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Left ventricular torsion is caused by shortening and relaxation of the helical fibres in the myocardium,
and is thought to be an optimal configuration for minimizing myocardial tissue strains. Characteristics
of torsional motion has also been proposed to be markers for cardiac dysfunction. However, its effects
on fluid and energy dynamics in the left ventricle have not been comprehensively investigated. To inves-
tigate this, we performed image-based flow simulations on five healthy adult porcine and two healthy
human foetal left ventricles (representing two different length scales) at different degrees of torsional
motions. In the adult porcine ventricles, cardiac features such as papillary muscles and mitral valves,
and cardiac conditions such as myocardial infarctions, were also included to investigate the effect of
twist. The results showed that, for all conditions investigated, ventricular torsional motion caused min-
imal changes to flow patterns, and consistently accounted for less than 2% of the energy losses, wall shear
stresses, and ejection momentum energy. In contrast, physiological characteristics such as chamber size,
stroke volume and heart rate had a much greater influence on flow patterns and energy dynamics. The
results thus suggested that it might not be necessary to model the torsional motion to study the flow
and energy dynamics in left ventricles.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The helical structure of fibres in the myocardium and the
change in angles of these fibres along the myocardial wall thick-
ness leads to torsional motion of the ventricle during contraction
and relaxation (Sengupta et al., 2007; Taber et al., 1996). Torsional
motion is the circular movement of the left ventricle (LV) about its
long axis, and is typically anti-clockwise from the superior view
from the base of the heart. Typically, the apex and the base rotate
in opposite directions, and torsion is assessed by the angular differ-
ence of rotation between them. In a normal heart, this torsional
coiling motion develops during ejection, and the subsequent
uncoiling sets the stage for rapid filling after the isovolumic post-
ejection interval (Buckberg et al., 2015). The extent of LV twisting
is correlated with ejection fraction and longitudinal deformations
of the heart (Pacileo et al., 2011), since both the torsion and stroke
volume originate from myocardial contractions. Based on solid
mechanics studies, coiling of the myocardium was proposed to
be optimised for a uniform distribution of stress and minimal
strain per ejected volume (Grosberg and Gharib, 2009), and systolic
ventricular torsion was proposed to be a storage of elastic potential
energy that would assist in diastole recoil untwisting (Nakatani,
2011).

This torsional motion of the LV has been proposed as a marker
for LV diseases. Torsion is a good indicator of the state of LV con-
traction and relaxation, and its characteristics change during LV
dysfunction. For example, patients with various forms of car-
diomyopathy were observed to have lower twist rate, and delayed
onset of untwisting (Pacileo et al., 2011). Patients with heart failure
with normal ejection fraction have been observed to have reduced
LV apical rotation, and delayed untwisting, which coincided with
reduced LV suction and high end-diastolic pressures (Tan et al.,
2009).

To date, however, the effect of LV torsion on the intra-cardiac
fluid dynamics has not been comprehensively characterized. Con-
ceivably, the twist motion would induce a flow tangential to the
LV wall due to viscous effects, but its exact contribution to flow
patterns, fluid kinetic energy and work done for systolic ejection
need to be quantified. Multiple authors have utilized computa-
tional fluid dynamics (CFD) simulations to assess the fluid and
energy dynamics in the heart (Lai et al., 2016; Seo et al., 2014;
Vedula et al., 2016; Wiputra et al., 2016), and were successful in
improving our understanding of ventricular fluid dynamics. How-
ever, these studies did not include LV twist, and it remains unclear
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if this would cause significant errors. LV fluid mechanics during
diastole is characterized by vortex rings brought about by mitral
inflow (Domenichini et al., 2005; Elbaz et al., 2014; Pedrizzetti
et al., 2014). These vortices are known to play a crucial role in LV
fluid and energy dynamics. It would also be of interest to under-
stand if LV twist has an effect on these vortices.

In the current study, we performed CFD simulations based on
in vivo images to evaluate the effect of LV twist on intra-cardiac
fluid and energy dynamics. We investigated adult and foetal hearts,
which were at different size scales, and investigated cases in the
presence and absence of papillary muscles and mitral valves. Addi-
tionally, we also investigated cases which had cardiac abnormali-
ties such as myocardial infarction. The results indicated that, for
all cases investigated, the effects of LV torsion on fluid and energy
dynamics were negligible.
Fig. 1. Schematic to demonstrate the spherical coordinate system employed for
modelling ventricular wall motion and its relationship to the cartesian coordinate
system. Schematic also indicates the ventricular wall motions modelled, which
were the radial motion (towards/away from the centroid), and the twisting motion
(motion in the h direction, perpendicular to the direction of radial motion).
2. Methodology

The effects of LV twist were investigated at two different length
scales: two 22-weeks old human foetal LVs and five adult porcine
LVs. All intervention and imaging experiments in animals were
reviewed and approved by the Institutional Animal Care and Use
Committee (IACUC) at The National University of Singapore, while
all human subject imaging was approved by the Domain Specific
Review Board at the National University Heath Systems.

2.1. Porcine animal model and MRI acquisition

Five healthy adult porcine animals were scanned with a 3 T
Skyra MRI System (Siemens Medical Solutions, Erlangen, Germany)
scanner. Multi-phase gated cine images were acquired for several
short-axis and three long-axis slices to cover the porcine heart.
For each scan, 25 cine-images were captured per cardiac cycle, at
an in-plane resolution of 1.66 � 1.66 mm2 and a through-plane
resolution of 10 mm. Myocardial infarction (MI) was induced in
two of the porcine subjects through permanent ligation of left cir-
cumflex coronary artery (LCx). MR imaging scans were then per-
formed at 2 additional time points: one week (acute, ‘‘W_1”) and
4 weeks (chronic, ‘‘W_4”) post-LCx.

2.2. Human foetal heart and ultrasound acquisition

4D Ultrasound images were acquired under the Spatio-
Temporal Image Correlation (STIC) mode during routine checks at
22nd week of gestation, using the Voluson 730 ultrasoundmachine
with RAB 4-8L transducer (General Electric, Connecticut, USA).
Images provided 29 – 37 vol images per cardiac cycle, which could
be extracted using 4DView software (General Electric, Connecticut,
USA) into a stack of 29 cine-image slices, spaced 0.7 mm apart.

2.3. 3D reconstruction of pocine adult and human foetal LVs

Reconstruction of the porcine LV model at each time point of
the cardiac cycle was performed in Vascular Modelling Toolkit
(VMTK, www.vmtk.org) via a level set segmentation algorithm.
Papillary muscles were included in one of the porcine LVs by taking
care to preserve them during the segmentation and smoothing
process. The 3D LV surfaces were smoothed with Geomagic Stu-
dio� (Geomagic Inc., Morrisville, NC, USA). For cases which
excluded the papillary muscles, the features were removed by
smoothing the LV wall. For human foetal LVs, the ultrasound
images were first segmented via semi-automatic lazy-snapping
algorithm (Li et al., 2004), before reconstruction and surface
smoothing as in the adult porcine case. The noisy ultrasound data
prevented identification of the papillary muscles and, hence, these
cardiac features were excluded from the foetal hearts during
segmentation.

2.4. Mathematical modelling of LV wall motion

Mathematical modelling of LV wall motion were performed
using previously established methods (Lai et al., 2016;
Vasudevan et al., 2017; Wiputra et al., 2016) and greater details
of methods and limitations are discussed in these earlier publica-
tions. Briefly, a spherical coordinate system was employed from
the centroid of the LV volume, with h and / as the angle coordi-
nates and r as the radial coordinates (Fig. 1). The LV wall motion
was described as a combination of two motions: motion in the
radial direction (r) towards/away from the centroid, and motion
in the azimuthal direction (h) perpendicular to the radial axis, cor-
responding to the twist of the ventricle. The extent of twist motion
(c) was assumed to vary linearly with the polar angle coordinate
(/) from the apex to the base of the heart. Further details are avail-
able in supplementary text.

2.5. Mathematical modelling of mitral valve (MV) motion

The MV geometry was based on detailed anatomical measure-
ments from a database of 10 adult porcine specimens
(Kunzelman et al., 1994), and motion modelling was based on
our previous study (Vasudevan et al., 2019). Details are available
in the supplementary text. The digitally reconstructed MV was
then inserted into the reconstructed porcine LV model (Fig. S1a–
c). The motion of MV leaflets was prescribed based on the mea-
surement of leaflet opening angles (angles between the leaflets
and the mitral orifice plane) in the 3-chamber view from MRI data
(Fig. S1d). During the cardiac cycle, the leaflets were modelled to
fold along axes tangential to the prescribed orifice contour at the
aforementioned angles. A foetal mitral valve was modelled by scal-
ing down this adult mitral valve model and then inserted into the
reconstructed foetal LV.

2.6. Computational fluid dynamics (CFD) simulation

Dynamic mesh CFD simulations were performed with the
ANSYS Workbench Suite (ANSYS, Inc., Canonsburg, PA, USA), using
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previous established methodology (Vasudevan et al., 2019). User-
defined functions (UDFs) were employed to specify motions of
ventricular wall and mitral valve leaflets. Simulations were per-
formed for four cardiac cycles so as to remove any artefacts of
the stagnant initial condition, and results from the fourth cardiac
cycle were used for analysis. Details of methods, including bound-
ary conditions and mesh convergence study results, are given in
the supplementary text.

In order to assess the effects of torsion on LV fluid dynamics,
simulations were performed at various degrees of twist. For the
foetal cases, there is a lack of torsion data in literature, and as such,
we adopted twist data for neonates and toddlers, found to be about
e = 2–5� (Zhang et al., 2010). However, we simulated peak apical
twist values (e) of 0�, 5�, 10� and up to 15�, which was close to 8
times that found in neonates (Zhang et al., 2010). The more
extreme case of e = 15� was investigated so as to more firmly prove
lack of influence of torsional motion on flow dynamics. For adult
porcine hearts, only 0� and 15� apical twists were examined, the
latter being the average maximum apical twist observed in adult
human LVs (Sengupta et al., 2008).

2.7. Viscous energy loss analysis

Viscous frictional energy losses experienced by fluid moving
through the heart was quantified according to previous methods
(Vasudevan et al., 2017), for all the simulated hearts.

ELperiod ¼ Wperiod � KEout;period � DKEperiod ð3Þ

bE ¼ EL for 1 cycle
Stroke Volume

ð4Þ

Energy loss (ELperiod) for a certain period (e.g. systole) was calcu-
lated via laws of conservation of energy, i.e., work done by LV wall
on the fluid within the heart (Wperiod) less the outgoing kinetic
energy (KEout;period) and the increase in the kinetic energy of the
fluid (DKEperiod). During diastole, appropriate negative signs would
apply, such as onWperiod, as work would be done by fluid on the car-
diac wall. The total energy loss over one cardiac cycle was nor-
malised by the stroke volume to yield the specific energy loss

(bE). It reflected the energy loss per unit volume of cardiac output
pumped by the heart in a cardiac cycle, and was a measure of
the energy efficiency of flow transiting through the heart, or the
‘‘flow energy efficiency”. These energy terms reflected only the
work done to overcome viscous energy losses experienced by the
flow, and did not include work done to overcome afterload. Kinetic
energy and work done terms were further defined as:
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where, qwas the density, v!was the velocity vector, bn was unit nor-
mal to surface boundary, P was fluid pressure, and tstart and tend were
time points at the beginning and end of the period. Ai was the sur-
face area of the locale ‘‘i”, while VLV was the LV volume.

Average KE density, KE, was the KE per unit LV volume averaged
over a time period, and WSS was the time- and surface-averaged

Wall Shear Stress (WSS) over a cardiac cycle. cWsystole was systolic
work done normalized by the stroke volume. These were calcu-
lated as:
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3. Results

3.1. Physiological details of segmented foetal and porcine hearts

Physiological parameters of the simulated foetal and porcine
hearts are given in Table 1. The two foetal subjects were named
F#1 and F#2, while the five porcine subjects were named P#1 to
P#5. Simulation cases where a rudimentary mitral valve was
included were appended with ‘‘+MV” label, while cases where pap-
illary muscles were included were appended with ‘‘+PM” label. The
two porcine cases with induced MI were appended as ‘‘W_1” and
‘‘W_4” for acute and chronic time-points, respectively. Cases with-
out papillary muscles generally had greater volumes, stroke vol-
umes and cardiac outputs, as the papillary muscles were
protrusions into the cardiac lumen. The inclusion of mitral valves,
however, had minimal impact on the physiology of the hearts. The
changes in physiologydue to inducedMI are also included in Table 1,
and their effects on LV flow and energy dynamics has been studied
in detail in our earlier work (Vasudevan et al., 2017). As seen from
Table 1, foetal hearts were two orders of magnitudes smaller than
adult hearts, while beating at more than 1.5 times the heart rate.
Inter-subject variability between the foetal cases (in terms of ejec-
tion fraction and cardiac output), and between the adult cases (in
terms of heart rate and cardiac output) were observed.

Figs. 2–4 show the flow simulation results in the form of vortic-
ity iso-surfaces, calculated based on k2 criterion (Jeong and
Hussain, 1995), and wall shear stress (WSS) surface contour plots.
Results for porcine subjects P#1 and P#5 are shown in Figs. 2 and
3, respectively, while, those for human foetal subjects are shown in
Fig. 4. From the figures, which list cases with and without ventric-
ular torsional motions side-by-side, it was be observed that in all
cases investigated, there were only minor differences in the vortic-
ity dynamics and WSS patterns, both spatially and temporally.

Figs. 2–4 also demonstrated that prominent vortex structures in
the form of shear layers on ventricular walls, and a pair of simple
vortex rings corresponding to the E- and A-wave, were observed
in the simulated LVs. Higher WSS were observed in the vicinity of
the vortex rings as they brought faster moving flow near the LV
wall. These observations agreed with our previous studies in the
foetal (Lai et al., 2016; Wiputra et al., 2016) and adult hearts
(Vasudevan et al., 2017). Due to inter-subject variability in LV
geometry and physiological parameters (heart rate and stroke vol-
ume), significant differences in the vortex structures could be dis-
cerned between the foetal subjects and also between the porcine
subjects, which was also in agreement with our previous study
(Vasudevan et al., 2017). Vorticity dynamics appeared to be less
complex in the foetal hearts due to amuch lower Reynolds number.

Table 2 lists the calculated values of various energy indices at
different degrees of torsional motion for both adult and foetal
cases. Presence of the mitral valve increased the complexity of
flow, as could be observed from the higher density of vortex struc-
tures (Figs. 2–4), leading to higher KE density, energy losses and
WSS (Table 2). From the simulation results, it could also be
observed that with the mitral valve, the penetration depth of the
incoming mitral flow jet increased (Figs. 2–4), which brought fast
moving fluid in the vortices closer to the walls. These results



Table 1
Physiological parameters of various foetal and porcine heart simulation cases. F#1 and F#2 were the 2 foetal LV, while P#1 - P#5 were the 5 porcine adult hearts. ‘‘+MV” and ‘‘
+PM” indicate inclusion of the mitral valve and the papillary muscles, respectively, while ‘‘W_1” and ‘‘W_4” indicate the acute and chronic MI simulation cases.

Heart Rate (bpm) End-Diastolic
Volume (EDV) (ml)

End-Systolic
Volume (ESV) (ml)

Ejection
Fraction (%)

Cardiac
Output (L/min)

Adult Porcine LVs P#1 63 91.5 44.3 51.6 2.98
P#2 66 94.8 44.9 52.6 3.30
P#3 68 105.6 52.4 50.4 3.62
P#4 70 99.1 41.9 57.7 4.00
P#5 87 111.2 49.8 55.3 5.32

P#1 + MV 63 91.8 44.4 51.7 2.99
P#2 + MV 66 94.8 44.9 52.6 3.30
P#3 + MV 68 105.1 52.3 50.2 3.59
P#4 + MV 70 99.1 41.9 57.7 4.00

P#1 W_1 93 135.6 73.1 46.1 5.84
P#1 W_4 95 94.9 61.0 35.7 3.23
P#2 W_1 94 111.9 56.4 50.0 5.19
P#2 W_4 65 106.9 59.0 44.8 3.12

P#1 W_1 + MV 93 135.6 73.1 46.1 5.84
P#1 W_4 + MV 95 95.0 60.6 34.5 3.27
P#2 W_1 + MV 94 112.0 56.4 49.6 5.19
P#2 W_4 + MV 65 106.9 59.0 44.8 3.12

P#5 + PM 87 105.0 47.4 54.8 4.98
P#5 + PM + MV 87 105.0 47.4 54.8 4.98

Human Foetal LV F#1 147 0.98 0.34 65.6 0.094
F#1 + MV 147 0.96 0.33 65.6 0.093
F#2 147 0.72 0.31 57.0 0.056
F#2 + MV 147 0.70 0.32 54.5 0.056

Fig. 2. Plot of vorticity iso-surfaces (k2 criterion of �400 s�2) and WSS colour contours at various time points in the cardiac cycle, demonstrating vortex rings forming in the
porcine LV (subject #1), and generating elevated WSS on the wall close to them.
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Fig. 3. Plot of vorticity iso-surfaces (k2 criterion of �400 s�2) and WSS colour contours at various time points in the cardiac cycle, demonstrating vortex rings forming in the
porcine LV (subject #5), and generating elevated WSS on the wall close to them.

V. Vasudevan et al. / Journal of Biomechanics 96 (2019) 109357 5
agreed with previous studies on the effects of mitral valve on LV
flow patterns (Seo et al. 2014). There was, however, only a mar-
ginal change in the work required for systolic ejection between
the cases with or without mitral valves. This was consistent with
our earlier findings (Vasudevan et al., 2019) where we investigated
the effect of diastolic vortices on the flow and energy dynamics
during systolic ejection.

We observed that the energy indices changed very little
between cases with and without torsion, as well as across various
torsion extents investigated for the foetal hearts. Changes to flow
energy losses, wall shear stresses and systolic ejection work done
were consistently less than 2%, with or without ventricular torsion.
The largest change (2.5%) was for the kinetic energy within the LV
for case F#2+MV. Thus, the effect of wall torsion on flow dynamics
was still small in all the cases investigated.

As found in our earlier study (Vasudevan et al., 2017), the flow
and energy dynamics were substantially more sensitive to physio-
logical parameters such as heart rate, LV size and stroke volume.
For example, P#5 had a higher heart rate than P#1, and was asso-
ciated with elevation of all energy measures. Further, P#5 had a
lower stroke volume than P#5+PM, thus resulting in reduction of
energy measures. The same could be observed for cases F#1 and
F#2, consequent to the higher stroke volume in F#1.

Table 3 shows the p-values (calculated by two-sided Wilcoxon
signed ranked test at 5% significance level) that indicate the statis-
tical significance of the differences in the energy indices in the
presence and absence of twist, with the null hypothesis being that
there is no difference between the energy indices at the two twist
conditions. The statistical analysis was performed only for the por-
cine subjects, as there were very few foetal subjects to conduct a
meaningful statistical analysis. The high p-values are a result of a
low sample size, and hence, there is not enough statistical evidence
to reject the null hypothesis, suggesting that LV twist did not
affected these energy and flow dynamics parameters. A signifi-
cantly higher sample size might be required for a better statistical
judgement on the null hypothesis. Nevertheless, in our opinion, the
presence or absence of statistical significance might be unimpor-
tant, because in either case, the differences in energy indices would
remain small for all the cases considered. (5 healthy cases and 4
diseased cases without MV, and the corresponding cases with
MV, as well as two foetal cases with and without MV). The energy
indices were far more dependent on changes in physiology (due to
inter-subject variability and/or diseased conditions such as MI),
and the presence of MV.

Overall, the results indicated that LV twist played a minimal
role in the fluid and energy dynamics of blood flow through the left
ventricles of adult and foetal hearts. This was observed in all the
cases investigated irrespective of the presence or absence of papil-
lary muscles and mitral valves, as well as in cases with myocardial
infarction.
4. Discussion

In the current study, we performed extended studies on the
effect of LV torsional motion on the flow and energy dynamics of



Fig. 4. Plot of vorticity iso-surfaces (k2 criterion of �50 s�2 for F#1 and F#2 case, and �400 s�2 for F#2+MV) and WSS colour contours at various time points in the cardiac
cycle, demonstrating vortex rings formation and the subsequent elevation of WSS on the wall close to them.
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the LV, using image-based CFD. Our investigations covered two dif-
ferent size scales, viz. human foetal hearts and adult porcine
hearts, and included cases with and without the mitral valve and
the papillary muscles. Two porcine cases with acute and chronic
MI were also included in the study. Results demonstrated that at
a realistic maximum ventricular torsion, estimated to be 15�,
between the apex and the base of the heart, there were insignifi-
cant changes to the flow patterns and energy dynamics of flow in
the heart. In fact, the resulting vorticity and wall shear stress plots
were remarkably similar, suggesting that there were no specific
regions in the LV where there were elevated differences caused
by the torsion, and the differences were small everywhere.

The reason we investigated situations with and without the
papillary muscles, was that the papillary muscles were protrusions
into the LV lumen, and they could conceivably induce greater tor-
sional flow. The mitral valve, on the other hand, was a more impor-
tant consideration, as it increased mitral inflow velocities and
deepened their penetration towards the apex, and caused vortices
to have increased interactions with walls. Lastly, two porcine cases
at different stages of MI were also included, as MI is known to sig-
nificantly affect the LV physiology (Table 1) (Kupper et al., 1977;
Nager et al., 1967). LV torsion had little direct consequence on
the fluid mechanics of the LV, in the sense that the lateral shear
induced by the torsional motion only brought about small changes
in the flow. This was approximated to be 2 orders of magnitude
smaller than the momentum energy of cardiac flows, given that
the torsion only brought about less than 2% change in energy
parameters. Results, demonstrated that papillary muscles and
mitral valves were not important to the effect of torsion motion
on flow dynamics.

Our current and previous simulations (Vasudevan et al., 2017)
indicated that physiological parameters such as heart rate, stroke
volume, ventricular anatomy and size had much greater influence
on flow patterns and energy dynamics. To date, there have been a
number of simulations of the LV fluid dynamics (Domenichini
et al., 2005; Lai et al., 2016; Larsson et al., 2017; Mihalef et al.,
2011; Schenkel et al., 2009; Seo et al., 2014; Su et al., 2014;
Vedula et al., 2016; Wiputra et al., 2017), which did not include
modelling of LV torsion. Our study demontrated that the lack of
LV torsion would not have significantly affected the results, and
future simulations may not need to model the torsion.

Clinically, however, the LV torsion is known to correlate cardiac
hemodynamics and heart function (Pacileo et al., 2011; Tan et al.,
2009). This could be explained by the LV torsion being an indicator
of the contractility and manner of contraction of the heart, which
were the primary determininats of the hemodynamic outcome.



Table 2
Energy indices for adult porcine (P#1 - P#5) and human foetal (F#1 and F#2) left ventricles at different degrees of maximum apical twist. bE – Energy loss per cycle per cardiac
output, KE – time-averaged kinetic energy density, WSS – time- and space-averaged wall shear stress, cWsyst: – work done for systolic ejection per stroke volume. ‘‘+PM” indicates
inclusion of papillary muscles in the simulations, while ‘‘+MV” indicates inclusion of the mitral valve in the simulations. ‘‘W_1” and ‘‘W_4” indicate the acute and chronic MI cases.
% change was calculated based on comparison with the corresponding 0� twist case, which is the absence of ventricular torsion.

Case Max. apical twist (e) bE(mJ/L) KE(mJ/L) WSS(Pa) ccWsystole(mJ/L)

% change % change % change % change

Adult Porcine LV P#1 0� 49.6 7.73 0.823 1102
15� 49.5 �0.2% 7.75 0.3% 0.826 0.4% 1106 0.4%

P#2 0� 100.4 15.77 1.176 752
15� 100.8 0.4% 15.82 0.3% 1.178 0.2% 754 0.3%

P#3 0� 35.36 9.40 0.872 256.0
15� 35.30 �0.2% 9.42 0.2% 0.876 0.5% 256.3 0.1%

P#4 0� 87.0 15.25 1.122 2041
15� 86.6 �0.5% 15.27 0.1% 1.123 0.1% 2046 0.2%

P#5 0� 73.62 23.9 1.37 563.7
15� 73.55 �0.1% 23.8 �0.4% 1.36 �0.7% 564.2 0.1%

P#1 + MV 0� 112.9 15.60 1.12 1144
15� 111.7 �1.1% 15.57 �0.2% 1.13 0.9% 1134 �0.9%

P#2 + MV 0� 294.6 28.7 1.497 738
15� 295.0 0.1% 28.8 0.6% 1.503 0.4% 740 0.3%

P#3 + MV 0� 89.4 17.7 1.165 250
15� 88.6 �0.9% 17.6 �0.5% 1.162 �0.3% 249 �0.4%

P#4 + MV 0� 195.8 27.51 1.489 2077
15� 196.1 0.2% 27.46 �0.2% 1.486 �0.2% 2075 �0.1%

P#1 W_1 0� 166.99 26.69 1.477 1765
15� 166.96 �0.02% 26.71 0.1% 1.482 0.3% 1762 �0.2%

P#1 W_4 0� 81.2 13.07 1.027 934
15� 82.1 1.1% 13.28 1.6% 1.033 0.6% 947 1.4%

P#2 W_1 0� 148.9 29.2 1.571 3464
15� 146.9 �1.3% 29.1 �0.3% 1.576 0.3% 3446 �0.5%

P#2 W_4 0� 90.5 14.42 1.114 1202.1
15� 90.6 0.1% 14.44 0.1% 1.117 0.3% 1201.8 �0.02%

P#1 W_1 + MV 0� 508.1 61.8 2.211 1731
15� 508.0 �0.02% 61.3 �0.8% 2.208 �0.1% 1725 �0.4%

P#1 W_4 + MV 0� 176 25.3 1.334 973
15� 179 1.7% 25.7 1.7% 1.342 0.6% 980 0.7%

P#2 W_1 + MV 0� 386 52.7 2.078 3422
15� 381 �1.2 51.9 �1.5% 2.082 0.2% 3395 �0.8%

P#2 W_4 + MV 0� 311 27.2 1.473 1192
15� 313 0.5% 27.3 0.2% 1.472 �0.1% 1193 0.1%

P#5 + PM 0� 64.1 20.04 1.287 400
15� 63.8 �0.5% 20.05 0.00% 1.289 0.2% 401 0.3%

P#5 + PM + MV 0� 136 29.5 1.54 396
15� 139 1.8% 29.9 1.4% 1.56 1.3% 397 0.4%

Human Foetal LV F#1 0� 26.01 2.901 0.701 181.1
5� 25.99 �0.1% 2.899 �0.1% 0.701 0.0% 180.6 �0.3%
10� 26.02 0.0% 2.903 0.1% 0.702 0.1% 180.7 �0.2%
15� 26.01 0.0% 2.901 0.0% 0.702 0.1% 180.5 �0.3%

F#1 + MV 0� 68.6 5.50 0.911 173.2
15� 69.9 1.9% 5.61 2.0% 0.925 1.5% 174.9 1.0%

F#2 0� 22.85 2.130 0.562 85.1
5� 22.81 �0.2% 2.128 �0.1% 0.562 0.0% 85.0 �0.1%
10� 22.78 �0.3% 2.124 �0.3% 0.562 0.0% 85.0 �0.1%
15� 22.75 �0.4% 2.121 �0.4% 0.563 0.2% 84.9 �0.2%

F#2 + MV 0� 60.3 4.04 0.73 81.4
15� 61.4 1.8% 4.14 2.5% 0.74 1.9% 82.3 1.1%

Table 3
p-values (at 5% significance level) from two-sided Wilcoxon signed rank test to indicate statistical significance of differences in energy indices between the porcine hearts at the
two twist conditions investigated (0� and 15�). ‘‘Healthy + Disease” indicates that the 4 cases of infarcted heart simulations were grouped with the 5 cases of healthy heart
simulations to make n = 9. * indicates that the P#5 + PM + MV case was used as one ‘‘with MV” case, grouped with other cases where the PM was not modelled.

p-value n DbE DKE DWSS D
ccWsystole

Healthy (with no MV) 5 0.50 0.56 0.63 0.06
Healthy (with MV) 5* 1.00 0.88 0.31 0.69
Healthy + Diseased (with no MV) 9 0.71 0.43 0.12 0.44
Healthy + Diseased (with MV) 9* 0.71 0.88 0.16 0.45
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The direct contribution of the shearing motion of the ventricular
torsion to fluid motion, such as that tested in the current study,
would be difficult to test clinically.

The current study has a few limitations. Firstly, the ventricular
twist was modelled as a net basal-to-apical twist, that increased
linearly from zero at the base to a maximum at the apex, while
in the actual heart, the base twisted in a direction opposite to that
at the apex. However, our modelling could be argued to be a more
extreme test case, as we would have larger amplitudes of torsional
wall velocities as opposed to the situation where some parts of the
heart were twisting in an opposite direction. Modelling the oppo-
site twist at the base would only reduce the contribution of ven-
tricular torsion to flow dynamics. Secondly, we did not test cases
where mitral valve chords were present. Since these chords trans-
verse the ventricular lumen, they could bring about greater tor-
sional forces on the blood fluid. Thirdly, our mitral valve model
was a simplified and rudimentary one, and would be sufficiently
accurate to represent the actual fluid-interaction between the
valve and flow. However, this was not the focus of our study. The
mitral valve model achieved the desired effects of narrowing and
accelerating the inflow as a mitral valve should, and enabled us
to test the effects of ventricular torsion under such a cardiac flow
condition. Finally, we performed a statistical analysis on a limited
number of porcine subjects, and more subjects might be required
to make better statistical inference. However, our simulations
showed that the effect of twist on LV energetics was very small
(by about 2 orders of magnitude) compared to the effects of
changes in physiology.

5. Conclusion

We performed simulations of flow in the left ventricle at the
foetal and adult length scales, without and without papillary mus-
cles and mitral valves, as well as under a diseased condition, to
investigate whether ventricular torsion affected flow and energy
dynamics. We found that ventricular torsion had insignificant
direct influence on flow patterns, energy losses, ejection work done
and wall shear stress. Therefore, excluding torsion from LV simula-
tion models would not significantly affect the fluid dynamics.
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