulations of native and prosthetic heart 
valves. Esfahani et al. [11] developed a 2D model to extract 
the hemodynamic of blood flow in mitral regurgitation dur-
ing systole by moving arbitrary Lagrange-Euler mesh. They 
showed that pressure and velocity proportional to the mitral 
regurgitation. Su et al. [12] assumed tubular and generic atri-
ums and found that proper modeling of atrial flow is nec-
essary. Nevertheless, most numerical studies are limited to 
LV simulation without considering the atrial model effect on 
downstream ventricular flow. For instance, recently Meschini 
et al. [13] studied the stenosis in ventricular flow alteration in 
presence of MV with different severity levels. The other limi-
tation in numerical studies is assuming the ventricle inflow 
and outflow as input boundary conditions while mitral ste-
nosis could modify these flows, especially in ventricle inlet. 
Meschini et al. [14] also studied heart rate effects on the LV 
hemodynamics with a mono-size MV. They considered heart 
rates (HR) of 40 to 140 beats per minute (bpm) with constant 
ejection fraction (EF) of 60% and found that lower flow rates 
produce a weaker mitral jet with a lower blood kinetic energy 
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and smaller wall shear stresses. It is expected that consider-
ing constant EF leads to higher jet velocity in increased HR. 
While heart is a muscular system changing HR affects the EF, 
it worth studying this effect. 

The other issue in the present study is the investigation 
of MV area effect on the left heart flow field and pressure 
distribution. In addition, the data of relations between val-
vular properties and cardiac performance are restricted in 
the literature. In the present study, the effect of MV stenosis 
is investigated in viewpoint of flow pattern and LV indices. 
Since the atrium has important role in MV function it has 
been simulated in the current study. Five different MV areas 
are selected with the same atrium and ventricle wall motions. 
Vectors of blood velocity to show the flow feature in different 
cases in addition to contours to compare the order of veloc-
ity magnitude in the LV and wall shear stress contours are 
among the results compared in the studied cases. Considering 
the lowest MV area, decreased heart stroke volumes in addi-
tion to double the HR have been studied. Also, the E/A ratio 
has been changed to show the capability of heart to pump the 
needed blood volume with reasonable power.

2- Materials and Methods 
2- 1- Governing Equations

Domain boundaries movement can be simulated using dy-
namic meshes where mesh nodes are set to new locations. To 
apply this technique, all of the governing conservation equa-
tions should be revised with respect to the velocity of the grid 
boundaries (vs) The integral form of the conservation equa-
tions of mass and momentum for incompressible flow dis-
cretized by finite volume method in the arbitrary Lagrange–
Euler (ALE) formulation on an arbitrary control volume V 
with moving S boundary can be written as [15]
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where t is the time, ρ  is the fluid density, v is the fluid 
velocity vector in fixed coordinate system, vs is the velocity 
vector of the boundary S of the control volume V, n is the 
normal outward unity vector of this boundary, p is the pres-
sure, and I is the unit tensor. The viscous stress tensor τ  can 
be written as
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where effµ  is summation of  µ  and tµ  as blood dynamic 
viscosity and subgrid-scale eddy viscosity, respectively. The 

blood flowing in the heart chambers can be considered homo-
geneous Newtonian fluid [16]. The density and dynamic vis-
cosity are assumed constant equal to 1040 kg/m3 and 0.00416 
Pa.s, respectively. In the present work, the large eddy simula-
tion (LES) approach is used to consider turbulence. The sub-
grid-scale stresses resulting from the filtering operation are 
unknown and require modeling. The subgrid scales (SGS) are 
modeled using wall-adapting local eddy-viscosity (WALE) 
model. In this model, the eddy viscosity is modeled by [17]
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where SL  and d
ijS  are defined, respectively, as
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In this simulation wC  is 0.325 which yields satisfactory 
results for a wide range of flow [18]. 

2- 2- Correlating Cardiac Cycle 
The methods used to find the heart movements requires 
spatial and temporal resolution, 4D-Echo (three-dimensional 
and time-space) provides high-speed resolution, which is 
especially useful when resolving the fast movements of 
structures, however, its low spatial resolution and image 
quality make it difficult to use. On the other hand, methods 
such as CMR (Cardiac magnetic resonance imaging) and CT 
(X-ray computed tomography) of the heart provide excellent 
spatial resolution, but their time resolution is orders-of-
magnitude lower than the necessary temporal resolution for 
the flow simulation so proper interpolation procedures for 
creating the CFD ready model is required for the simulation 
of heart movement. This stage of the model is very difficult, 
and it is still an important challenge in the modeling of the 
patient’s heart [19].

In the present study, an interpolation method is employed 
for the simulation of heart movement. In this way, only the 
initial and final stages of heart cycle are considered and inter-
val movement is obtained by considering blood flow in heart 
valves. Since that blood flow is incompressible heart cham-
bers volumes are related to valve flows. The volume of LV 
and LA can be written as follows:
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where subscripts “v” and “a” denote to ventricle and atri-
um, respectively, ( )tvV  represents the volume of ventricle, 

,v dV  is the end diastolic volume of ventricle, 
,a dV  is the end 

diastolic volume of atrium, mitralQ  is the volumetric flow rate 
passing through MV from atrium to ventricle, AortaQ  is the 
aortic flow rate which is pumped by LV to aorta, and inletQ  
is volumetric flow rate entering LA. The blood flow obtained 
from the work of Chnafa et al. [20] includes inletQ , mitralQ  and 

AortaQ  which are total heart inflow, mitral valve flow and aor-
tic valve flow, respectively. By integration of volume flow 
rate differences and normalizing of ventricle and atrium vol-
ume changes, the volumes changes are obtained. Then for 
the simulation of volumes movement, each heart period is 
composed of some expansions and contractions and each of 
these motions is interpolated using a cosine form formulation 
to find the volume based on discretized volumes in each time 
data.

S
V S

dV ( ).ndS
t

 
+ − =

   0v v  (1) 

( )v v v v IS
V S

dV ( ) p .ndS
t

  
+ − + − =

   0  (2) 

ji
ij eff

j i

uu
x x

 
 

=  +    
 (3) 

( )
( ) ( )

/d d
ij ij

t S / /d d
ij ij ij ij

S S
L

S S S S
 =

+

3 2

2
5 2 5 4  (4) 

( )/
S wL min kd ,C V= 1 3  (5) 

id
ij ijij ji kk ij

j

uS g g g g
x

  = + − =   
2 2 2 21 1

2 3
 (6) 

t t

a a,d inlet mitralV ( t ) V Q dt Q dt,= + − 
0 0

 (7) 

t t

v v,d mitral AortaV ( t ) V Q dt Q dt,= + − 
0 0

 (8) 

n n n n n

n n

n n

(v v ) (v v ) t tv ( t ) cos( ),
t t

t t t

+ +

+

+

+ − −
= +

−
 

1 1

1

1

2 2  (9) 

 

   (9)

Since the movement of heart valves causes difficulty in 

simulation, a region around these valves is stationary and only 
heart cavities walls move with the mentioned formulation. 
Each point on the heart wall fluctuates between end-diastolic 
and end-systolic volumes by a linear relation between wall 
movement and volume changes. The end-systolic ventricle 
points are assumed to locate on a semi-conical shape. More 
details of the numerical setting and verification of results can 
be found in previously published work [21].

2- 3- Numerical Settings and Geometry
The blood density of 1040 kg/m3 and the dynamic viscos-

ity of 0.00416 Pa.s are assumed. The blood flowing in the 
heart chambers can be considered as a homogeneous Newto-
nian fluid [16]. The re-meshing and smoothing techniques are 
employed to simulate the motion of the boundaries consider-
ing the volumes of chambers from Chnafa et al. [20] medi-
cal images. The time step size of 0.001 s has been used for 
simulations employing a system with a Core i7-4960X CPU 
and 32GB RAM. 
The schematic of the left heart including ventricle, atrium, 
aortic valve, and studied mitral areas is depicted in Fig. 1. Five 
different configurations of the MV with a variable effective 
area from 2 to 6 cm2 are shown. The domain discretization 
is in the order of three million tetrahedral grids, which has 
been shown by Chnafa et al. [20] that gives mesh independent 
results for macroscopic parameters. The instantaneous 
velocity along a line from apex to mitral centerline in addition 
to average ventricle wall shear stress at t/T=0.5 for different 
mesh numbers shows that the chosen grid is acceptable, as 
depicted in Fig. 2.

 

 

Fig. 1 The left heart geometry with the mitral area from 2 to 6 cm2 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 The left heart geometry with the mitral area from 2 to 6 cm2
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The end-diastolic geometry of the left heart walls was de-
termined on the basis of the geometry given in Chnafa et al. 
[20]. It has been assumed that the ventricle wall is contracted 
cylindrically toward a semi-conical shape and the atrium wall 
is contracted spherically. This assumption is not complete, 
but it has been assumed by reviewing magnetic resonance im-
ages considered in published works. According to Schenkel 
et al. [22], the valves cannot be segmented as precisely as the 
geometry of the ventricle endocardium, and most magnetic 
resonance imaging measurements lack adequate resolution in 
the valve areas to segment enough base points for a descrip-
tion of the valve position and shape. The limited resolution 
of medical imaging tools does not allow routinely imagining 
of the valve through its motion [23]. Consequently, in this 
model for simplicity, the shapes of the MV and aortic valve 
(AV) orifices were set so that they were both circular. The 
MV area to assure the filling of the ventricle with a minimum 
pressure gradient between LA and LV to prevent intraven-
tricular negative pressure varies between 4 and 6 cm2 [1]. To 
consider the MV stenosis the area of AV assumed constant 
equal to 2 2cm  but MV areas have been varied from 2 to 6 

2cm  in the cases studied.
The computational model of the left heart as a flow do-

main that starts from pulmonary veins as pressure inlet, atri-
um chamber, MV, ventricle chamber, AV, and the initial part 
of the aorta is constructed. The initial geometry was chosen 
from the literature. The Initial conditions of zero velocity and 
pressure were selected. To avoid initial effects the first three 
cycles have been neglected. The boundary condition includes 
no-slip moving walls, inlet (pulmonary veins) and outlet (aor-
tic orifice). Constant pressure of 5 mmHg is set for inlet and 
different pressures of 120 and 80 mmHg is set for outlet dur-
ing systole and diastole, respectively.  

The blood pressure during early diastole is insufficient to 
drive out the wall of the LV, and deformation of the LV wall 
during an early diastolic phase is originated by relaxation of 
the myocardium contracted during a systolic phase [24]. E/A 
ratio is a marker of the left ventricle function which repre-
sents the relationship between the peak velocity of blood flow 
during early diastole (E wave) and late diastole (A wave). In 
the present study, deformation of the wall of the LA and LV 
are set as input boundary conditions so that the flows which 
can be considered as volume derivative were obtained. Blood 
flow through MV are given and compared with the results 
of Chnafa et al. [20] which reported E/A=4.8 in Fig. 3. One 
of the diastolic dysfunction symptoms is smaller E/A ratio. 
To consider this phenomenon, in one case (Amitral=2 cm2), the 
flow during E wave versus A wave has been modified from 
4.8 to 1. 

A plane in the MV opening is considered as an interface 
between atrium and ventricle chambers. The normal vector of 
this plane is aligned to the apex of the ventricle. In the present 
study, opening and closing of the MV and AV were assumed 
as instantaneous events, and during systole phase MV is close 
and AV is open, while during diastole phase MV is open, and 
AV is close. The opening and closing valve time are negligi-
ble compared to the heart cycle duration [20], which justifies 
this assumption for simulation of heart whole cycle in addi-
tion to the assumed conical shape of the MV to compare its 
different effective area effect on LV flow pattern.

The blood pressure during the early diastole is not high 
enough to push out the wall of the LV, but deformation of 
the LV wall during diastolic phase by relaxation of the myo-
cardium could draw blood from LA to LV [24]. The needed 
power in E wave is applied by ventricle myocardium relax-

 

 

Fig. 2 a) Velocity along the mitral centerline, b) Average WSS vs. grids at t/T = 0.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 a) Velocity along the mitral centerline, b) Average WSS vs. grids at t/T = 0.5.
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ation while in A wave is applied by atrium contraction. The 
power required for stenosed MV during E wave is higher than 
other cases which heart may not afford. This suction is lim-
ited by the force and energy that could be applied by the myo-
cardium wall. To compensate for that, one approach could 
be passing less flow through MV because it cannot provide 
the energy needed for pumping. By reducing the blood flow 
to compensate for anemia, the heart will have to beat at a 
faster rate. As a result, less work is done in each pulse and 
the heart goes through more cycles. To account for what may 
be due to the heart’s inability to back to its relaxation volume 
in the reduced area of   the MV, first, it has been assumed that 
the flow through the MV would be reduced. As another op-
tion, it has been considered that although the flow rate of the 
heart was reduced in one cycle, it would take a shorter time 
to compensate for the deficit and to double the HR. The other 
approach may be reduction of E/A ratio which more flow 
enters the ventricle by LA contraction. If the LA inflow is 
the same as normal case, this means that during E wave, LA 
volume should be increased to compensate for the lower flow 
rate. This means that three symptoms could be present in this 
disease: Firstly, lower E/A ratio, secondly, enlarged LA, and 
finally, atrial fibrillation [25].

In the present work, nine different cases have been stud-
ied. These cases are summarized in Tables 1 and 2. In cases 
A6 to A2 only MV areas are decreased from 6 to 2 cm2. In 
EF40 and EF24 cases, the MV area is 2 cm2 and EF ratio is 
decreased to 40 and 24, respectively. The case HR120 is simi-
lar to EF24 with increased HR from 60 to 120 beats per min-
ute. The last case EA1 is similar to A2 but as shown in Fig. 3 
the MV flow pattern has been modified by assuming E/A=1.

3- Results and Discussion 
The effect of MV stenosis on ventricular hemodynamic 

of blood flow was studied. The LA and LV geometries were 
extracted from the literature, and wall motions were inserted 
in a way to obtain the reported valve flows. While the focus 
of this work was not on the MV structure and its leaflet be-
havior during the short time between systole and diastole, a 
simplified MV conical shape and instantaneous opening were 
employed. To compare the effect of MV area, five cases with 

 

Fig. 3 MV flow in a heart cycle for E/A= 4.8 and 1 and comparison with Chnafa et al. [20] (E/A=4.8)  
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Fig. 3 MV flow in a heart cycle for E/A= 4.8 and 1 and 
comparison with Chnafa et al. [20] (E/A=4.8) 

Table 1 Properties of cases with different MV areas 

 

Table 1 Properties of cases with different MV areas  

Case A6 A5 A4 A3 A2 

MV area (cm²) 6 5 4 3 2 
E/A ratio 4.8 4.8 4.8 4.8 4.8 
EF (%) 48 48 48 48 48 
Beats/min 60 60 60 60 60 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2 Properties of different cases with MV area of 2 cm2Table 2 Properties of different cases with MV area of 2 cm2 

Case A2 EF40 EF24 HR120 EA1 

MV area (cm²) 2 2 2 2 2 
E/A ratio 4.8 4.8 4.8 4.8 1 
EF (%) 48 40 24 24 48 
Beats/min 60 60 60 120 60 
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the same atrium and ventricle geometry and different MV ar-
eas ranging from 6 to 2 cm2 were considered. Heart flow rates 
through MV in a heart cycle were obtained numerically then 
compared with the results of Chnafa et al. [20]. The flow is 
in overall good agreement in both values and trends as shown 
in Fig. 3.

Fig. 4 depicts the wall shear stress for MV area of 5 cm2. 
The first row is during systole phase when MV is close and 
AV is open, while second row is during diastole phase when 
MV is open, and AV is close. The boundary motion is shown 
by ventricle contraction in the first one-third of the cycle (t/
T=0.1, 0.2, 0.3) and ventricle dilation in the next two-third of 
the cycle (t/T=0.5, 0.7, 0.9). Because of flow exit from AV in 
systole the maximum shear is seen in this area. In diastole the 
magnitude of wall shear stress is decreased and high shear 
zones are observed by local phenomena. The wall shear stress 
contours for the studied cases at t/T=0.5 are depicted in Fig. 
5. Increased MS leads to increased wall shear stress. Also, 
decreased EF and HR causes decreased wall shear stress. The 

justification for these results is possible by studying the flow 
field.

Velocity vectors and magnitude contours for all the 
simulated cases are shown in Figs. 6 and 7 for t/T=0.5 and 
0.6, respectively. For all cases, one jet is flowing through 
the valve and propagating toward the ventricle’s apex. For 
smaller MV areas the maximum velocities occur in the 
center of the jet while for greater MV areas similar to re-
sults given by Vellguth et al. [6], the maximum velocities 
are located at the end of the jet near its lips because of the 
pulling the flow with ventricle wall expansion during early 
diastole. 

Based on Fig. 5, a delayed dissipation of early diastole jet 
occurs in smaller MVs. According to higher limits of the con-
tours’ legend, increasing of velocity magnitude changes from 
0.81 m/s to 2.62 m/s at t/T=0.5 and from 0.95 to 2.75 m/s 
at t/T=0.6 for cases from A6 to A2, respectively. Decreased 
EF, decreased HR and decreased E/A ratio lead to decreased 
velocity magnitude during early diastole.

   
t/T=0.1 t/T=0.2 t/T=0.3 

(a) 
 

   
t/T=0.5 t/T=0.7 t/T=0.9 

(b) 
 

Fig. 4 Wall shear stress distribution at for A5 at different times in a) systole and b) diastole 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 Wall shear stress distribution at for A5 at different times in a) systole and b) diastole
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Fig. 5 Wall shear stress distribution at t/T=0.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 Wall shear stress distribution at t/T=0.5

Contours of the static pressure at t/T=0.5 and 0.6 are 
shown in Figs. 8 and 9, respectively. The pressure in the vor-
tex region is lower than the surrounding pressure which is 
in accordance with Khalafvand et al., [26]. During the early 
diastole at t/T=0.5, the static pressure in the atrium is higher 
than the ventricle, but through time the static pressure in the 
LV exceeds the LA. Based on the upper and lower limits of 
pressure in the plane observed at t/T=0.5, the pressure differ-
ence in the domain is 600, 650, 1100, 1900, and 4300 Pa for 
A6 to A2 cases, respectively, which shows the effect of ste-
nosis on pressure difference between ventricle and atrium. At 
t/T=0.6, the pressure in ventricle is higher than atrium and 
the pressure difference in the domain is 800, 600, 700, 1000, 
2500 Pa for A6 to A2 cases, respectively. Both times shows 
higher pressure gradient in cases with smaller MV area. To 
consider the effect of different flows, the pressure gradient 
at t/T=0.5 is 4300, 2900, and 1050 Pa for EF=48%, 40% and 
24%, respectively. At t/T=0.6 they become 2500, 2100, and 
500 Pa, respectively. Increasing the HR from 60 to 120 leads 
to an increase of pressure gradient from 1050 to 4300 Pa at t/
T=0.5 and from 500 to 1900 Pa at t/T=0.6. Comparing E/A 
ratio shows that decreasing it from 4.8 to 1 changes the pres-

sure gradient from 4300 to 2500 Pa at t/T=0.5 and from 2500 
to 1400 Pa at t/T=0.6. It can be concluded that the pressure 
difference increases in decreased MV areas and increased EF, 
HR and E/A ratio cases. The difference will affect the needed 
work to pump the blood and will be discussed later. 

 Variations of the LA and LV volumes during a heart cycle 
are plotted in Figs. 10(a) and 10(b), respectively. For E/A=4.8 
the maximum LA volume occurs at the end of systole while 
for E/A=1 it occurs during diastole. In addition, its maximum 
is higher, which means that the LA volume has been increased 
more than its normal diastole size. During early diastole of 
LV the rate of volume increase is higher for E/A=4.8 but this 
increase is smoother for E/A=1.

The rise and reduction in pressure variation are associated 
to flow acceleration and deceleration [26]. This pressure vari-
ation along with myocardium motion determines the power 
inserted by heart chambers. Three different stages could be 
defined for the explanation of LV power plot shown in Fig. 
11. In the first stage during systole, when MV is close, the 
ventricle contraction pumps the blood to aorta. In the next 
stage during the E wave the MV is open and LV relaxation 
draws the blood from LA. MV area affects the pressure gra-
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Fig. 7 Velocity magnitude distribution at t/T=0.6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 Velocity magnitude distribution at t/T=0.6
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Fig. 6 Velocity magnitude distribution at t/T=0.5 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 Velocity magnitude distribution at t/T=0.5
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Fig. 8 Static pressure distribution at t/T=0.5 
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Fig. 9 Static pressure distribution at t/T=0.6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9 Static pressure distribution at t/T=0.6
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dient between LA and LV significantly, and it is higher for 
smaller MV areas. The last stage, during the late diastole, is 
the relaxation phase. Since the flow through MV is decreased 
the pressure difference is low and needs negligible power by 
LV myocardium. 

Variations of the LV power during heart cycle shows that 
decreasing MV area increases the maximum myocardium 
work done during early diastole. The assumed methods for 

reduction of this work in reduced heart EF ratio decreases the 
power of systole and early diastole. Increased HR to compen-
sate for the blood flow rate diminishes the effect of decreased 
EF in heart work reduction, consequently, the power varia-
tions of cases A2 and HR120 are similar. On the other hand, 
modification of E/A ratio to 1 decreases the early diastole 
work without changing the systolic power. Only a small peak 
can be seen at the end diastolic region of heart power.

 

Fig. 10 Heart chambers including a) LA, and b) LV volume during a heart cycle for MV area of 2 cm2 
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Fig. 10 Heart chambers including a) LA, and b) LV volume during a heart cycle for MV area of 2 cm2

 

Fig. 11 Ventricle power versus time during a) heart cycle, and b) early diastole 
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4- Conclusions 
The variety of parameters have been studied numerically 

to find the effect of mitral stenosis and heart compensation 
mechanism. It was found that decreased area from 6 to 2 cm2 
increases the needed maximum heart power from 0.06 W to 
1.28 W in early diastole. Results show that a decrease in the 
MV area causes a high-pressure gradient between LA and LV. 
It means that LV should apply a higher force and energy to 
preserve the blood flow rate in the normal range that could 
be much greater than that applied by the myocardium of LV 
wall in a heart with a healthy MV area of 4 to 6 cm2. Early 
diastolic power during E wave is applied by ventricular myo-
cardium relaxation. Since LV may not afford such power, 
heart should be adopted to solve the problem. Two different 
scenarios have been assumed to compensate for this problem 
based on the studied symptoms of this disease. The first one 
was the reduction of EF ratio and an increase in HR that has 
been shown that couldn’t solve the problem. In the early di-
astole, decreasing the E/A ratio from 4.8 to 1 decreased the 
maximum ventricle power to one-third so the second option 
could be a modification of E/A ratio which has shown that it 
is possible and are in accordance with the symptoms of this 
disease, including decreased E/A ratio, increased volume of 
the atrium, and fibrillated atrium. 
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