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Recent numerical studies were focused on the modeling of flow in patient-specific left ventricle (LV);
however, the mitral valve (MV) was usually excluded. In this study, both patient-specific LV and MV were
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modeled to achieve a more realistic intraventricular flow. Cardiac MRI images were acquired from a
pulmonary arterial hypertension (PAH) patient and a healthy volunteer, and manual segmentation was
conducted to reconstruct three-dimensional (3D) LV and MV geometries at each frame. Based on these
3D geometries, vortex formation time (VFT) was derived, and the values were 4.0 and 6.5 for the normal
subject and the PAH patient, respectively. Based on studies in the literature, VTF in the healthy subject fell
within the normal range, while that in the PAH patient exceeded the threshold for normality. The vortex
structures in the LV clearly showed that the vortex ring was initiated from the tips of the MV instead of
the mitral annulus. The excessive VFT during the rapid filling phase in the PAH patient resulted in a
trailing flow structure behind the primary vortex ring, which was not observed in the normal subject. It
can be deduced from this study that incorporating the MV into a patient-specific model is necessary to
produce more reasonable VFT and intraventricular flow.

& 2016 Published by Elsevier Ltd.
1. Introduction

Despite numerous studies of blood flow in the left ventricle
(LV) (Pedrizzetti and Domenichini, 2014), the association between
the LV flow structure and the cardiac remodeling is still not well
understood. Various approaches have been applied to visualize the
flow structure in the LV such as echocardiography and cardiac
magnetic resonance (CMR) (Charonko et al., 2013; Garcia et al.,
2010; Rodriguez Muñoz et al., 2013). Besides in-vivo studies,
extensive in-vitro studies have been conducted to measure the
intraventricular flow using a heart simulator (Falahatpisheh and
Kheradvar, 2012; Kheradvar and Gharib, 2007). Owing to the dif-
ficulties in mimicking a native heart ventricle, the primary pur-
pose of in-vitro studies is to understand the fluid dynamics in an
idealized heart ventricle. Computational fluid dynamics (CFD) in
conjunction with CMR is emerging as an alternative tool to further
facilitate the visualization of patient-specific LV flow, as it is cap-
able of providing a more detailed flow structure with much higher
Singapore, 5 Hospital Drive,
30972.
g).

ardiac MRI based numerica
016), http://dx.doi.org/10.10
resolutions (Chnafa et al., 2014; Mangual et al., 2013; Saber et al.,
2003; Schenkel et al., 2009; Su et al., 2014a).

As an asymmetric bileaflet mitral valve (MV) is located at the
inflow tract of the LV, it has been shown that incorporation of the
MV into the numerical model will give more realistic flow field
predictions (Domenichini and Pedrizzetti, 2014; Seo et al., 2014;
Votta et al., 2013). However, the MV was only modeled in very
limited numerical simulations, due to the difficulties in recon-
structing and modeling the dynamic MV. In the studies focusing
on the mitral leaflets, the MV was scanned using real-time 3D
transesophageal echocardiography (TEE) (Chandran and Kim,
2014). To obtain better accuracy such as papillary muscles and
chordae, CMR was also adopted to scan a number of evenly rotated
long-axis planes (Dimasi et al., 2012; Stevanella et al., 2011). It is
worth noting that this method was not routinely used in clinical
CMR imaging. A few studies used high spatial resolution of Com-
puted Tomography (CT) images to reconstruct the MV and LV to
study the intraventricular flow (Chnafa et al., 2014, 2012). Its usage
is limited by the complications of ionizing radiation and relatively
low temporal resolution. Routine clinical CMR scanning (i.e. two-
chamber, three-chamber, four-chamber and short-axis planes) is
able to provide adequate information to reconstruct a patient-
specific LV. Nevertheless, it is difficult to segment mitral leaflet in
l modeling of left ventricular fluid dynamics with mitral valve
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all views, and a generic one defined by mathematical equations is
a feasible approach (Domenichini and Pedrizzetti, 2014).

In the literature, most LV numerical simulations focused on
understanding the LV fluid dynamics in normal subjects, while
limited studies modeled the patient-specific LVs with heart failure,
dilated cardiomyopathy, and hypertrophic cardiomyopathy (Kha-
lafvand et al., 2014; Mangual et al., 2013; Su et al., 2014a). These
studies have demonstrated that the structure of vortices is differ-
ent in normal cases compared to patient cases. To the best of our
knowledge, no numerical study of LV flow has been conducted in
pulmonary arterial hypertension (PAH) patients. In addition, these
patient-specific studies ignored the influence of MV, which
impaired the reliability of the numerical results to a certain extent.
In this study, CMR images acquired from a normal subject and a
PAH patient were selected for MV and LV reconstructions and the
following numerical simulations. Geometrical parameters (e.g.
ventricular volume and vortex formation time (VFT)) and the
detailed fluid structures in these two models were analyzed to
observe the impact of PAH. In addition, the study outlined a fra-
mework for more realistic LV flow based CMR images.
2. Methods

2.1. Data acquisition

One healthy volunteer and one PAH patient were recruited in this
study, and CMR scans were carried out on a Philips 3.0 T system
Fig. 1. CMR images: (A) two-chamber view, (B) three-chamb
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(Ingenia, Philips Healthcare, Netherlands) with a dStream Torso coil
(maximum number of channels 32). BTFE end-expiratory breath hold
cine images were acquired in multi-planar views (namely two-
chamber, three-chamber, four-chamber, short-axis views as indicated
in Fig. 1). Electrocardiographically (ECG) gated consecutive cine
short-axis images were acquired from apex to mid-atrium (8 mm
slice thickness with 2 mm interslice gap). The acquisition included
12–14 short-axis slices covering the entire LV and partial aorta and
atrium. Note that the acquisition rates of long-axis and short-axis
images were 40 and 30 frames per cardiac cycle, respectively.

2.2. Geometry reconstruction

The study was focused on the LV flow and thus the inlet and
outlet of the LV chamber were mitral and aortic valves, respec-
tively. In addition to the MV and LV, the left atrium was partially
reconstructed to minimize the influences of the inlet boundary
condition on the intraventricular flow. Manual segmentation was
performed to extract the inner layer on myocardium (endo-
cardium) over the entire cardiac cycle as indicated in Fig. 1. Spatial
information (e.g. resolution, spacing and orientation) stored in
Digital Imaging and COmmunications in Medicine (DICOM) image
allowed CMR images to be assembled in three-dimension (3D) as
well as 3D contours (Fig. 2A). The large spacing short-axis images
could not be used to identify mitral annulus, and six vertices
selected from the long-axis images were utilized for its recon-
struction instead (Fig. 2A). In addition, the ventricular annulus,
which enclosed both mitral and aortic orifices was reconstructed
er view, (C) four-chamber view and (D) Short-axis view.
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Fig. 2. LV reconstruction process from CMR images to CAD model. (A) Manual
segmentation contours and points in 3D and (B) reconstructed LV model. (For
interpretation of the references to color in this figure, the reader is referred to the
web version of this article.)
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in a similar manner. These two orifices partitioned the short-axis
contours into three regions: atrium (blue), ventricle (red) and
aorta (green). Circumferential and longitudinal interpolations
were applied to improve the spatial resolution and smoothness,
and the final Computer-Aided Design (CAD) model was illustrated
in Fig. 2B.

Although the mitral leaflets crossed all long-axis images, they
were only clearly visible in the three-chamber view image (Fig. 1).
A pair of contours drawn along anterior and posterior leaflets was
used for mitral valve reconstruction, and thus the information was
inadequate to reconstruct a patient-specific mitral valve. As a
result, equations were used to define the simplified MV geome-
tries based on this pair of contours.

2.3. Posterior leaflet geometry

The mitral annulus was roughly circular in 3D, and it was
assumed that its central axis was along the out-of-plane direction
of short-axis view (Fig. 3). In the Cartesian system, a point on the
Please cite this article as: Su, B., et al., Cardiac MRI based numerica
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mitral annulus can be written as:

xannulus ¼ xcenterþr sin α cos θ

yannulus ¼ ycenterþr sin α sin θ

zannulus ¼ zcenter�r cos α ð1Þ
where ½xcenter ; ycenter ; zcenter � are the coordinates of the center of
mitral annulus; ris the distance between a point on annulus and
the center; α is the angle between rand central axis; and θ is the
angle between the projection (r sin α) and x axis. The cross sec-
tion of posterior leaflet in the three-chamber view was a line
segment with its root connected to the mitral annulus. Note that
the cross section of posterior leaflet was assumed to be straight for
the ease of definition. Therefore, the cross section of mitral leaflet
on the plane defined by the central axis and a point on the mitral
annulus could be represented by two points ½Xannulus;Xtip� (Fig. 3).
The tip point can be expressed as:

xptip ¼ xpannulusþ l sin β cos ðπ�θÞ

yptip ¼ ypannulusþ l sin β sin ðπ�θÞ

zptip ¼ zpannulus� l cos β ð2Þ

where l is the length of mitral leaflet; β is the angle between
leaflet and the central axis and p denotes posterior. The posterior
leaflet was assumed to be a semi truncated-cone shaped with
respect to the central axis of mitral annulus. The maximum l was
measured from the three-chamber view image, and it reduced
gradually as the tip moved away from the three-chamber view
plane (Fig. 3). The angle, β, was assumed to be constant for pos-
terior leaflet.

2.4. Anterior leaflet geometry

During systole, the mitral valve was closed, and the edge of
posterior leaflet could be employed to form the anterior leaflet.
However, due to the limitation of CFD software, the fluid domain
must be continuous, and a clearance gap was maintained between
the posterior and anterior leaflets (Fig. 3). The anterior leaflet was
also assumed to be semi-cylindrical as the posterior leaflet during
diastole, and a tip can be expressed as:

xatip ¼ xaannulusþ l sin φ cos θ

yatip ¼ yaannulusþ l sin φ sin θ

zatip ¼ zaannulus� l cos φ ð3Þ

where φ is the angle between the central axis and the cross sec-
tion of anterior leaflet on the plane defined by central axis and a
point on mitral annulus and adenotes anterior. The above men-
tioned procedure was programmed using Python programming
language, and the CAD geometries were stored in STereo-
Lithography (STL) format.

2.5. Numerical modeling

To model the blood flow in pumping LV, the finite volume
method in arbitrary-Lagrangian Eulerian (ALE) formulation of the
Navier–Stokes equations was employed. The integral forms of
continuity and momentum equations are expressed as:

∂
∂t

Z
V
ρdVþ

Z
S
ρ v!�vb

!� �
U n!dS¼ 0 ð4Þ

∂
∂t

Z
V
ρ v!dVþ

Z
S
ρ v! v!�vb

!� �
þpI� τ!

� �
U n!dS¼ 0 ð5Þ
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Fig. 3. MV model. (A) Ideal MV geometries in different views, (B) MV geometries in normal subject, and (C) MV geometries in PAH patient.
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where ρ is the fluid density; v! is the velocity vector of fluid; vb
! is

the velocity vector of moving boundary; n! is the outwardly
directed vector normal to dS; S is the boundary of the control
volume, V; p is the pressure; I is the unit tensor; and τ! is the
viscous stress tensor. Blood flow was assumed to be laminar and
Newtonian with constant dynamic viscosity of 3.5 mPa s and
density of 1050 kg/m3 (Su et al., 2015). In this study, the CFD
simulation was conducted using commercial software, FLUENT
(Version 14.0 ANSYS). The numerical model was meshed using
tetrahedral grids to cope with large deformation, and both spring-
based smoothing and local remeshing algorithm embedded in
dynamic mesh model were activated to avoid degradation of grid
quality.

No-slip boundary condition was applied to ventricular wall and
leaflets, and their motions were prescribed according to the CMR
images. Cubic-spline interpolation was applied to increase the
temporal resolution of CMR acquisition, and the deformation was
implemented using user-defined function (UDF) (Su et al., 2014a).
No mitral or aortic valve regurgitation was observed in these two
cases, and thus the inlet and outlet were set to be wall (i.e. fully
closed) during systole and diastole, respectively. Meanwhile, the
boundary condition at the outlet during systole was pressure
outlet, and that at inlet during diastole was pressure inlet. To
model the unsteady blood flow, pressure-based solver was selec-
ted, and SIMPLEC scheme was adopted for the pressure–velocity
coupling. The spatial discretizations of pressure and momentum
were of second-order, while temporal discretization was only of
first-order when dynamic mesh module was enabled.
Fig. 4. LV and MV geometries reconstructed from CMR. (A) CAD models of LVs, (B)
plots of ventricular volume and leaflet opening angles in normal subject, and (C)
plots of ventricular volume and leaflet opening angles in PAH patient.
3. Results

3.1. Global parameters of numerical models

Based on CMR images, the LV geometries in both cases were
reconstructed as demonstrated in Fig. 4A. The normal LV was
essentially elliptical and its cross section on the short-axis plane
was circular. However, the PAH in the right heart considerably
flattened the septum and remodeled the LV into D-shape in the
Please cite this article as: Su, B., et al., Cardiac MRI based numerical modeling of left ventricular fluid dynamics with mitral valve
incorporated. Journal of Biomechanics (2016), http://dx.doi.org/10.1016/j.jbiomech.2016.03.008i
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short-axis view. The saddle-shaped mitral annulus tilted towards
the septum, and the presence of asymmetric bileaflet mitral valve
rectified the opening direction toward the apex regardless of the
LV geometry. Based on the end-diastolic volume (EDV) and the
end-systolic volume (ESV), the ejection fraction (EF¼1�ESV/EDV)
of the normal subject was 61.6%, and the systolic duration was 40%
of the cardiac cycle. The PAH patient had a lower EF of 43.6% and a
longer systolic duration of 46.6%. The diastasis duration in the
normal subject was 26.7%, whereas that in the PAH patient was
only 10%. In addition, the atrial contraction contributed to 23.2% of
the stroke volume in the normal subject, while it was 35.2% in the
PAH patient. Based on the definition of vortex formation time
(VFT) (Gharib et al., 1998), which is a dimensionless parameter to
quantify the duration of mitral jet into the LV, the values in normal
subject and PAH patient were 4.0 and 6.5, respectively. Note that
the normal VFT varies from 3.5 to 5.5 (Kheradvar et al., 2012). The
parameters are listed in Table 1 for the ease of comparison.

Fig. 4B and C shows the LV volumetric variation and both
anterior and posterior leaflet angles extracted. Although the car-
diac cycle can be divided into a number of phases, it was simply
classified into two phases: diastole and systole, according to the
status of mitral valve. As shown in Fig. 4, these two phases are
separated by a vertical line, where both leaflets start opening
rapidly. As only the vortex structure developed during diastole was
concerned in this study, the diastole was further divided into three
sub-phases: rapid filling, diastasis and atrial contraction, based on
the characteristics of volumetric variation curve. Although these
three sub-phases could only be clearly identified in the normal
subject (Fig. 4B), they were also applied to the PAH patient for the
ease of comparison (Fig. 4C). Because no valvular diseases were
present in both cases, the mitral valve opened rapidly at the onset
of diastole. Based on the variation of opening angle of anterior
leaflet, the partial closure phenomenon was present in the dia-
stole. Near the end of diastole, the leaflets closed sharply. Although
the mitral valve was fully closed without regurgitation during
systolic phase, the opening angles were still varying, owing to the
change of pressure difference between LV and atrium and the
motion of mitral annulus.
Table 1
Parameters obtained from LV and MV geometries. EDV: End of Diastolic Volume;
ESV: End of Systolic Volume; SV: Stroke Volume; EF: Ejection Fraction; ACV: Atrial
Contraction Volume; DD: Duration of Diastasis; VFT: Vortex Formation Time.

Subject EDV ESV SV EF ACV DD VFT
ml ml ml % % %

Normal 95.1 36.5 58.6 61.6 23.2 26.7 4.0
PAH 128.4 72.4 56.0 43.6 35.2 10.0 6.5

Fig. 5. 3D vortex structure visualized by iso-surface of Q-criterion vortex identification d
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3.2. Vortex structures of diastolic flow

Fig. 5 shows the vortex structures of diastolic flow in the nor-
mal subject at five characteristic instants. Near the onset of rapid
filling phase, a vortex ring formation and pinch-off were observed
at the mitral valve tip (Fig. 5a and b). The vortex ring propagated
towards the apex and interacted with the ventricular flow.
Therefore, the vortex ring was disrupted and only scattered eddies
were observed during the diastasis (Fig. 5c). Similarly, another
vortex ring was developed during the atrial contraction phase
(Fig. 5d). Because the LV was considerably dilated compared with
that during the rapid filling phase, the vortex ring did not interact
with the ventricular flow, and the short duration of atrial con-
traction phase did not allow this vortex ring to penetrate further
into LV chamber before it was washed out of LV (Fig. 5e).

Fig. 6 shows the vortex structures in the PAH patients. Initially,
a vortex ring formed at the mitral leaflet tips and a smaller sec-
ondary structure was also observed after the primary vortex ring
pinch-off (Fig. 6a and b). Due to PAH, the septum bulged towards
the LV (as shown in Fig. 4A), and disrupted the vortex ring. In
contrast, the other portion of the LV except the septum was more
dilated along radial direction (e.g. posterior wall), and the corre-
sponding part of the vortex ring did not impinge on the LV. As a
result, it was preserved until the end of rapid filling phase. The
longer duration of atrial contraction phase allowed the newly
formed vortex ring to develop and penetrate further down, though
the ring was partially broken by the septum (Fig. 6d and e).
Besides eddies induced during the atrial contraction phase, those
initiated in the rapid filling phase did not dissipate completely,
because the end-diastolic volume of PAH patient was larger than
that of normal subject (Fig. 6e).
4. Discussion

Most of the numerical simulations focused on the normal
subjects, and only a few types of myocardial diseases were
investigated in the literature. To the best of our knowledge, this
study was the first attempt to model LV in a PAH patient using
patient-specific CMR images. In addition, the MV was incorporated
in the numerical model, which was mostly neglected in other
studies. Although Dimasi et al. (2012) reconstructed the LV, MV
and aorta based on CMR images, they only investigated the flow
field during systolic phase (i.e. the MV was fully closed). In addi-
tion to exhibiting a shortening motion in longitudinal direction,
the saddle-shaped mitral annulus experiences sphincter contrac-
tion, which could vary the annular area by approximately 25%
(Silbiger and Bazaz, 2009). Therefore, the simplification of mitral
annulus as a rigid circular orifice (Domenichini and Pedrizzetti,
2014; Seo et al., 2014) could underestimate the strength of
uring diastole in the normal subject. From (A) to (E): t/T¼[0.5, 0.57, 0.8, 0.93, 0.96].
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Fig. 6. 3D vortex structure visualized by iso-surface of Q-criterion vortex identification during diastole in the PAH patient. From (A) to (E): t/T¼[0.53, 0.63, 0.73, 0.83, 0.93].
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transmitral jet to some extent. Despite the detailed geometry of
MV, its presence reduces the effective opening area and alters the
VFT (Kheradvar et al., 2012). In the numerical models ignoring the
MV, VFT in a normal subject was only about 2 (Le and Sotir-
opoulos, 2012; Nguyen et al., 2013). Furthermore, in in-vivo studies
using 2D Echocardiography, the VFTs in the normal subject were
around 1.63 in (Stewart et al., 2012) and 2.67 in (Poh et al., 2012),
which were similar to the numerical model without MV. It was
because the diameter of mitral annulus instead of effective dia-
meter of mitral geometric orifice area (Kheradvar et al., 2012) was
applied to calculate VFT. In other words, these in-vivo measure-
ments did not consider the effect of mitral leaflet on the mitral
opening area. In this study, the VFT was calculated from the CMR-
based four-dimensional LV geometry and effective opening area of
MV, which overcame the limitations of 2D echocardiography as
mentioned by Belohlavek (2012). Therefore, the VFT of 4 in the
healthy volunteer was within the normal range of 3.5–5.5 as
anticipated in the theoretical analysis and experimental visuali-
zation (Gharib et al., 1998). In contrast, the VFT of the PAH patient
was 6.5, due to reduced MV opening area induced by the hyper-
tension in right ventricle. Therefore, this study demonstrated that
VFT is a promising parameter to assess the diastolic function of LV.

In most numerical simulations of LV flow, the mitral annulus
was assumed to be perpendicular to the apex in order to delib-
erately direct the LV flow in the clockwise direction (Krittian et al.,
2010; Le and Sotiropoulos, 2012; Pedrizzetti and Domenichini,
2007; Seo et al., 2014; Su et al., 2015). However, the mitral annulus
tilts towards the septum, which is expected to result in counter-
clockwise flow direction, which is evidenced by the observation in
an in-vivo study (Pedrizzetti et al., 2010) and numerical study
(Schenkel et al., 2009). The much longer anterior leaflet redirects
the transmitral jet towards the apex, enhancing the dominant
clockwise flow pattern in LV. Furthermore, the presence of MV is
expected to decrease the sensitivity of LV flow to the atrium, since
the transmitral flow is mainly affected by MV. It is widely accepted
that the MV leaflets have significant influences on the formation
and development of vortex ring that is the dominant feature of LV
flow (Charonko et al., 2013; Mihalef et al., 2011; Su et al., 2014b). In
the literature, comparisons between 2D model with MV (Su et al.,
2014b) and that without MV (Khalafvand et al., 2012) demon-
strated the difference in the mechanism of vortex formation. The
anterior vortex in the valveless model was initiated by large
divergence curvature at the junction of the mitral and aortic root,
while that in the model with MV resulted from flow separation at
the leaflet tip, which was observed in Figs. 5 and 6. Moreover, the
3D models showed that MV leaflets promoted the penetration of
vortex ring, leading to better mixing and washout of apical flow
(Seo and Mittal, 2013; Seo et al., 2014). The longer anterior leaflet
was immersed in the core region of LV, and it was more suscep-
tible to the intraventricular flow than the shorter posterior leaflet.
Therefore, the development of the anterior vortex partially swayed
the anterior leaflet inward, which was evidenced by the leafleted
opening angle decreasing after the rapid filling phase in Fig. 4. This
Please cite this article as: Su, B., et al., Cardiac MRI based numeric
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partial closure phenomenon was obvious in anterior leaflet
regardless of the status of LV.

Based on the comparison with the normal subject, it can be
observed that PAH considerably distorted the LV geometry and the
flattened septum disrupted the vortex ring. The dilated LV had
large radial space except the septum, so the vortex structure dis-
sipated its energy more slowly than that in the normal subject. As
a result, the vortex ring was largely preserved during the diastasis
in PAH as demonstrated in Figs. 5 and 6. At the onset of rapid
filling, the trailing flow structure behind the primary vortex ring
was observed only in PAH. It was due to the excessive VFT, and this
phenomenon was also observed in other studies (Gharib et al.,
1998; Zheng et al., 2012).

Owing to the relatively low image acquisition rate of CMR, the
leaflet dynamics during the opening and closing phases had to be
interpolated temporally, which was the main limitation of this
study. In the latest study conducted by Domenichini and Ped-
rizzetti (2014), the simplified one degree of freedom (i.e. the angle
of mitral leaflet opening angle) was introduced to couple the
intraventricular flow and leaflet dynamics. The routine CMR ima-
ges included two-chamber, three-chamber and four-chamber
views along long-axis, and therefore the saddle-shaped mitral
annulus was reconstructed using only six points, which either
overestimated or underestimated the true mitral orifice area. Due
to the difficulty in reconstructing mitral valve based on long-axis
images, the leaflets in the current study were slightly shorter, and
thus the coaptation zone was ignored. Only two cases were
modeled in this study, and a larger sample size is necessary to
demonstrate the effects of PAH on intraventricular flow.
5. Conclusion

This study was the first attempt to simulate the flow in LV with
MV incorporated based on CMR, which is more widely used for
patients with myocardial diseases than CT. Based on the geome-
tries and opening area of mitral valve, the resultant VFTs in the
normal subject and the PAH patient varies significant, which is
consistent with the observations in the literature. Therefore, VFT is
a promising parameter to differentiate normal and diseased LVs.
The detailed vortex structures showed that the MV played an
important role in the generation of vortex ring, and the asym-
metric bileaflet MV directed the transmitral jet towards the apex.
Although the MV was based only on the mitral annulus and two
segments in three-chamber view, it resulted in a more realistic
flow field than the valveless model in the literature. With further
improvements in modeling leaflet dynamics, the framework
developed in this study can be applied to various patient-specific
LV simulations.
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