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Abstract—In both adult human and canine, the cardiac right
ventricle (RV) is known to exhibit a peristaltic-like motion,
where RV sinus (inflow region) contracts first and the
infundibulum (outflow region) later, in a wave-like contrac-
tion motion. The delay in contraction between the sinus and
infundibulum averaged at 15% of the cardiac cycle and was
estimated to produce an intra-ventricular pressure difference
of 15 mmHg. However, whether such a contractile motion
occurs in human fetuses as well, its effects on hemodynamics
remains unknown, and are the subject of the current study.
Hemodynamic studies of fetal hearts are important as
previous works showed that healthy cardiac development is
sensitive to fluid mechanical forces. We performed 4D
clinical ultrasound imaging on eight 20-weeks old human
fetuses. In five fetal RVs, peristaltic-like contractile motion
from the sinus to infundibulum (‘‘forward peristaltic-like
motion’’) was observed, but in one RV, peristaltic-like
motion was observed from the infundibulum to sinus
(‘‘reversed peristaltic-like motion’’), and two RVs contrac-
tion delay could not be determined due to poor regression fit.
Next, we performed dynamic-mesh computational fluid
dynamics simulations with varying extents of peristaltic-like
motions for three of the eight RVs. Results showed that the
peristaltic-like motion did not affect flow patterns signifi-
cantly, but had significant influence on energy dynamics:
increasing extent of forward peristaltic-like motion reduced
the energy required for movement of fluid out of the heart
during systolic ejection, while increasing extent of reversed
peristaltic-like motion increased the required energy. It is
currently unclear whether the peristaltic-like motion is an
adaptation to reduce physiological energy expenditure, or
merely an artefact of the cardiac developmental process.

Keywords—Human fetus, Right ventricle, Peristaltic motion,

Fluid mechanics, Ventricular vortex, Wall shear stress.

INTRODUCTION

In both adult human and canine, it is known that
right ventricle (RV) exhibits a peristaltic-like
motion.3,13 Contractions were observed to initiate first
at the RV sinus, which is near to the inflow region, and
later at the infundibulum which is near the outflow
tract. In between those two regions, a wave of con-
traction would travel from the sinus to the
infundibulum in a peristaltic-like manner (Fig. 1). In
the adult human, the delay in contraction between the
sinus and infundibulum averaged at 15% of the car-
diac cycle.3 In canine RV, the delay in contraction was
estimated to produce an intraventricular pressure dif-
ference of approximately 15 mmHg between the sinus
and infundibulum.13 However, after these initial find-
ings, there has been little study on the topic, and the
effects of the peristaltic-like motion on heart function
or hemodynamics remained unknown. In fact, the
existence of the peristaltic-like motion in human fe-
tuses has yet to be confirmed.

We are particularly interested in studying the effect
of this peristaltic-like motion and its influence on
hemodynamics in the human fetal RV. Such mechanics
studies in fetuses are important, as pointed out by
evidence that suggests that the growth of prenatal
heart could be affected by the fluid mechanical forces,
and abnormal blood flow forces may have major
contribution to development of congenital heart mal-
formations. For example, Hove et al.5 showed that
distortion of the fluid dynamics in zebra fish embryo
heart by insertion of micro beads lead to malformation
of the heart, Tobita et al.16 showed that the ligation of
the left atria of chick embryos could lead to
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hypoplastic left hearts, while Tworetsky et al.17 showed
that alteration of the fluid dynamics, by dilation of the
aorta, could alleviate the mal-development of
hypoplastic left heart syndrome in human fetuses.
Currently, however, there is insufficiency understand-
ing of the characteristics of human fetal cardiac blood
flow mechanical force environment, and their effects
on fetal heart development.

In the current study, we first attempted to detect and
characterize peristaltic-like motion in human fetal RV.
Following which, we employed clinical ultrasound-
based dynamic mesh Computational Fluid Dynamics
(CFD) to assess the effect of this peristaltic-like motion
on fetal RV fluid dynamics.

METHODOLOGY

The study protocol was approved by the Domain
Specific Review Board of the National Health Group
(Singapore) and written informed consent were
obtained from all participants. Eight normal 20-weeks
old fetal subjects were investigated to quantify the
peristaltic-like motion, while three of the eight were
used for CFD. The methods for CFD followed the
procedure proposed by Wiputra et al.18,19 with modi-
fications to incorporate the peristaltic-like motion.
Detailed methodology and limitations of the technique
can be found in these earlier publications.

Image Acquisition and Reconstruction

4D Ultrasound images were taken during routine
checks at 20th week of gestation using Voluson 730
ultrasound machine with RAB 4-8L transducer (Gen-
eral Electric, Connecticut, USA). The transducer had a

frequency range of 4–8.5 MHz. Images were acquired
under the 4D Spatio-Temporal Image Correlation
(STIC) mode.12

The STIC imaging sweep occurred over 10–15 s,
with image capture rate of 70–90 frames per seconds,
thus giving 29–37 volumes for 1 cardiac cycle. The 4D
scans were then extracted using 4DView software
(General Electric, Connecticut, USA) for processing. A
stack of 29 image slices perpendicular to the four
chamber view were exported from the volumetric
images at each time points, spaced at 0.6–0.7 mm
apart. On each 2D image, the right ventricle lumen was
first segmented into binary images based using the lazy
snapping algorithm8,19 as a strategy to counter rela-
tively high level of noise in ultrasound images. 3D
reconstruction was then performed from these binary
images via Vascular Modeling Toolkit software.15

Characterization of RV Peristaltic-Like Motion

From the 4D STIC image, 2D cine-images (image
over time) of the heart at multiple regularly-spaced
cross-sectional slices parallel to the apical four cham-
ber view were extracted. Slices were labelled with
increasing slice number from the RV sinus (near inlet)
to the infundibulum (near outlet). We attempted to
cover the entire RV, by including all slices where the
lumen of the RV was visible. The cross-sectional area
of the cardiac lumen over time was quantified at every
cross-sectional slice.

We characterized the peristaltic-like motion by
quantifying the time delay of contraction between the
sinus and the infundibulum, using the workflow out-
lined in Fig. 2. The plot of luminal area over time for
each slices was smoothed using a Fourier filter, with a
cut-off frequency of the third frequency mode, result-
ing in a smooth graph shown in Fig. 2b. The time at
which the heart achieved the maximum luminal area
within a particular slice was then recorded. This time
point marked the onset of contraction at that partic-
ular slice, as the area would start to decrease after
reaching its maximum. Thereafter, the time point at
maximum area was plotted against slice location
(measured as distance from the inflow region), as
shown in Fig. 2c, to investigate the trend of when
different slices initiated contraction. From this figure,
the delay in contraction could then be modelled via a
linear curve-fitting. The gradient of this linearly fitted
curve would signify the delay in contraction across the
different slices. The total time delay between the sinus
and infundibulum could also be computed by multi-
plying the gradient of the fitted curve with the distance
between the sinus and the infundibulum.

As the measurements of the contraction delays were
done with 2D planar cine-images, any translation of the

FIGURE 1. Illustration of the ‘‘forward’’ peristaltic-like mo-
tion, where contraction occurred first in the sinus (inlet re-
gion) and later in the infundibulum (outlet region), spreading
between the two regions like a wave. A time delay in con-
traction between different regions can be measured.
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heart in the out-of-plane direction will affect the delay
values. To account for this, the out-of-plane transla-
tions were quantified, by first re-sampling the images

along the perpendicular plane, and performing cross-
correlation between images from different time points.
Normalised cross-correlation was computed as follows:

FIGURE 2. Workflow for characterization of the extent of the peristaltic-like motion, via quantification of the contraction delay
from the RV sinus to infundibulum. (a) Segmentation of the ventricular lumen area over all time points, at multiple evenly spaced
slices parallel to the four chamber view. (b) Luminal cross section area was plotted against time for each slice and smoothed via a
Fourier filter. (c) The time at maximum area, which indicates the time of onset of contraction, was plotted against the slice number
(increasing slice number were at linearly increasing distance from the RV sinus), and a linear regression line were used to model
the trend.
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Cðr; sÞ ¼ 1
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K x; yð Þ � �Kð Þ I xþ r; yþ sð Þ � �Ið Þ
rIrk

where K was the kernel from the source image, chosen
to be just big enough to contain the RV, I was the
window of the same size on the target image, with
horizontal and vertical offset of r and s pixels. r was
the standard deviation of the pixel intensity within the
kernel/window, x and y were the location of the pixels,
and n was the number of pixels. The (r, s) values with
the highest correlation was taken to be the displace-
ment. Maximum cumulative out-of-plane translations,
however, were consistently small (<0.15 mm), and
was thus neglected.

Mathematical Model of RV Wall Motion

A mathematical modelling of the RV wall motion
was required to control the mesh movements in the
CFD simulation of flow. The movement of the right
ventricle wall was modelled by the radial displacement
of each point on the surface under the spherical
coordinate system, described by Eq. (1). Since the wall
only moved radially, the torsion in the ventricle was
not modelled, which was a limitation of the model.

rmodel h;/; tð Þ ¼ a h;/ð Þ � X t� Dt /ð Þð Þ
� uðt� Dt /ð ÞÞ þ r0ðh;/Þ

ð1Þ

X tð Þ was the characteristic waveform that describes
the radial motion, a h;/ð Þ was its amplitude and
r0ðh;/Þ was the radial initial condition, obtained from
the reconstructed geometry. h and / describes the
azimuthal and polar angles in spherical coordinate
system (depicted in Fig. 3). Differ from previous
publications, Dt and u (unit step function) were added
to model the contraction delay across the RV.

X tð Þ was approximated by taking the volume of the
reconstructed ventricle over time to the power of 1/3,
described with Fourier functions up to the eight fre-
quency nodes. X tð Þ was then amplitude normalised,
such that a h;/ð Þ represented the amplitude of the
radius change. The amplitude was obtained from
sampling radius of RV surfaces from its centroid at the
interval of 10� from 0� to 360� and 0� to 180� for h and
/ over time. Spherical harmonic functions were used to
model a h;/ð Þ, in contrast with the 2D Fourier used in
our previous implementation.19 This was because
spherical harmonics were a better model for a at the
poles of the spherical coordinates (at / = 180� and 0�)
where a values must be constant across all h values.

The peristaltic-like motion could be described as a
delay in contraction at different cross-sectional slices of
the heart. In Eq. (1), Dtð/Þ was used to describe this

delay to model the peristaltic-like motion. The delay
were modelled to be linear with the out-of-plane
Cartesian distance from sinus slices to infundibulum
slices, which could be described in spherical coordinate
system as:

Dt /ð Þ ¼ D

2
cos /ð Þ þ D

2

����

���� ð3Þ

where D
2 represented the amplitude of the contraction

delay, and D was the time delay of contraction between
the two ends of the RV (sinus and infundibulum),
whose sign depended on the sequence of contraction
(i.e. positive for sinus fist and negative for infundibu-
lum first). Further, the unit step function (u) in Eq. (1)
was added to ensure that every slice would start its
motion at the correct moment within the first cardiac
cycle.

For convenience, we established the naming con-
vention for the various peristaltic-like motion cases
using the contraction delay value, ‘‘D’’. ‘‘D = 15%’’
would refer to the ‘‘forward’’ peristalsis case where the
inlet region contracts before the outlet region by a time
gap of 15% of cardiac cycle. While ‘‘D = 210%’’
would refer to the ‘‘reversed’’ peristalsis case where the
outlet region contract earlier than the inlet region by a
time gap of 10% of cardiac cycle.

To understand the effects of the peristaltic-like
motion on RV flow, for one of the fetal heart dataset
(RV-I), CFD was repeated for various extent of peri-
staltic-like motions, with the inlet-to-outlet contraction
delay (D) of 15, 10, 5, 0% of cardiac cycle. The case of
D = 0% of cardiac cycle referred to an absence of the
peristaltic-like motion, which served as the control
case. We further performed simulations on this heart
with a peristaltic-like motion in the opposite direction
(‘‘the reversed peristaltic-like motion’’) with inlet-to-
outlet contraction delay (D) of 215, 210 and 25% of
the cardiac cycle. Two other randomly chosen fetal
RVs (RV-II and RV-IV) were used to perform CFD
with D ¼ 215, 0 and 15% of cardiac cycle. To ensure
that the comparison between different cases were
conducted fairly, the stroke volumes of the different
contraction delay cases were controlled to be with-
in ±1.5% of the stroke volume at D = 0% case.
Adjustments to the stroke volume was achieved by
applying a factor to a h;/ð Þ. The resulting mesh motion
of a case with forward peristalsis-like motion is pre-
sented as supplementary video 1.

Computational Fluid Dynamics Simulation

Dynamic mesh CFD simulations were performed
with ANSYS FLUENT 16.0 (Ansys Inc., Canonsburg,
PA, USA) built-in solver to solve the incompressible
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Navier–Stokes equation, which included the continuity
Eq. (4) and the momentum Eq. (5), given below:

r:v ¼ 0 ð4Þ

q
@v

@t
þ v:rv

� �
¼ �rPþr: l _cð Þrvð Þ ð5Þ

where v was the flow velocity, P was pressure, lð _cÞ was
non-Newtonian viscosity, as a function of shear-rate, _c,
which were described with the Carreau–Yasuda
model.7 q was the fluid density. For all right ventric-
ular models investigated, the mesh was unstructured
and consisted of 1.0–1.5 million tetrahedral elements.
The boundary conditions were specified as an instan-
taneous opening and closure of the inlets and outlets at
appropriate time points, according to the timing of
heart valves opening and closure. Flow into and out of
the hearts during diastole and systole were brought
about by the specified wall motions of the hearts.
During systole, pressure at the outlet was used as the
reference pressure, while during diastole, pressure at
the inlet was used as the reference pressure, and pres-
sure elsewhere in the heart were specified as differences
from these reference pressures.

Simulations were run for 4 cardiac cycles to remove
artefacts of the stagnant fluid initial condition and only
data from the 4th cycle was presented. Each cycle was
divided into 400 time steps with approximately 0.001 s
per step.

Quantification of Ventricular Work Done

The systolic work done by the heart wall to induce
motion in the fluid during systole (excluding work
done to overcome afterload), Wd, was calculated as:

WdðtÞ ¼ r
t

t0

r
CSðtÞ

P: v:nð Þ:dA:dt ð6Þ

where t0 was the start of systole; t was the time vari-
able, CS was the control surface, defined as the surface

enclosing the CV, i.e., RV endocardium, inlet and
outlet; P was fluid pressure (expressed as pressure
difference against the outlet); n was the vector normal
to the CS; v was the velocity vector of the CS as it
moves; and A was surface area. Wd was computed as
the cumulative work done by the heart that was
required to bring about accelerations of fluids for
ventricular ejection, and was added cumulatively from
the initial value of zero at the beginning of systole.

RESULTS

Convergence Study and Comparison against Literature
Value

In this study, approximately 1–1.5 million mesh
elements was used. A mesh convergence study based
on one heart, RV-I at D = 0%, was conducted, up to a
dense mesh of 3.2 million cells. Our chosen mesh
density had less than 0.1% velocity error from the
densest mesh. The CFD setup with 1.5 million cells was
used for time-step convergence study. Our chosen time
step (400 steps per cardiac cycle), was found to
have ~0.11% difference from the case with smallest
time steps (667 steps per cardiac cycle).

Table 1 shows the comparison of the common
clinically measured parameter against the simulation
result. It could be seen that generally, they are in the
same order of magnitude.

Characterization of the Peristaltic-Like Motion

Careful visual inspection of the ultrasound cine-
images qualitatively revealed that there were peri-
staltic-like motions in most hearts, where the inflow
region contracted first and the outflow tract contracted
later. To enable better visual inspection, the M-mode
image of a line traversing the longitudinal axis of the
RV at the inflow region and one at the outflow tract
were reconstructed from the 4D cine-images, an
example is shown in Fig. 4a. In these M-mode images,
the vertical axis was distance along the line while the
horizontal axis was time, and the time axis was syn-
chronized between the two plots. It could be observed
that the inflow region reached maximum size slightly
earlier than the outflow tract region, demonstrating a
contraction delay between the two regions (Fig. 4b).
We would also like to refer to supplementary videos 2–
4, which were slowed-down video of the ultrasound
cine images to show the peristaltic-like motion.

Table 2 summarises the results of quantification of
the peristaltic-like contraction delay for all hearts
investigated. Generally, clinical fetal ultrasound
images were noisy, and the R2 values were low in some

FIGURE 3. The coordinates of points on the wall of the RV
were expressed in spherical coordinates.
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cases. Of the eight hearts investigated, two of the
hearts (RV-II and IV) were excluded from averaging
due to very poor R2 values during the curve-fitting to
obtain the delay gradient, but their values were
reported in Table 2 nonetheless. Of the remaining six
hearts, five showed forward peristaltic-like motions, in
accordance to reports in adult human and canine.
Surprisingly, in one hearts (RV III), we observed re-
versed peristaltic-like motion. This observation was
further verified with visual inspection of the cine-im-
ages (supplementary video 4), where the outlet region
could be seen to contract before the inlet region. This
could also be demonstrated with M-mode plots in
Fig. 4c. The average forward contraction delay was
found to be 12.3% of cardiac cycle, while the average
reverse contraction delay was 216.6%. Combine, they
gave an average delay of 7.5% cardiac cycle.

Effects of Peristaltic-Like Motion on Cardiac Fluid
Dynamics

The flow structures and wall shear stress distribu-
tion were generally conserved between the different
cases of peristaltic-like motion. Only minor variations
were observed. Figure 5a shows the distribution of the
wall shear stress and vortex structures for RV-I, under
varying degrees of contraction delay (D = 215%,
D = 0% and D = 15%). Videos of these results are
also available as supplementary video 5, 7, 9 for the 3
hearts.

The Reynolds number (Re) was computed using the
density, spatially-averaged maximum inflow velocity,
diameter of the inlet, and viscosity. Re was found to be
in the range 155–177 during peak A-wave for the three
RVs. This value changed slightly across all the reverse
and forward delay cases with Re of 122–131 at
D = 15% and 123–143 at D = 215%.

In our previous study, the dominant feature of the
RV flow were the diastolic vortex rings during the E-
and A-wave time points.18 These were again observed
in the current study, and were common across the
different D-values. Vortex rings formed at peak E and
A-wave rings were observed to emanate from the tri-

cuspid inlet, and these vortex rings interacted with one
another and with the RV wall. During diastole and
early systole, wall shear stress elevated where the vor-
tex structures were close to the wall, just as reported
earlier7,18 This was because vortices generated velocity
tangential to the wall of the RV, hence generating
higher shear rate at that region. During systole, in all
cases, vortex structures were ejected, and high veloci-
ties at the outflow tract caused persistent high wall
shear stresses there.

Minor differences in between the different peristalsis
cases that were observed were as follows. During late
diastole, the posterior portion of the E-wave vortex
ring was less prominent in D = 15% case than in
D = 0% case, which was again less prominent than in
the D = 215% case. Further, at around the same
time, the E-wave vortex was closer to the anterior wall
and interacted more significantly with it, resulting in
secondary vorticity and shear layers in that region.
Due to these vortex structure differences, wall shear
stress was higher in the posterior wall but lower in the
superior wall directly between the RV inlet and outlet
for the D = 15% case, and vice versa for the
D = 215% case.

For more quantitative analysis, the values of the
wall shear stress were averaged over the entire surface
of the RV wall, and this surface-averaged wall shear
stresses were plotted over time in Fig. 5b. It could be
seen that compared to the non-peristalsis case, both the
forward and reversed peristaltic-like motion were
associated with decreases in wall shear stress values
during early systole. In the forward cases, the decrease
was significant, but in the reversed cases, only slight
decreases were observed. During diastole, the magni-
tude of wall shear stresses experienced by the various
peristalsis cases appeared similar, however, the non-
peristalsis case experienced greater wall shear stress
variability over time, while the peristaltic-like motion
cases (both forward and reversed) experienced wall
shear stresses versus time waveforms which were
smoother.

The wall pressure distribution of the RV-I at dif-
ferent D-values are illustrated in Fig. 6(a). Videos of

TABLE 1. Comparison against literature values for at D 5 0% for the three hearts simulated.

Cases

Stroke

volume (mL)

Pulmonary

Area (mm2)

Tricuspid

Area (mm2)

Peak pulmonary

velocity (m/s)

Peak E-wave

velocity (m/s)

Peak A-wave

velocity (m/s)

RV-I 0.44 9.6 15.7 0.422 0.215 0.375

RV-II 0.38 9.7 16.1 0.452 0.192 0.332

RV-IV 0.48 10.6 15.6 0.5512 0.279 0.3

Average 0.43 ± 0.05

9.97 ± 0.55

15.8 ± 0.3 0.476 ± 0.068

0.229 ± 0.045 0.336 ± 0.038

Literature 0.19–0.54 12.5 19.8 0.46 0.29 ± 0.05 0.45 ± 0.06

References 9 6 1 6 4 4

WIPUTRA et al.2340



FIGURE 4. (a) Illustration of how M-mode images were extracted from the 2D cine-images for the inlet slice and outlet slice
(labelled as the yellow and red plane, respectively). An M-mode image plots the pixel intensity along one line across time. (b–c)
Long axis M-mode images at inlet and outlet region for (b) RV-I and (c) RV-III, plotted over 2 cycles. The green dotted lines denote
the start of systole, and the blue and yellow arrow denote the approximate timing of maximum and minimum lumen size,
respectively. In RV-I, the maximal area (onset of contraction) for the inlet slice occurred before the maximum area at outlet slice,
however, in RV-III, the reverse was observed.

TABLE 2. Quantification of the extent of peristaltic-like motions, via the contraction delay (‘‘Total delay’’) between the RV inlet
region and RV outlet region.

Case Delay gradient (% cardiac cycle/mm) Distance (mm) Total delay (% cardiac cycle) Total delay (ms) R2

RV III 21.97 8.4 216.5 286.1 0.836

RV VI 0.23 9.8 2.3 9.9 0.345

RV VII 0.77 9.8 7.5 30.9 0.332

RV V 1.50 10.5 15.8 66.0 0.555

RV I 1.67 9.8 16.4 67.1 0.627

RV VIII 2.75 7.2 19.8 77.5 0.699

Average 7.55 27.6

Average forward delay 12.4 50.3

Average reverse delay 216.5 286.1

RV II** 20.34 9.1 23.1 212.8 0.053

RV IV** 0.06 9.1 0.5 2.2 0.002

Positive delay values indicates contraction at the inlet region before that at the outlet region, and vice versa for negative delay values. The

distance between the RV inlet and outlet, the delay gradient (total delay divided by Distance) and R2 values are also shown. ** indicates cases

with low R2 values during delay gradient quantification, and were thus not included in the averaging.
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these results are also available as supplementary video
6, 8, 10 for the 3 hearts. The wall pressure values were
expressed as a difference with the reference values at
the tricuspid inlet during diastole, and at the pul-
monary outlet during systole. As such, these pressure
values excluded the afterload pressure of the heart.
They could be referred to as intra-ventricular pressure
gradients that were responsible for the accelerations,

decelerations and movement of fluid in the heart.
Generally, the pressure gradient followed the direction
of acceleration and deceleration of the flow within the
right ventricle, for all peristalsis cases, as was previ-
ously reported.18 For example, during systole, higher
pressure manifested at the posterior wall as it was
further away from the outlet and needed to accelerate
fluid towards the outlet. Minor differences, however,

FIGURE 5. (a) Wall shear stress spatial distribution plotted concurrently with lamda 2 iso-vorticity surfaces (for vortex core
visualisation), for RV-I at different extent of peristaltic-like motion (D-values), across the cardiac cycle. T refers to one period of
cardiac cycle. (b) Plots of Surface averaged Wall Shear Stress of the three RVs at various contraction delay values.
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could be observed between the non-peristalsis case
(D = 0%) and the other cases, in that during the E-
and A-wave deceleration phases, higher pressures
inhomogeneity were experienced by the wall of the
heart.

To investigate the effect of the pressure difference
between the inflow and outflow region, we divided the
RV into two halves along the apex, the inlet and outlet
half. The difference in average pressure over the wall
surface of both halves were calculated during systole.
Results showed clear increased in the pressure differ-
ence with decreasing contraction delay in the forward
direction (decreasing value of D), as shown in Fig. 6b.
This indicated that higher pressure gradients were
required to bring about systolic ejection with decreas-
ing extent of forward peristaltic-like motions, and even
higher pressure gradients were required for increasing
extent of reversed peristaltic-like motions cases.

Effects of Peristaltic-Like Motion on Cardiac Energy
Dynamics

Figure 7a shows the cumulative work done in dif-
ferent peristaltic-like motion cases to eject the same
amount of blood during systole, for the 3 RVs investi-
gated, plotted against time. From the figure, it was
observed that generally, the cumulative work done
decreased with increasingD. Conversely, the cumulative
work done increases with increasingly negative D. This
implied that forward peristaltic-like motion reduced the
energy required to eject the same amount of fluid out of
the RV, while reversed peristaltic-like motion increased
the energy required to do so. A minor deviation was the
case of RV-II, where the work done for fluid ejection in
the case ofD = 215%was only marginally higher than
(less than 1%) case of D = 0%. Averaged across the
three RVs, the work done atD = 15%was 16.1% lower
than D = 0%, while the work done at D = 215% was
9.1% higher thanD = 0% case. The systolic work done
calculation results of all peristalsis cases were plotted in
Fig. 7b. The results clearly reinforced the notion that
forward peristalsis reduced work done required for
systolic ejection while reverse peristalsis cases increased
it, in a manner that depended on the extent of the peri-
staltic-like motion.

It is noteworthy that across all the various con-
traction delay settings tested, the volumetric kinetic
energy remains relatively unaffected, with the different
cases having kinetic energy versus time plots with
similar shapes and similar peak kinetic energy values.
As the majority of the flow dynamics was dominated
by the vortices, this observation corroborated with the
observation that only minor changes in vortex
dynamics were observed between the different peri-
stalsis cases.

DISCUSSION

In this study, we confirmed the presence of a peri-
staltic-like motion in the fetal right ventricle, and found
that while this motion caused only minor changes in
flow dynamics (flow patterns, vortex dynamics and wall
shear stresses), there were significant changes to the
energy dynamics of systolic ejection.

We first highlight that the term ‘‘peristaltic-like
motion’’ is not synonymous with peristaltic motion.
The heart lumen does not complete collapse during its
contraction, and it thus clearly does not undergo
peristalsis. This term is used merely because it is a
convenient way of describing the wave-like motion,
which is also easy to understand.

The observed changes to flow dynamics between
cases with and without the peristaltic-like motion were
caused by the changes to wall motions. In the case with
no peristaltic-like motion, all of the RV wall moved in
and out in unison, causing fluid everywhere in the
ventricle to move away from the inlet or towards the
outlet in a coordinated fashion. However, in the cases
with peristaltic-like motions, the wall motion at dif-
ferent locations of the heart were offset in time. Con-
sequently, fluid moved from one part of the heart to
another (from the contracting region into the region
with delayed contraction), and ejection or inflow oc-
curred in a somewhat segmented fashion. This would
obviously cause changes to the vortex structures and
wall shear stress spatial patterns, but changes were
observed to be minor.

The difference between coordinate and segmented
fluid motion could explain the observed higher systolic
wall shear stresses in the non-peristalsis case (Fig. 5).
The coordinated movement of fluid towards the out-
flow tract brought about a ‘‘rush-hour congestion’’,
causing greater fluid velocity within a shorter duration,
and thus greater interaction of fluid with the walls and
higher wall shear stresses. On the other hand, the
segmented fluid motion had the effect of spreading out
the occurrences of high velocities and fluid-wall inter-
action over time, thus reducing wall shear stresses, and
causing a smoothing effect on wall shear stress over
time waveform, could also be observed in plots in
Fig. 5b (especially during mid- to late diastole).

Comparing the forward versus reversed peristaltic-
like motion cases, in the positive D-valued cases, the
outlet region contracted later than the inlet region, but
this was reversed for the negative cases. Consequently,
the reversed cases had outflow tracts with smaller
cross-sectional areas at the time when peak systolic
flow manifested. This resulted in higher systolic wall
shear stresses in the reversed cases than forward cases.

The coordinated versus segmented manner of fluid
motion within the RV could also explain the wall
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pressure results, shown in Fig. 6a. At certain time
points, the non-peristalsis case showed greater spatial
inhomogeneity of wall pressures, for example, during
the deceleration phases of the E- and A-wave. Further,
pressure gradient versus time plots in Fig. 6b also
demonstrated greater variability over time for the non-
peristalsis cases, compared to both forward and re-
versed peristalsis cases. The segmented manner of fluid

motion had the effect of spreading out pressure gra-
dients over time, resulting in reduced spatial inhomo-
geneity at any one time point, and resulting in
smoothing pressure over time plots. The role of the
peristaltic-like RV motion in manipulating pressure
was previously proposed by Amour et al.2 Armour
et al. however, had a different way of explaining it,
describing the outlet portion of the RV as a pressure

FIGURE 6. (a) Wall pressure distribution across the cardiac cycle for the simulated RV-I at D 5 15%, D 5 0% and D 5 215%. (b)
Plots of systolic surface-averaged pressure gradient (Inlet half minus outlet half) for different D values for RV I, II and IV.

WIPUTRA et al.2344



regulator, which modulated the pressure gradient
between the sinus and the pulmonary outflow gener-
ated by sinus contractions.

Our simulation results also showed that forward
peristaltic-like motion cases required less energy to
move fluid out of the heart during systolic ejection,
compared to reversed peristaltic-like motion cases. The
energy savings could be substantial: the D = 15%
forward peristaltic-like motion case reduced energy
required for ejecting fluid by 16%, while the
D = 215% reversed peristaltic-like motion case
increased energy required by up to 9%. The forward
case thus enjoyed a 25% reduced viscous energy losses
during ejection.

The mechanism by which energy loss was reduced
can be understood by the notion that the forward
peristaltic-like motion was equivalent to a peristaltic
effort to channel flow towards the outlet during sys-
tole, while the reversed peristaltic-like motion was
equivalent to one that channelled flow towards the
inlet. The latter would obviously be less fruitful, since
systole involved ejection, not inflow. Another way to
understand this was to consider the cross-sectional si-
zes of the various parts of the RV. Since the reversed

motion constricted the outlet region first, ejection flow
would have to go through narrower outlet channels to
exit the heart, resulting in more frictional viscous en-
ergy losses. Conversely, the forward motion con-
stricted the outlet region last, enabling ejecting flow to
pass through wider outlet channels, resulting in re-
duced energy losses. A simple analogy could be that of
squeezing the toothpaste tube. One would find it easier
to get all the toothpaste out of the tube if one were to
squeeze the far end first, rather than to start squeezing
at the region near to the tube outlet.

Further, the wall shear stresses and pressure gradi-
ent results corroborated with the energy loss results,
and could explain the mechanism causing the differ-
ence in energy dynamics. Since the forward motion
cases had lower systolic wall shear stresses than re-
versed motion cases (Fig. 5), less frictional viscous
energy losses occurred at the walls, thus reducing en-
ergy requirements for ejection. Also, since higher
pressure gradients (Fig. 6) were required by the re-
versed motion cases for ejecting the same amount of
fluid than the non-peristalsis case, which in turns
required more pressure than the forward motion cases,
it followed that the energy losses were higher in the

FIGURE 7. (a) Cumulative Work done over systole, (b) Percent changes in the systolic work done at dufferent D-values for all the
three RVs investigated.
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reversed cases, followed by the non-peristalsis case,
followed by the forward cases.

In RV-II, however, an anomaly was observed. The
cumulative systolic work done by D = 215% case was
only marginally higher than D = 0%. In all other
hearts used for CFD, the increase was significantly
higher. This was most likely caused by geometric dif-
ferences: RV-II had a larger infundibulum than the
other two hearts. With a larger infundibulum, early
contraction of the outflow tract during systole (in the
reverse peristaltic-like motion case) would not lead to
significantly more energy losses and thus work done
for ejection.

Our study filled in the gap in the literature on the
existence of the peristaltic-like motion of the RV in
fetuses. Since the peristaltic-like motion is now
reported for both fetuses and adults, we can establish
that they are features established by cardiac develop-
ment. It has been suggested that the motion’s existence
may be an artefact of the developmental stages of the
heart when it was a tube,1,3 where the entire heart,
including the RV, was linear, and relied on peristalsis
for fluid pumping.10 Further, we noted that the inlet
portion (sinus) and the outflow tract (infundibulum)
developed separately. The infundibulum developed
earlier, at 20 days post fertilisation, while the sinus
developed a few days later from the proximal bulbus
cordis.11 This could have caused differential timing of
contraction of different regions of the RV.

More directly, the mechanism responsible for the
presentation of the peristaltic-like motion was most
likely the RV’s conduction system architecture, as this
directly controlled the timing of contraction of different
parts of the RV myocardium. The architecture could
feature shorter neural paths to the sinus region or to the
infundibulum region to lead to the differential con-
traction timing. An earlier study demonstrate that
electrical mapping of the adult human RV showed a
slight delay in the activation of the muscles near the
right ventricle outflow tract,14 providing evidence of this
mechanism. Further, it is likely that the conduction
system architecture of the 20 weeks old fetal RV might
be preserved into adulthood, and that the same peri-
staltic-like motion found in the fetal heart would persist
into adulthood, but this might be difficult to confirm.

Our finding that the forward peristaltic-like motion
could reduce energy expenditure associated with fluid
ejection naturally posed the hypothesis that this feature
could be an adaptation of the heart to save energy and
gain survival advantages. However, the existence of
reversed peristaltic-like motion cases in our cohort of 8
fetal hearts posed a serious challenge to this hypothe-
sis. This was especially so when all our fetal subjects
were healthy. To the best of our knowledge, reverse
peristaltic-like motion of the RV has never been

reported. In the study on canine hearts, one of the six
canine hearts studied did not have an early systolic
expansion of the outflow tract,13 and could be a re-
versed peristaltic-like motion case, but the authors
made no mention of such a motion.

One possible way to analyse the delay values of the 6
hearts in Table 2 was to investigate the statistical dis-
tribution of the delay gradient values. Via the Ander-
son–Darling test, we determined that there was not
sufficient evidence to reject the hypothesis that the data
followed a normal distribution, at 0.05 significance
level. Under this line of thought, the reversed peri-
staltic-like motion was not an anomaly but merely a
statistical variation, with unknown but potentially
interesting physiological origins. The opposing view is
that the reversal of the peristaltic-like motion is a
major change, and it would not be appropriate to
analyse it purely based on statistics.

LIMITATION

We acknowledge the following limitations in this
study. We used a simplified linear model for the con-
traction delay distribution along a single direction. In
actuality, the delay distribution could be 3D and non-
linear, and might not be one-directional. However, we
observed that the peristaltic-like motion was most
significant and easily observable in the direction
between the sinus and infundibulum, and this was also
reported for adults in previous studies.3,13 The study
also had limitations in its CFD implementations,
which were detailed in our previous publications.18,19

CONCLUSION

We report evidence of peristaltic-like motion in fetal
cardiac right ventricles. In the majority of cases, the
peristaltic-like motion was in the ‘‘forward’’ direction,
from the inlet region to the outlet region. Our study
also indicated that forward peristaltic-like motion re-
duced energy loss of ejection flow, and reduced the
required work done for systolic ejection, in a linear
dependency with the extent of the peristaltic-like mo-
tion. In the same way, reversed peristaltic-like motion
increased energy loss and required work done for
systolic ejection with the same dependency on the ex-
tent of the motion.
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