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A three-dimensional computational fluid dynamics (CFD) method has been developed to model the flow
in the left heart including atrium and ventricle. Since time resolution of the medical scans does not fit the

requirements of the CFD calculations, the main challenge in a numerical simulation of heart chambers is
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wall motion modeling. This study employs a novel three-dimensional approximation scheme to correlate
the wall boundary and grid movement in systole and diastole. It uses a geometry extracted from medical
images in the literature and deformed based on the reported flow rates. The opening and closing of the
mitral (MV) and the aortic valve (AV) considered as simultaneous events. Unstructured tetragonal grids
were used for the meshing of the domain. The calculation was performed by a Navier-Stokes solver using
the arbitrary Lagrange—Euler (ALE) formulation. Results show that the proposed correlation for the wall
motion could predict the main features of heart flows.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

The cardiovascular disease (CVD) is a major cause of mortality
in the world (Roth et al., 2017). Cardiac health is related to blood
flow patterns in the human left ventricle (LV) (Wong et al., 2014;
Khalafvand et al., 2018). Computational fluid dynamics (CFD) and
fluid-structure interaction (FSI) have been widely used for the sim-
ulation and visualization of intraventricular flow (Baccani et al.,
2002; Nakamura et al., 2003; Nguyen et al., 2015; Rossini et al.,
2016; Su et al., 2016; Quarteroni et al., 2017; Doost et al., 2017;
Gao et al,, 2017; Liao et al., 2018). Zhong et al. (2018) reviewed
challenges and opportunities in simulations of intra-cardiac flow.

The methods used to find the heart movements require spatial
and temporal resolution, 4D-Echo provides high-speed resolution,
which is especially useful when resolving the fast movements of
structures. However, its low spatial resolution and image quality
is difficult to use. On the other hand, methods such as CMR (Car-
diac MRI) and CT (X-ray computed tomography) of the heart pro-
vide excellent spatial resolution, but their time resolution is
orders-of-magnitude lower than the necessary temporal resolution
for the flow simulation (Zhong et al., 2018). It could be inferred
that a proper interpolation procedure for creating a CFD model is
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required for the simulation of the 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 (Mittal et al., 2016). Either
an interpolation method (Schenkel et al., 2009; Chnafa et al.,
2014) or relying on a multi-beat acquisition (Mittal et al., 2016)
is necessary for the simulation of the movement during the
contraction-expansion cycle. In addition, for a useful application
in medical routine, simulations must be possible with less comput-
ing time, which can perfectly be directed on local computing
devices (Vellguth et al., 2018). Challenges due to the large-scale
motion and complex deformation of the heart chambers make
many current computational modeling of cardiac hemodynamics
further away from clinical application (Mittal et al., 2016).

This manuscript tries to make CFD simulation applicable to clin-
ical application. In this way it present a method to numerically
simulate the heart without using of time-dependent series of med-
ical images. Since that blood flow is incompressible, similar to Seo
and Mittal (2013), heart chambers volumes are related to valve
flows. Assuming a linear relation between volume change and
myocardial motion, a time dependent position of heart wall is con-
sidered similar to time-dependent heart volume. Based on initial
geometry, and time dependent heart wall position, the numerical
simulation is performed and macroscopic flow features in heart
extracted and compared with the literature. LA movement is also
simulated to consider the atrial vortices which could influence
the downstream ventricular flow.
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2. Materials and methods
2.1. Cardiac physiology and numerical geometry

End-diastolic geometry is extracted from 3D medical images
given by Chnafa et al. (2014). This is because: firstly, to compare
the results with a paper which used the medical images in different
times; secondly, the given geometry of simulated heart from differ-
ent views which includes a scale of the geometry makes it possible
to regenerate similar geometry; and thirdly, the values of valve
flows gave us the opportunity to compare our results with the ref-
erence. Five cases with cell number of 396,733; 875,291;
3,004,224; 5,820,828; and 10,401,016 have been studied. Results
have been reported based on the maximum cell number with the
average mesh volume of 2.5e—811 m>. The minimum and maxi-
mum volumes are 1.65e—12m> and 1.79e—10 m>, respectively.
Fig. 1 depicts the numerical geometry of the left heart discretized
with tetrahedral mesh, fluid mesh as well as a detailed view at
the wall, and a plane section which divides the ventricle and aorta
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to two equal sections. This plane is used to report flow parameters
in the following parts.

To ensure from the mesh independency of the results, a mesh
study is performed by plotting velocity along the mitral centerline
(a line from mitral center to apex) and average wall shear stress as
shown in Fig. 2a and b, respectively. To quantify the difference of
results, the normalized root mean square deviation (NRMSD) is
computed:

(QnﬁQz,n)2

M=

n

N
NRMSD Qmax - Qmin . (1)
The result of the finest mesh differs less than 4% with the next
fine one using NRMSD. By accepting 4% error, this mesh is selected.
Whereas in many experimental and numerical studies with
constant diameter assumption of heart valves, real MV leaflets
form a time-varying exit diameter D(t). However, it has been
shown that the vortex formation time corresponding to the maxi-

©

Fig. 1. Left side heart: (a) geometry and mesh (Cell No = 396,733), (b) fluid mesh (Cell No = 10,401,016) and detailed view at the wall, (c) plane section.
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Fig. 2. Grid convergence (a) Instantaneous tangential-velocity profile along the mitral centerline at t/t = 0.5 (b) Average WSS vs. cell number.
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Table 1
Geometric characteristic of MV and AV.
AV MV
Diameter (mm) 16.782 25.232
Area (mm?) 2212 500.0

mum vortex growth remains unchanged (Gharib et al., 2006). In
this paper, similar to most of the previous studies, the MV and
AV diameters are assumed constant during the diastolic stage.
The geometric characteristics of MV and AV are given in Table 1.

2.2. Governing equations and technical details

Mass and momentum conservation equations were solved
using dynamic meshes in ANSYS Fluent 17.2. The details of solver
settings are given in Table 2. In the present study, spring based
smoothing method is used for the simulation of wall motion. In
this method heart wall deforms according to the user-defined
function that is applied to the myocardium wall while the internal
edges between any two mesh nodes are idealized as a network of
interconnected springs. More details are given in Fluent (2015).
Since the boundary displacement is significant compared to the
local cell sizes in current simulation, the cell quality may deterio-
rate or the cells may become degenerate. This could lead to nega-
tive volume, so re-meshing technique is used to decrease the mesh
skewness.

The results have been considered after five cycles of the simula-
tion to avoid the initial effects. The time step size used in the first
five cycles was t =1x 10> s and then for the last cycle was
switched to t =1 x 107 s because of having Courant number less
than 1. This Courant number is not mandatory for convergence but
is better to be used for time accuracy of results. A computer with
32 GB RAM and 12 parallel threads of Core i7-4960X CPU was
employed. The blood flowing in the heart chambers can be consid-
ered as homogeneous Newtonian fluid (Kitajima and Yoganathan,
2007). The density and dynamic viscosity are assumed constant
equal to 1040 kg/m> and 0.00416 Pa s, respectively. While cardiac
health is related to blood flow patterns including vortex ring in

Table 2
Numerical solution setting.

Pressure based

SIMPLE
Second order implicit

Solver type

Pressure velocity coupling scheme
Transient formulation

the human left ventricle, the visualization of intraventricular flow
pattern needs choosing a method to capture the eddies properly. In
the present work, the large eddy simulation (LES) approach is used
which eddies smaller than filter size or mesh size are modeled and
those greater than mesh size are resolved.

The sub-grid-scale stresses resulting from the filtering opera-
tion are unknown and require modeling. The sub-grid scales
(SGS) are modeled using wall-adapting local eddy-viscosity
(WALE) model and details are given in Fluent (2015).

2.3. Correlating cardiac cycle and numerical method

The initial and final stages of the heart cycle are considered and
interval movement is obtained based on the blood flow in the heart
valves and veins. Blood flow is incompressible, so the volume of
heart ventricles and atriums is directly related to the valves flows.
The volume of LV and LA can be written as follows:

t t
Vq (t) = Vﬂ‘d + / Qinletdt - / Qmitraldtv (2)
0 0

ot t
Vo(t) = Vg + /0 Quinadt — /0 Quoradlt, 3)

where V,(t) represents the volume of ventricle, V,4 is the end-
diastolic volume of the ventricle, V.4 is the end diastolic volume
of atrium, Qi is the volumetric flow rate passing through MV
from atrium to ventricle, Q4. is the aortic flow rate which is
pumped by LV to aorta, and Q.. is volumetric flow rate entering
LA. The blood flow obtained from the work of Chnafa et al. (2014)
is shown in Fig. 3. It includes Q;,, named total heart inflow,
Qivar the flow passing through MV, and Qg Which is the aortic
flow.

The volumes changes are obtained by integration of volume
flow rate differences and normalizing of ventricle and atrium vol-
ume changes. The normalized volume change of atrium v;(t) is
defined as:

* _ Vu(t) - Va.,d
Ua(t) - Va,s - Vu‘d ' (4)

where V is the end-systolic volume of the atrium. The normalized
volume change of ventricle v} (t) is defined as:

Vu(t) = Vs
)=+~ 22 5
»(0) Vya—Vos (3)

where V,; is the end-systolic volume of the ventricle. Now for the
simulation of volumes movement, each heart period is composed

Spatial discretization Gradient Least square cell based X X N o
Pressure Second order of some expansions and contractions. Each motion is interpolated
Momentum Bounded central differencing using a cosine form as the following formulation:
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Fig. 3. (a) Total heart inflow from pulmonary veins, and flow rates passing from (b) MV and (c) AV in a heart cycle reported by Chnafa et al. (2014).
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Un+ 0 Up— 0 t—t
U(t):( n+ n+1)+( n nH)COS( n TL'), ty <t < tus
2 2 b1 — bn

(6)

where v(t) is volume function used in wall motion definition, t is
time, and subscript n represent a point which a new stage of expan-
sion or contraction starts for the points shown in Fig. 4(a), and (b)
for LA and LV, respectively.

Using this formulation for the simulation of heart movement

the coefficients of "*21) and (*"~*1) for the simulation of atrium
and ventricle motions were used as listed in Tables 3 and 4.

After obtaining the movements of heart cavities, the formula-
tion has been used for the simulation of heart wall movements.
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 as shown in Fig. 5 fluctuates between end-diastolic
(EDV) and end-systolic volumes (ESV). For example point LV1 at
t/T = 0 reaches point LV2 at t/t = 0.36 and then returns to its initial
point. In this simulation, a linear relation assumed between wall
movement and volume changes so the normalized volume changes
could be used directly as the normalized wall displacement formu-
lation. To preserve the topology of surfaces and avoid creating sin-
gularities or self-intersections of the computational grids for large
deformation, a central line inside chamber is selected which per-
pendicular lines from it to the surface of the chamber intersect
the chamber at utmost one point. In other words, it means that
all points on the wall could contract to this line cylindrically with-
out self-intersection. In this work for the simplicity of the simula-
tion, it is assumed that end-systolic points are located on a semi-
conical shape. As a result, each heart cavity contracts toward this
shape and then expands back to its initial position. Each point fluc-
tuates from its maximum distance of the central line inside the
cavity and the minimum radius of the cavity which is based on
the flows reported in Chnafa et al. (2014).

2.4. Boundary conditions

The pulmonary veins and aortic orifice have been set as the
domain inlet and outlet, respectively. While constant pressure
equal to 666.6 Pa (5 mm Hg) is set for pulmonary veins as an inlet
boundary condition, different pressures have been set for the aortic
orifice during the systole and diastole which are 15998.7 and
10665.8 Pa (120 and 80 mm Hg), respectively. There is no direct
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Table 3
Parameters used for the simulation of LA.
n th Un 0.5(vn + ¥ns1) 0.5(vn — Uny1)
0 0.03 0 0.5 -0.5
1 0.35 1 0.275 0.275
2 0.56 0.45 0.41 -0.14
3 0.69 0.73 0.285 0.015
4 0.76 0.7 0.265 —0.035
5 0.84 0.77 0.615 0.385

tn: time of point which a new stage of expansion or contraction starts.
vn: volume at time t,.
Uns1: volume at time ¢, 4.

Table 4
Parameters used for the simulation of LV.
n tn Un 0.5(vn + vny1) 0.5(vn — vni1)
0 0 1 0.5 0.5
1 0.36 0 0.405 —0.405
2 0.63 0.81 0.805 0.005
3 0.67 0.8 0.86 —-0.06
4 0.86 0.92 0.96 -0.04

tn: time of point which a new stage of expansion or contraction starts.
vn: volume at time t,.
Uns1: volume at time ¢, 4.

way between the inlet and outlet during a heart cycle, so the flow
results aren’t related to the pressure difference between the inlet
and outlet.

The time-position of the myocardial wall of the ventricle and
atrium with no-slip boundary conditions are imposed as men-
tioned in the previous section. Since the valves have thin highly-
moving structures, their precise movements are not extractable
from MRI or CT scan exams (Chnafa et al., 2014), in this study they
are assumed to switch between the open and closed positions for
each valve.

3. Results

The left heart flows including the aortic flow, total heart inflow
through pulmonary veins and mitral flows have been depicted in
Fig. 6. In this study, the end-diastolic volume of the LV is 154 ml,
and its end-systolic volume is 80 ml. It gives a stroke volume of

(> Vo) (t,, v,) 7
| iy (s, vy)
07 ‘ L1 |(F" Y1> L L1 |
0 0.2 04 T 0.6 0.8 1
(b)

Fig. 4. Volume change during heart cycles based on Fig. 3 for left heart chambers (a) LA (b) LV.
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Fig. 5. Left heart chambers volume change.

74 ml or an ejection fraction of 48%. The end-systolic volume of the
LA is 82 ml, and its minimum volume is 54 ml. The mitral flow rate
shows three peaks: the first one during early diastolic filling is
known as the E wave; the second one is a weak wave, and intro-
duced as L wave by Chnafa et al. (2014); and the last one is known
as A wave. The numerical procedure has followed the reported
results well. According to Chnafa et al. (2014) the case belongs to
a patient treated at the University Hospital of Toulouse Rangueil
in France.

The velocity vectors in addition to velocity magnitude contours
ranged from around 0.0 to 0.5 m/s in the central cross-section of
the left heart are shown in Fig. 7 for t/t=0.1 to 0.9. In the first
three images, the MV is closed and blood is pumped into the aorta
by ventricle compression. In t/t=0.4 to 0.9, the AV is closed and
blood enters from atrium through MV into the ventricle.

Fig. 8(a) depicts the vorticity magnitude contours ranged from 0
to 800 Hz at three different times. At t/t = 0.1 the MV is closed, and
blood is pumped by ventricle contraction into the aorta. The fric-
tion of flow with the aorta valve generates high shear rate regions
near the aorta valve wall.

Wall shear stress (WSS) contours near the walls are shown in
Fig. 8(b) at times of 0.1, 0.5 and 0.8 of a cycle and the order of mag-
nitude of maximum shear stress on walls decrease from 20 to 10
and 5 Pa, respectively.

Fig. 9 depicts the contour of normalized Q-criterion ranged from
0.1 to 0.5 to visualize the formation of vortex ring in E wave. In the
vortex region, the pressure should be lower than the surrounding
pressure. The flow of blood from the LA to the LV through the

MV, known as the E wave, forms a rotating fluid mass called a
mitral vortex ring (MVR) (Gharib et al., 2006). Development of a
vortex ring needs pulsatility and a starting jet is ejecting to a qui-
escent flow could develop a vortex ring. The dimensionless mea-
sure of vortex formation time (VFT) is defined as (Kheradvar
et al., 2012):

U
VFT = 50T (7)

where U is the mean velocity of jet, 6T is the pulse duration, and D is

the diameter of the MV.
CQ/A. Q. AVT AV,

T_T(ST_E(ST_ D (ST_47TD3 (8)

ol

VFT = =0

where Q is the average volume flow rate through MV, A is MV area,
and D is MV diameter. In this simulation, the area of MV is
A =500.0 mm? and D = 25.232 mm. During the E wave, the vol-
ume change of ventricle is AV, =57 ml. These values give
VFT = 4.5 which is in the middle of normal range of 3.5-5.5 given
by Kheradvar et al. (2012).

4. Discussion

In this paper an approach similar to method used by Taylor
et al. (1996) and Seo and Mittal (2013) is incorporated for the sim-
ulation of heart wall movement according to the valve flows. In
this method heart valve flows are integrated to obtain the heart
cavities volumes versus time. Using time variation, the heart wall
movement has been formulated, and the flow features during sys-
tole and diastole have been obtained. Assumed linear relation
between volume change and myocardial motion makes it possible
to use time-dependent heart volume chambers to define position
of heart wall. Also left heart flows are obtained from experimental
results given by Chnafa et al. (2014). In doing this work, a semi-
conical shape is assumed as end-systolic geometry of LV. This
assumption has been assumed based on end-systolic LV geome-
tries given by Le and Sotiropoulos (2012) and Nguyen et al.
(2015). Since the atrial vortices could influence the downstream
ventricular flow, and the effect of abnormal LA is not negligible
especially in the cases with high ejection fraction ratio (Su et al.,
2019), LA movements is also simulated.

The reason behind the difference in valve flows with the Chnafa
et al. (2014) could be listed as follow: firstly, the initial and final
geometries are extracted from given images of the paper; secondly,
the method used for the interpolation of heart chambers volumes
data only considers extremum points which could generate error
in the final result; and thirdly, a linear relation is assumed between
volume change and wall movement.
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Fig. 6. (a) Total heart inflow from pulmonary veins, and flow rates passing from (b) MV and (c) AV in a heart cycle.
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t/T=0.7

t/T=0.8

Fig. 7. Velocity vectors with velocity magnitude contour ranged from 0.0 to 0.5 m/s at different times (Velocities above 0.5 m/s are assigned red color). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

A vortex ring is shown to form at the tips of the mitral leaflets
and propagates toward the myocardium wall. This phenomenon
has been reported frequently in the past (Gharib et al., 2006;
Toger et al.,, 2012; Chnafa et al., 2014, Vedula et al., 2016). During
E wave a vortex ring formed after the MV at t/t = 0.4 because the
LV wall expands and the lateral blood fills the place of the upward
flow. The diastolic vortex rings show a significant role on the intra-

ventricular flow (Bermejo et al., 2014). As can be seen in t/t=0.5
since the ventricle wall moves rapidly it draws the blood with
itself, and blood velocity has component normal to the ventricle
wall. With time, irregular flow patterns including small and large
vortices that encompass whole of the ventricle region are
observed. It could be justified by the low flow from the mitral
and the lack of considerable ventricle wall motion beside the great
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Fig. 8. Distribution of (a) vorticity and (b) Wall shear stress at different times.

momentum of the blood flow during the E wave. While Bermejo
et al. (2014) suggest that vortex-flow interactions generate pres-
sure forces inside the ventricle, Seo and Mittal (2013) suggest that
the flow patterns themselves have not visible effect on the pump-
ing function of the ventricle.

At diastole when the LV expands, and the MV is open, blood
enters from the atrium through MV into the ventricle and forms
a strong jet through the MV which is shown at t/t=0.5. As the
blood flows through the MV, the shear layer generates a vortex
ring. At the final stages of the diastole, the flow is slow as can be
seen at t/T = 0.8, so the high vortex regions distribute or disappear.

In an attempt to evaluate the effect of papillary muscles on flow
feature Vedula et al. (2016) show that trabeculae significantly dis-
rupt the vortices that formed during early diastole. However the
main purpose of this study was introducing a method to capture
the main macroscopic hemodynamic features in the left heart
and thus the contours of WSS are simplified with limiting assump-
tion of smooth wall for heart chambers.

At t/T=0.45 to 0.60 during the early diastolic filling, the MVR
formation at the edge of the mitral orifice and collapse of vortex
ring can be seen in Fig. 9 which is in accordance with Le and
Sotiropoulos (2012) with donut-shape vorticity distribution

around the main ring circumference. There is not any ring vortex
at time t/t = 0.58, 0.6, and 0.7. The main period of ring vortex gen-
eration was during E-wave. In vitro and in vivo studies have shown
that a vortex ring rolls up during early diastole or E-wave
(Kheradvar et al., 2012).

4.1. Novelty

While Chnafa et al. (2014) used geometry obtained from medi-
cal scans to generate surface and volume meshes for flow simula-
tions in LV during a heart cycle, in this paper, an approach similar
to method used by Taylor et al. (1996) and Seo and Mittal (2013)
was used for interpolation of heart movement. In our method heart
valve flows integrated to obtain heart cavities volumes by time.
Using time variation, the heart wall movement has been formu-
lated and the flow features during systole and diastole have been
obtained. While large-scale motion and complex deformation of
the heart chambers makes many current computational modeling
of cardiac hemodynamics challenging and away from clinical
application (Mittal et al., 2016), the given numerical procedure
can simulate the left heart practically.
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t/T=0.42

s
t/T=0.46

t/T=0.58 t/T=060 t/T=0.70

Fig. 9. Vortex formation and collapse visualization by normalized Q-criterion ranged from 0.1 to 0.5.

4.2. Limitations

A linear relation is assumed for volume change and
myocardial wall motion. A similar assumption for volume
change of a sphere shows less than 3% difference according this

assumption. Since the closing time is short compared to whole
heart cycle, the valves are assumed as instantaneous opening
and closing in this study and a short-lasting portion of cardiac
cycle i.e. isovolumetric contraction was not simulated in this
study.
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The end-systolic geometry is supposed as a semi-conical shape.
It has been supposed based on end-systolic LV geometries given by
Le and Sotiropoulos (2012) and Nguyen et al. (2015).

In this paper smooth walls are assumed for heart chambers and
internal trabeculae features of walls have been neglected. This fea-
ture in one hand could enhance mixing and viscous dissipation,
and on the other hand it could lead to localized regions of stagna-
tion and recirculation (Seo and Mittal, 2013). In this simulation
heart wall motions are assumed radially and twisting of the heart
wall are neglected, although the method is capable to consider this
feature to the simulation.

5. Conclusion

Important aspects of the physiological left heart including the
entire ventricle and atrium, the aorta root, the pulmonary veins,
and the valves have been modeled. The blood flow in the left heart
conducted in a full heart cycle, so a variety of parameters in differ-
ent times and locations are accessible. Velocity, vorticity, wall
shear stress and vortex distributions allow investigating the effect
of cardiovascular diseases on the heart hemodynamics.

The results show that the employed correlation is able to model
the main features of interventricular heart flow. The mitral vortex
ring, a feature of ventricle flow during the early diastolic filling,
known as the E wave, has been captured and shown in velocity
vectors as well as Q-criterion.
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Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jbiomech.2019.06.008.
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