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A B S T R A C T

With the aid of cardiac imaging techniques, recent numerical simulations of left ventricular flow can be patient-
specific to better mimic physiological conditions. However, studies with a dynamic mitral valve (MV) remain
extremely limited. Even so, the left atrium (LA) is usually simplified to be tubular regardless of its complex
structure. Studies on the effect of this simplification are limited and observations are controversial. In this study,
both tubular and generic atriums were incorporated in patient-specific simulations with and without the MV to
qualitatively and quantitatively estimate the effects of the atrial model on downstream ventricular flow. The
patient-specific model was generated based on cardiac magnetic resonance (CMR) images of a healthy volunteer,
and the dynamic motion of the MV was defined by the contours acquired along long-axis images. Based on the
simulations, the influence of the atrial vortices on ventricular flow was significant in the valveless models in
terms of flow structure, kinetic energy (KE) and circulation. Although these effects were suppressed in the
presence of the MV, the atrial vortices that survived the passage were not trivial, which was evidenced by
reduced strength of circulation and undesired flow pattern in the apical region. The flow structure in the generic
atrium also dominated the development of ventricular flow in the valveless model. After the MV was in-
corporated, its effects on the downstream ventricular flow were considerably reduced but not eliminated.
Therefore, a proper modelling of atrial flow is necessary, especially for subjects with high ejection fraction (EF).

1. Introduction

Over the decades, various numerical studies have been conducted to
understand the potential correlation between left intraventricular flow
and cardiac function. Aiming to have a better understanding of in-
traventricular haemodynamics [1,2], an idealised left ventricle (LV)
(e.g., truncated prolate spheroid) was initially modelled without the left
atrium (LA), and the mitral valve (MV) was simplified as an orifice.
Advancements in imaging techniques have since enabled numerical
simulations of patient-specific studies and most simulations focused on
healthy left hearts [3–6].

Owing to the complexity of the LA, its reconstruction from routine
CMR scans with large spacing has been challenging [7]. In addition, the
intraventricular flow is sensitive to the inlet boundary condition (i.e.,
atrial flow), and unrealistic flow patterns could appear when the phy-
siological LA is incorporated without the MV [3,8]. As a remedy, a tube-
shaped LA is widely adopted in CMR-based numerical studies with a
uniform or zero normal gradient condition applied at the inlet [9–12].
Indeed, computational studies with the physiological LA and its effect

on intraventricular flow are also very limited [5,13–20].
The primary objective of this paper is to analyse the effects of the LA

on downstream intraventricular flow under various configurations, as
the relevant studies remain very limited and typically have con-
troversial observations [14,21]. In this study, the numerical model in-
cluded the LA, dynamic MV and LV. In addition to a widely adopted
tubular LA, a generic one based on a CT scan was employed. Both MV
and LV models were patient-specific and reconstructed from a CMR
scan. An arbitrary Lagrangian–Eulerian (ALE) formulation of the Na-
vier–Stokes equations was also used to solve the blood flow in de-
forming fluid domains, and detailed vortex structures and flow patterns
were analysed to quantify these effects.

2. Methods

CMR images of the LV were acquired from a healthy volunteer with
written informed consent. The study was then conducted in accordance
with the Declaration of Helsinki and later approved by the SingHealth
Centralised Institutional Review Board. The scanner used was a Philips
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Ingenia 3.0T MR system (Philips Healthcare; Best, the Netherlands)
with a dStream Torso coil (with a maximum number of 32 channels),
and balanced steady-state free precession cines were acquired in mul-
tiplanar views. Electrocardiography-gated consecutive cine short-axis
images were obtained from the apex to the mid-atrium (8mm slice
thickness with 2mm interslice gap), and the voxel sizes in different
views are listed in Table 1. Further, the acquisition rate was 30 frames
for each cardiac cycle, with all Digital Imaging and Communications in
Medicine (DICOM) images subsequently anonymised before analyses.
Manual segmentation was also conducted to delineate endocardium
(Fig. 1a), and the spatial information (i.e., resolution, spacing and or-
ientation) enabled the assembly of three-dimensional (3D) contours.
The MV was only clearly visible along a three-chamber view, but it
crossed other long-axis images. Its generation has been discussed in the
supplementary material.

The MV dimensions were also fixed throughout the simulation, yet
its relative position to the apex varied. According to the segmentations,
the leaflets were moving during the simulation. The dimensions of an
average MV during diastole were 25.2 mm×16.0 mm, and the effec-
tive opening area was 322mm2 along the long axis, with an effective
diameter of 20mm. Conversely, the diameter of an average LV during
diastole was about 40mm; thus, the ratio of opening area to LV dia-
meter was around 0.5 within the range of 0.44–0.62, as stated by Dahl
and Vierendeels [22]. The same topology was applied to each frame, so
the resultant surface grids had an identical number of elements and
connectivity in STereoLithography (STL) format. An in-house program
has been developed to generate the LV from MRI scans using C++
(based on Eigen, Fast Light Toolkit, Grassroots DICOM, the

Visualization Toolkit and OpenGL), while the LA was based on a CT
scan in the OsiriX database, with ITK-SNAP employed for its segmen-
tation (Fig. 1b). Further, the LA in this study was static without atrial
contractions throughout the simulation. The primary purpose of in-
troducing the generic LA was not to mimic the physiological atrial flow
that needs additional effects to impose dynamic atrial deformation and
inflows from pulmonary veins. Instead, its purpose was to generate
complex atrial vortices to demonstrate whether they could survive the
passage through the MV. The simplified LA was extruded from the
mitral orifice in a tubular shape with a single inlet (Fig. 1c), while the
LA based on CT imagery was considered as a generic model with left
and right pulmonary veins (Fig. 1d).

Fig. 2a shows plots of LV volume and opening angles at these 30
frames. Volumes at the end of diastole and systole were 93ml and
33ml, respectively. The resultant stroke volume was 60ml and the
ejection fraction (EF) was 64.5 per cent, which is within the typical
normal range between 55 and 75 per cent. As demonstrated in Fig. 2a,
the cardiac cycle includes four typical phases: systole, rapid filling,
diastasis and atrial contraction. In this study, the MV was dynamic and
its opening angles varied over the cardiac cycle, as shown in Fig. 2a.
The MV opened rapidly near the onset of the rapid filling phase, and
partial closure was present at diastasis. The second opening of the MV
occurred during the atrial contraction phase before its closure at the
end of diastole. The opening angle still varied slightly during systole,
yet no regurgitation occurred. This was due to the motion of mitral
annulus and a pressure gradient variation across the MV. To illustrate
the deformations of the LV and MV, Fig. 2b shows the numerical model
at the end of systole (Frame 11), rapid filling (Frame 15), diastasis
(Frame 20) and at the end of diastole (Frame 30). According to the
temporal resolution of CMR, 30 surface meshes were obtained for each

Table 1
Voxel sizes in different views.

Views Short-Axis Two chamber Three chamber Four chamber

Voxel size (mm3) 0.9375×0.9375×8 0.875×0.875×8 1.166×1.166×8 1.25×1.25×8

Fig. 1. Reconstruction of left heart model. (a) CMR images in long-axis and
short-axis views with manual segmentation. (b) CT-based left heart model from
OsiriX database. (c) Reconstructed left heart model with tubular LA. (d)
Reconstructed left heart model with generic LA from CT scan. Green: LA;
Yellow: LV; Red: anterior leaflet; and White: posterior leaflet. Detailed proce-
dure is available in Ref. [6]. Inlets are indicated by arrows.

Fig. 2. Geometric information of left heart model. (a) Plots of ventricular vo-
lume and leaflet opening angles. (b) Motions of the LV and MV with the opening
angle labelled at different frames at the end of systole (Frame 11), rapid filling
(Frame 15), diastasis (Frame 20) and at the end of diastole (Frame 30). Red
arrow denotes the reference direction.
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cardiac cycle, which had identical topologies and numbers of nodes.
Cubic spline interpolation was also applied to the trajectory of each
node on the surface at these 30 key frames to boost the temporal re-
solution. The duration of one cardiac cycle was 0.861 s (i.e., 70 beats a
minute), consisting of 3000 time steps.

In this study, computational fluid dynamics (CFD) software ANSYS
FLUENT (Version 16.2) was employed to model blood flow in the left
side of the heart, based on the finite volume method in the ALE for-
mulation of the Navier-Stokes equations. Blood flow was assumed to be
Newtonian with a constant dynamics viscosity of 3.5mPa⋅s and density
of 1050 kg/m3 [23]. Fig. 3 shows a nearly isotropic mesh that was
generated using the commercial software ANSYS ICEM CFD. For ease of
depiction, four sides of the ventricular wall have been labelled. The
spatial resolution was around 0.9mm and denser grids in the proximity
of the MV were generated. The resultant numerical models contained
1.5–2.0×106 grids, owing to the different configurations of the LA and
MV. The LV and MV were also represented by 4.0× 104 and 8.2×103

triangular surface grids, respectively. Although the total number of
volume cells varied with deformation, the number of nodes and their
connectivity of the surface grids on the LV and MV must be consistent.
To achieve this, the triangular surface grids (CFD) were registered to
the surface elements at the first frame, with mapping applied to the
remaining frames (detailed information is available in Ref. [24]).

The healthy volunteer did not have noteworthy degrees of regur-
gitation across the aortic valve or MV, through which the mass flow rate
should be close to zero during diastole and systole, respectively. Due to
limitations in the dynamic mesh, a narrow clearance gap is needed to
maintain a continuous fluid domain; although, the blood in the LA is
separated from that in the LV physiologically during systole [22]. As a
result, it was challenging to impose a boundary condition at the MV
directly. Instead, the inlet of the atrium (i.e., the inlet of the whole
numerical model) was set as the wall to maintain a zero flow rate at the
MV during systole. Similarly, the outlet of the numerical model (i.e., the
aortic orifice) was set to the wall during diastole to mimic the full
closure of the aortic valve. Accordingly, the boundary condition at the
outlet during systole was pressure outlet at 100mmHg, and that at the
inlet during diastole was pressure inlet at 0mmHg. No-slip boundary
condition was also applied to the walls including the MV, whose motion
was prescribed using user-defined functions [6]. The LV movement was
derived from CMR images and drove the flow in a unidirectional
manner, and a pressure-based solver was selected and a SIMPLEC
scheme was employed for the pressure-velocity coupling. The spatial
discretisation of pressure and momentum were of second order, while
temporal discretisation was only first order; this was recommended

when the dynamic mesh module was activated. The numerical simu-
lations lasted for three cardiac cycles and the results presented were
based on the last cycle [12,25–27].

It is believed that kinetic energy (KE) is a potential marker of ven-
tricular dysfunction. Its area-averaged value of in-plane flow is defined
by:

∫ ∫
=

+
KE

ρ u v ds
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where u and v denote the two-dimensional flow velocity, ρ is the fluid
density and s is the area. To quantify the circulation motion of the
ventricular flow in the three-chamber view, the area integration of
vorticity (i.e., circulation, Γ) is defined by:
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The clockwise direction in the three-chamber view shown in Fig. 1a
is defined as positive.

3. Results

3.1. Vortex structures in diastolic flow

Four left heart models with identical LVs have been simulated, and
the inside vortex structures will be depicted in this section. The domi-
nant flow pattern during systole is the streaming of small vertical
structures out of the LV, and it is not closely related to the character-
istics of ventricular flow. As a result, in this and many other studies the
focus is on the flow phenomena in diastole [10,22,28–30]. For ease of
understanding, the valvular model with a simplified LA (Model A) will
be introduced first, in which the flow field is dominantly affected by the
MV alone. After that, the flow structures in the valvular model with the
generic LA (Model B) will be shown to analyse the combined effects of
both the MV and LA. Lastly, the flow fields in two additional valveless
models (Models C and D) will be delineated to compare with the cor-
responding valvular models. The vortex structures shown in this section
are at five different time instants: near the onsite of the rapid filling
phase (Frame 14), near the end of the rapid filling phase (Frame 16), at
the end of the rapid filling phase (Frame 18), at diastasis (Frame 23)
and at the time corresponding to atrial contraction (Frame 29), as in-
dicated by ‘⦁’ in Fig. 2a.

Fig. 4 shows the evolution of the vortex structures in the valvular
models (A&B) during diastole, whereby the structures are visualised
using the Q-criterion proposed by Dubief and Delcayre [31]. The
transvalvular jet resulted in a flow separation at the MV tip rolling up,
thus, forming a vortex ring (Fig. 4a). The vortex ring conformed to the
geometry of the MV tip and was directed towards the lateral wall by the
longer anterior leaflet. The continuous jet further strengthened the
vortex ring, manifesting in the enlarged volume even after pinch-off
(Fig. 4b). Although the LV expanded in all directions, it was partially
exceeded by the growing elliptic vortex ring in the radial direction. As a
result, the vortex-wall (i.e., endocardium) interaction resulted in a
vortex ring breakdown (Fig. 4b and c). During diastasis, the vortex
structure was further disrupted and dissipated (Fig. 4d), and as a result
the scattered small-scale vortices were (fairly) uniformly distributed in
the LV, except the apical region (Fig. 4d). At the time corresponding to
atrial contraction, the second vortex ring could not propagate as deep as
the former ring, owing to the short duration of this phase (Fig. 4e). The
considerably dilated LV promoted the growth of the second vortex with
no obvious disruption observed. Meanwhile, the vortices initiated
during the rapid filling phase diminished. In Model B (Fig. 4f–j), the LA
flow was much more complex than that in Model A, owing to the col-
lision of vortices generated at the outlets of the pulmonary veins. The
ventricular vortex structure was also similar to that in Model A near the
onset of the rapid filling phase (Fig. 4f), after which the vortices in the

Fig. 3. Numerical model of left heart. (a) Side view (three-chamber view). (b)
Top view.
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LA were flushed into the LV through the MV (Fig. 4g). Despite the
detailed structures, these vortices indicated farther propagation of
transvalvular flow towards the apex and enhanced mixing of the LA and
LV flows in the generic model (Fig. 4h and i). The second vortex ring
formed in the generic model did not differ from Model A significantly,
except for the LA vortices (Fig. 4j).

In Model C, the LV was only slightly dilated with respect to the
mitral orifice during the early stage of the rapid filling phase. As a re-
sult, a flow separation phenomenon was not observed at the anterior,
lateral and posterior sides of the LV. The only exception occurred at the
root of the outflow tract due to the large divergence curvature at the
conjunction of the mitral and aortic roots (Fig. 5a). The vortex ring

formed after considerable LV expansion (Fig. 5b) and continued its
growth during the rest of the rapid filling phase (Fig. 5c). In addition to
the weakened transvalvular jet through the larger mitral orifice, its late
occurrence limited the vortex ring's excursion into the core region of the
LV (Fig. 5 c&d), compared to the valvular models at corresponding
instants (Fig. 4c&d). During the diastasis, the vortex structure largely
remained near the mitral orifice and the expanded LV facilitated the
flow separation; thus, a weak second vortex ring was observed in the
relatively short atrial contraction period (Fig. 5e). Consequently, the
presence of a generic LA significantly altered the vortex structure in the
LV. The non-uniform transvalvular flow from the generic LA resulted in
the generation of a vortex structure in the proximity of the mitral orifice

Fig. 4. 3D vortex structure visualised by the isosurface of
the Q-criterion vortex identification thresholded at 3000
s−2 during diastole in Model A (upper) and B (lower) at
five time instants: (a&f) near the onsite of the rapid filling
phase (Frame 14), (b&g) near the end of the rapid filling
phase (Frame 16), (c&h) at the end of the rapid filling
phase (Frame 18), (d&i) at diastasis (Frame 23) and (e&i)
at the time corresponding to atrial contraction (Frame
29).

Fig. 5. 3D vortex structure visualised by the isosurface of
the Q-criterion vortex identification thresholded at 3000
s−2 during diastole in Model C (upper) and D (lower) at
five time instants: (a&f) near the onsite of the rapid filling
phase (Frame 14), (b&g) near the end of the rapid filling
phase (Frame 16), (c&h) at the end of the rapid filling
phase (Frame 18), (d&i) at diastasis (Frame 23) and (e&i)
at the time corresponding to atrial contraction (Frame
29).
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(Fig. 5f), which was not observed in Model C (Fig. 5a). In addition,
these vortex structures interacted with those in the LA. With the inflow
of blood from the LA, its vortices were subsequently flushed into the LV
and overwhelmed the vortex structures generated below the mitral
orifice (Fig. 5g). Therefore, no vortex ring was formed during the rapid
filling phase in Model D (Fig. 5h). Further, the blood flow from the
pulmonary veins was not uniform, and the portion that had high mo-
mentum penetrated deeper towards the apex, evidenced by the more
uniform and deeply distributed small-scale vortices during diastasis
(Fig. 5i). During the atrial contraction phase, its short duration im-
paired the vortices' influence in the LA on LV flow, and the vortices
initiated in the rapid filling phase significantly diminished, regardless
of LA configuration (Fig. 5j).

3.2. Transmitral velocity contours during diastole

Alternatively, the effect of the atrial flow can be reflected in the
transmitral flow, which is the immediate inlet of intraventricular flow.
A cross-sectional view of transmitral flow is selected in the proximity of
the mitral orifice, perpendicular to the long axis of the LV, as shown in
Fig. 6. Only the flow along the out-of-plane direction (i.e., the long axis)
contributes to this transportation. Its contours at the same time instants
as Fig. 5 are tabulated for each model.

In Model A, the MV confined transmitral flow, and a clear interface
was observed therein during the rapid filling phase (Frames 14 and 16).
At stages near the end of rapid filling (Frame 18), diastasis (Frame 23)
and atrial contraction (Frame 29), the transmitral flow was much
weaker. As a tubular LA was adopted, the transmitral flow was rela-
tively smooth in Model A. In contrast, more obvious variations of
transmitral velocity contours were present in Model B, owing to the
complex flow structure generated in the LA. This phenomenon is more
intense at Frame 16 (Model B) instead of Frame 14 because most of
these atrial vortices had yet to reach the MV at Frame 14. As the
transmitral flow declined, less atrial vortices streamed into the LV with
reduced strength. In Model C, the MV was excluded in the model; thus,
the effective opening area was larger, leading to slower transmitral flow
even at the rapid filling phase (Frame 14). Again, as the transmitral

flow was not regulated by the MV, the flow field near the aortic root
was considerably influenced, especially at Frame 16. When the generic
LA was employed in the numerical simulation, the transmitral flow
became much more complicated, as shown in Model D. Similarly, the
largest variation was observed at Frame 16 (Model D) when the com-
plex atrial flow structure entered the LV.

Fig. 7a shows that the in-plane velocity vectors along the three-
chamber view are averaged over one cardiac cycle, and the in-
traventricular region is partitioned into five regions: (1) basal ante-
roseptal (1), basal inferolateral (2), mid anteroseptal (3), mid in-
ferolateral (4) and the apical region (5); these are based on a cross-
section of 17 segmentations along a three-chamber view [32]. As stated
by Domenichini and Pedrizzetti [2], the averaged flow field concerns a
synthetic description persisting during a cardiac cycle, providing an
additional method to analyse ventricular flow. Streamlines are next
plotted to indicate the flow direction, and the velocity vectors are
scaled by their magnitude. In addition, the Q-criterion contours are
superimposed to illustrate vortices or abrupt changes in flow direction.
To quantify the flow pattern, the distributions of area-averaged KE and
circulation (Γ) in these four models are tabulated in Table 2.

In Model A (Fig. 7b), the high mean velocity at Region 1 was in-
duced by the strong systole flow along the outflow tract, while the one
at Region 2 was located between mitral leaflets, which accelerated
transvalvular flow. The presence of asymmetric mitral leaflets gener-
ated a pair of inclined vortices in the wake, and the tilted transvalvular
jet directed the flow to the mid and apical regions in a clockwise di-
rection. As illustrated in Table 2, the KE level reduced significantly from
base to apex (by around one order of magnitude) as the flow propa-
gated downwards, owing to energy dissipation and expansion of the LV.
Generally, the generic LA did not significantly change the distributions
of KE (Table 2) and the velocity vectors (Fig. 7c). For example, the KE
level also reduced from base to apex in Model B, and the mean values of
KEs in all regions of Models A and B were close to each other
(6.08×10−3 mJ/cm3 v. 5.98×10−3 mJ/cm3). Further, the complex
flow structure in the generic LA altered the dominant atrial flow in the
direction that hindered the formation of clockwise ventricular flow,
which is evidenced by the lower circulation from 43.3 cm2/s in Model A

Fig. 6. Contours of transmitral velocity along the long-axis direction in each model at five time instants. Frame 14: near the onsite of the rapid filling phase; Frame
16: near the end of the rapid filling phase; Frame 18: at the end of the rapid filling phase; Frame 23: at diastasis; Frame 29: at the time corresponding to atrial
contraction. The plane is perpendicular to the long axis. C. Time-averaged intraventricular flow pattern.
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to 27.5 cm2/s in Model B (Table 2). In addition, the apical flow was
counterclockwise, as indicated by the streamlines in Fig. 7b. As shown
in Table 2, the KE level in the mid layer (Regions 3 and 4) elevated and
that in Region 1 lowered, leading to relatively more uniform KE dis-
tribution, which was consistent with the deeper propagation of trans-
valvular flow and improved mixing of flows observed in Fig. 4h&i.

In the valveless Model C, only Region 1 had high mean velocity, and
the abrupt change in flow direction occurred at the aortic root, as in-
dicated by the Q-criterion contours (Fig. 7d). Although a posterior
vortex was present, its strength significantly weakened, as indicated by
the Q-criterion contours. The KE levels at all regions in Model C also
dropped considerably with respect to Model A (2.08× 10−3 mJ/cm3 v.
6.08×10−3 mJ/cm3), as well as circulation (13.3 cm2/s v. 43.3 cm2/
s). Compared to Model C, the generic LA in Model D induced an irre-
gular flow pattern and directed the dominant flow direction counter-
clockwise, which was indicated by a negative circulation of
−20.7 cm2/s. As such, these irregular vortices escalated the KE level in
Model D (3.40×10−3 mJ/cm3 v. 2.08× 10−3 mJ/cm3).

4. Discussion

In the present study, four models with identical LVs were simulated
to understand the effects of the LA on intraventricular flow with and
without the MV. Most of the numerical studies in the literature exclude
the MV and have a tubular LA (Model C shown in Fig. 5, upper row).
The myocardium near the onset of diastole is hardly dilated with re-
spect to the mitral orifice; thus, the vortex formation is delayed [25,26].
Consequently, the transvalvular flow through the larger mitral orifice
has lower momentum, as reflected in the relatively low transmitral flow
velocity, leading to shorter propagation into the LV chamber. In some
studies, purposely narrowed mitral orifices were adopted as a remedy
to facilitate vortex formation and mixing [5,9,10,33]. Indeed, the im-
portance of incorporating MV leaflet dynamics into the flow field in the
LV has been analysed in this (Model A) and other recent studies
[6,18,20,28]. In a valvular model, the boundary layer separation oc-
curred at the MV tip and the resultant vortex ring was initiated at the
onset of the rapid filling phase. In addition, the wake of the MV pro-
moted the growth of the vortex ring in size, which was further propelled
towards the apex by a stronger transvalvular flow induced by the
smaller, effective opening area of the MV. As listed in Table 2, the mean
KE in Model A is about three times higher than that in Model C
(6.08×10−3 mJ/cm3 v. 2.08×10−3 mJ/cm3). The asymmetric con-
figuration of the MV also plays an important role in the dominant di-
rection of intraventricular flow, as a longer anterior leaflet directs the
flow towards the lateral side of the LV wall, increasing the strength of
circulation (43.3 cm2/s v. 13.3 cm2/s).

In the valveless model with a generic LA (Model D), its complex
structure induced vortices from the onset of the rapid filling phase,
while the marginal dilation of the LV with respect to the MV did not
allow the generation of a vortex ring, which formed at a later stage.
However, the large opening area of the mitral orifice allowed the
transportation of these vortices into the LV without much dissipation.
Thus, the flow field in the LV was dominated by these vortices, which
was consistent with the elevated KE level in Model D compared to
Model C. In addition, the generic LA redirected the dominant flow
counterclockwise (negative circulation) compared to Model C
(−20.7 cm2/s v. 13.3 cm2/s). As mentioned by Schenkel et al. [3], so-
lely incorporating a physiological LA without an MV had adverse effect
on the numerical simulation of the LV flow; as far as is known, no
valveless model in 3D with generic LA is available in the literature.
However, a similar, two-dimensional model was investigated by Dahl
[20], who observed that the intraventricular flow was not physiolo-
gical, with no rational flow occurring inside the LV during diastasis in
the 2D model with a generic LA and no leaflets. Even if a simplified
tubular LA is adopted in the valveless model (Model C), the relative
angle of said tubular LA with respect to the LV should be properly
defined to avoid the counterclockwise flow direction observed by Seo
and Mittal [10], and Pedrizzetti et al. [34].

In the model with the generic LA and dynamic MV (Model B), the
atrial vortices underwent higher dissipation when flowing through the
MV, which, in turn, influenced intraventricular flow. The

Fig. 7. Time-averaged flow pattern over a cardiac cycle along a three-chamber
view. (a) Five partitions and three layers in the LV chamber including basal
anteroseptal (1), basal inferolateral (2), mid anteroseptal (3), mid inferolateral
(4) and the apical region (5). (b)–(e): Streamlines, velocity vector map and
contours of the Q-criterion magnitude in Models A, B, C and D, respectively.

Table 2
Distribution of area-averaged KE in five regions of the LV and circulation in four models (+: Clockwise; −: Counterclockwise).

Regions in LV

1 2 3 4 5 All

Model A KE (mJ/cm3) 1.69E-02 8.90E-03 1.10E-03 1.79E-03 3.89E-04 6.08E-03
Γ (cm2/s) +43.3

Model B KE (mJ/cm3) 1.21E-02 1.00E-02 2.72E-03 3.34E-03 2.00E-04 5.98E-03
Γ (cm2/s) +27.5

Model C KE (mJ/cm3) 6.89E-03 2.86E-03 1.09E-04 7.60E-05 9.14E-06 2.08E-03
Γ (cm2/s) +13.3

Model D KE (mJ/cm3) 1.08E-02 4.10E-03 1.80E-03 3.00E-04 1.65E-04 3.40E-03
Γ (cm2/s) −20.7
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counterclockwise circulation in Model D (−20.7 cm2/s) was also re-
stored to a clockwise direction in Model B (27.5 cm2/s), and the mean
KE level increased from 3.4×10−3 cm2/s to 5.98× 10−3 cm2/s, re-
spectively. Although Model B was more similar to Model A rather than
Model D in terms of vortex structure (Figs. 4 and 5), the discrepancy
between these two models demonstrated the influences of the atrial
vortices on intraventricular flow structure (Fig. 4), which was further
reflected in the reduced circulation (27.5 cm2/s v. 43.3 cm2/s).

In the literature, the effect of the physiological LA was qualitatively
depicted by Mihalef et al. [21], who mentioned that atrial vortices alter
the intraventricular flow insignificantly. Therefore, as they suggested,
imposing an appropriate inlet boundary condition that could represent
vortices in the physiological LA is a feasible solution in a left heart
model with no or simplified LA. Notably, the effects of the LA on in-
traventricular flow were analysed by Vedula et al. [14] and Lantz et al.
[17]. The former group found that most of the vortices in the LA did not
survive the passage through the MV, and the effect of the physiological
LA was small, with the overall differences limited to about 10 per cent
of the peak mitral flow velocity. Similarly, the latter study observed
that the effect of LA flow was minor, owing to the regularisation of the
MV. Overall, these two studies are consistent with the current one, in
that the configuration of the LA did not affect the KE levels in the
valvular models (6.08×10−3 mJ/cm3 in Model A v. 5.98×10−3 mJ/
cm3 in Model B). In terms of vortex structures, both studies in the lit-
erature agreed that the influence of atrial flow was mild, aligning with
the current study. The main discrepancy between these two observa-
tions in Refs. [14,21] is whether the transvalvular vorticity transport
model is necessary. The present study agreed with the former one in
Ref. [21] that the certain vortical transportation model is a reasonable
approach to better mimic physiological conditions; this was also ob-
served in the transmitral flow. This is because the survived atrial vor-
tices were able to alter the ventricular flow to some extent, as de-
monstrated by the undesired apical vortex. In Ref. [14], the EF of the
subject was only 43 per cent, which is lower than the normal range of
55–75 per cent (64.5 per cent in the present study). A lower EF induces
a lower momentum of blood from the pulmonary veins and weaker
vortices, leading to faster dissipation. In addition, the temporal varia-
tion of LV volume in Ref. [14] did not include a typical rapid filling
phase, diastasis and atrial contraction phases, due to the lower temporal
resolution of CT imagery. Evidently, these two limitations both con-
tributed to the discrepancy.

Nevertheless, this study has several limitations. Similar to most
numerical studies on LV flow, the effects of the trabeculae and papillary
muscles on intraventricular flow were neglected, in part due to the low
spatial resolution of the short-axis images in the out-of-plane direc-
tion—an intrinsic limitation of routine CMR scans. In the numerical
study based on CT imagery with relatively isotropic spatial resolution
[14], it has been observed that the trabeculae and papillary muscles
considerably altered the vortex structure without significant influence
on the overall hydrodynamic efficiency of the ventricle. Second, a
generic LA without deformation instead of a patient-specific one was
adopted, owing to the incomplete coverage of routine CMR scanning
and possibly a desynchronisation of cardiac cycles between different
sources (e.g., CMR scan and CT scan). However, as mentioned, the main
purpose of introducing the generic LA model was to generate complex
atrial vortices. As a result, their passage through the MV and their ef-
fects on downstream ventricular flow could be analysed through a
comparison with its counterpart with tubular LA. Otherwise, the phy-
siological LA as well as the flow profile within the pulmonary veins
must be acquired simultaneously from the same subject. The well-re-
cognised flow pattern was subsequently observed in valvular Model A
(Fig. 7b), and the apical vortex in Model B (Fig. 7c) demonstrated the
capability of atrial vortices on influencing ventricular flow. Lastly, only
single subject was selected under rest condition, meaning the influences
of both subject variation and exercise condition were neglected [35].

5. Conclusion

This study found that the atrial vortices only appeared in the generic
LA, while the flow in its tubular counterpart was uniform. In the ab-
sence of an MV, atrial vortices dominated intraventricular flow, espe-
cially during the rapid filling phase, likewise escalating KE levels.
Further, the orientation of both tubular and generic atriums must be
properly designed to generate clockwise (positive) circulation. After
incorporating the MV, the intraventricular flow was less sensitive to the
flow pattern in the atrium (i.e., the dominant flow direction was mainly
influenced by asymmetric mitral leaflets). However, the influence of a
generic LA was not trivial, and the survived atrial vortices could affect
the downstream ventricular flow, especially for subjects with high EF.
Overall, different observations in the current study and in other re-
levant studies imply that this framework should be applied to more
subjects under various conditions to gain a more comprehensive un-
derstanding.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.compbiomed.2019.01.011.
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