[

10
11
12
13
14

15

16

17

18

19

20

21

22

23

24

25
26

Human Fetal Hearts with Tetralogy of Fallot have Altered
Fluid Dynamics and Forces

Hadi Wiputra®, Ching Kit Chen?, Ellias Talbi!, Guat Ling Lim?, Sanah Merchant Soomar®,

Avrijit Biswas?, Citra Nurfarah Zaini Mattar?, David Bark*, Hwa Liang Leo', Choon Hwai Yap'

!Department of Biomedical Engineering, National University of Singapore

2Department of Obstetrics and Gynecology, Yong Loo Lin School of Medicine, National
University of Singapore, National University Health System, Singapore

3Division of Cardiology, Department of Paediatrics, Yong Loo Lin School of Medicine,
National University of Singapore, National University Health System, Singapore

“Department of Mechanical Engineering, Colorado State University, Fort Collins, CO, USA

Corresponding Author:

Choon Hwai Yap

Assistant Professor,

Department of Biomedical Engineering,
National University of Singapore, Singapore
Email: bieyapc@nus.edu.sg

Tel: +65-65164257

Total Word Count: 5155




27

28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

46

47

48

49
50

Abstract

Studies suggested the effect of blood flow forces in pathogenesis and progression of
some congenital heart malformations other than the Tetralogy of Fallot (TOF). It is thus of
interest to study the fluid mechanic environment of the malformed prenatal heart, especially
when little is known in the fetal TOF. In this study, we performed patient-specific ultrasound-
based flow simulations of 3 TOF and 7 normal human fetal hearts. TOF right ventricles (RV)
had smaller end-diastolic volumes (EDV) but similar stroke volumes (SV), while TOF left
ventricles (LV) had similar EDV but slightly increased SV compared to normal ventricles.
Simulation showed that TOF ventricles had elevated systolic intra-ventricular pressure gradient
(IVPG), and required additional energy for ejection, but IVPG elevations were considered to
be mild relative to arterial pressure. TOF RV and LV had similar pressures due to equalization
via ventricular septal defect (VSD). Further, relative to normal, TOF RVs had increased
diastolic wall shear stresses (WSS), but TOF LVs were not. This was caused by high tricuspid
inflow that exceeded RV stroke volume, leading to right-to-left shunting and chaotic flow with
enhanced vorticity interaction with the wall to elevate WSS. Two of the three TOF RVs but
none of the LVs had increased thickness. As pressure elevations were mild, we hypothesized
that pressure and WSS elevation could play a role in the RV thickening, among other causative
factors. Finally, the endocardium surrounding the VSD consistently experienced high WSS due

to RV-to-LV flow shunt and high flow rate through the over-riding aorta.

Abstract word count: 250
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Introduction

Congenital heart defect (CHD) refers to the structural defect of the heart existing at
birth. In the United States, approximately 0.6-1.9% of fetuses are affected with CHD (9). CHD
is the most common type of birth defect, and is the leading cause of birth-defect related infant
mortality and morbidity (34). Tetralogy of Fallot (TOF) is the most common cyanotic CHD,
accounting for 10% of all CHD.(30) TOF is characterized by four major features: pulmonary
stenosis, ventricular septal defect (VSD), over-riding aorta and right ventricular (RV)

hypertrophy. (16).

Familial TOF were found in only 3% of the cases (25). Furthermore, although TOF is
associated with genetic conditions including 22q11.2 deletion and aneuploidy, this is only true
for <20% of cases encountered postnatally and <30% diagnosed prenatally . For the majority
of the cases, the etiology and factors that contributed to the pathology of TOF remains
uncertain.. This has led investigators to postulate that epigenetic factors may play a role in its
pathogenesis (23, 24). Alteration in the fetal environment such as blood flow mechanical force
are known to cause cardiovascular malformation, even in the absence of genetic aberrations
(10). Epigenetic changes caused by abnormal flow, including DNA methylation, had also been
proposed (5, 7, 14, 17).

Currently, there is limited data on blood flow mechanics in the fetal TOF, and on
remodeling of the disease in response to altered flow mechanical forces. In fact, there is a
paucity of such data for fetal CHD in general, knowledge of which could provide insight into
the evolution of disease, assist in predicting remodelling responses and disease progression and
contribute ultimately to optimize counselling, perinatal management planning and for some
conditions, even the development of novel prenatal interventional strategies. Investigators have
recently proposed minimally invasive fetal heart interventions as treatment for congenital
malformations, and have shown promising results in terms of patient outcome (28).
Understanding the flow dynamics in malformed and surgically corrected hearts through
simulation using computational fluid dynamics (CFD) could aid in prediction of cardiac
remodeling responses. Therefore, CFD may aid in minimally invasive fetal heart interventions

in the future.

Recently, our team developed techniques for ultrasound-based CFD simulations of
human fetal hearts, and applied the technique on 20 week-old normal human fetal right (31,

33) and left ventricles (13) to elucidate their blood flow dynamics, force environments, and
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energy dynamics. In the current study, we apply modification to the technique on TOF human

fetal hearts.

Methods
The study protocol was approved by the Domain Specific Review Board of the National
Healthcare Group (Singapore), and written informed consent was obtained from all

participants. Fetuses with TOF were prospectively recruited from the Fetal Care Centre at the
National University Hospital, Singapore. Maternal age, maternal medical history, perinatal
outcomes including gestational age (GA), delivery mode, birth weight and Apgar score were
recorded; postnatal data were also collected from the medical record. Cases were compared
with gestational-age matched controls; controls were recruited from consecutive
uncomplicated pregnancies. GA was calculated based on the crown-rump length obtained at

first trimester ultrasound.

Image Acquisition and Digital Reconstruction of Anatomy

Four-dimensional (4D) ultrasound images were acquired using Voluson 730 ultrasound
machine with RAB 4-8L transducer (General Electric, Connecticut, USA), under the Spatio-
Temporal Image Correlation (STIC) mode (20). Pulsed Wave Doppler spectral tracings were

also obtained at tricuspid, mitral, pulmonary and aortic valves.

The STIC imaging sweep occurred over 10-15 seconds, 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 30-40 image slices parallel to the four-chamber view were exported from the volumetric
images at each time point, spaced at 0.5mm apart. The ventricles were first segmented into
binary images using the lazy snapping algorithm (18, 32). 3D reconstruction was then

performed from these binary images via Vascular Modeling Toolkit software (26).

Computational Fluid Dynamics Simulations

The methodology for performing image-based CFD simulations was established in our
previous studies (13, 31-33), but was modified slightly for TOF hearts. In particular, a
“capsule” coordinate system was adopted, and an iterative method was implemented to achieve
the desired distribution of inflow via the two inlets (mitral and tricuspid) and the desired

distribution of outflow via the two outlets (pulmonary artery and aorta).
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In TOF hearts, the VSD connects the two ventricles, and therefore the LV and RV
would have to be simulated simultaneously. To properly describe the wall motion
mathematically, a new hybrid coordinate system was proposed, termed the “capsule”
coordinate system. In this coordinate system, wall points in the LV and RV chambers were
modelled with a spherical coordinate system, while wall points along the VSD were modelled

with a curvilinear cylinder coordinate system (Figure 1).

Figure 1. Schematic of the “capsule” coordinate system used, which is a combination of
spherical coordinate systems at the two ends, and curvilinear cylindrical coordinate system
in between the two ends.

The centerline axis is the unit vector tangent to the centerline, with the centerline being
the center of the least-square fitted cylinder of the septum. The coordinates of the spherical
coordinate system are r (the radial distance), and 6 and ¢ (the angle coordinates). The
coordinates of the cylindrical coordinate systems are r, 6, and h (the centerline distance). Since

¢ and h are continuous along surface of the cylinder, their values can be added to create a new
parametrized coordinate variable (t), defined as ¢ +2 , Where T is the average radius of the

spherical components. 1 is necessary in order to normalize the unit associated with h. The
definition of the variable set (6, T), akin to the latitude and longitude found in maps, allowed
injective mapping of the wall surface of the TOF to the capsule coordinate system. Thus,
displacement in the capsule system can be mapped back (inverted) into the Cartesian system.

The wall motion was then modelled as displacements in the radial direction from the
centerline of the capsule system (Figure 1). We assumed the absence of any shearing motion
along T and 6 by modelling only radius as a function of time since changes in T and 6 do not
result in volume change, but only shearing along the ventricle surface. This assumption
simplified the calculation as the three degrees of freedom in Cartesian were reduced into one,
with a sacrifice in the loss of twist/shear information in the ventricles. This resulted in the

model described by the equation:
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Tmode1(6,T,1) = a(8, 1)Q() +10(6,7) 1)
Where a describes the amplitude of radial motion, Q is the characteristic wall motion waveform
and ro is its initial radius, and 8 and t are as defined in Figure 1. Computation of Q and « are
as described in our previous studies (31, 32), and is briefly explained here. To obtain 12, the
change in ventricular volume versus time waveform was first calculated via velocity time
integral of patient-specific pulsed-wave Doppler interrogation at the inlets and outlets. The 1/3
power of this waveform, described as a 9™ order Fourier series, was linearly scaled to fit the
ventricular volumes segmented from clinical images to give 2. The amplitude () was first

sampled at regular interval of 8 and t coordinate from the segmentations from clinical images
(at 10° interval of ¢ and 6, and at every %m’ interval of h). The variation of a with 8 and t

was then described by a 2D Fourier fit to the sampled «a data. In the spherical coordinate zones,

2D Fourier was constrained to ensure that « was independent of 6 at the poles.

Dynamic mesh CFD simulations were performed with ANSYS FLUENT 18.0 (Ansys Inc.,
Canonsburg, PA, USA), where built-in solver was used to solve the Navier-Stokes governing
equations of fluid motion within the entire ventricle. Each ventricle was modelled with an
unstructured mesh consisting of 2.3—4 million tetrahedral elements. Simulations were run for
4 cardiac cycles, with 400 time steps per cycle, and results from the 4™ cycle are presented.
The mesh and cycle independence analysis was included in the result section below.

An iterative simulation technique was adopted, whereby the pressure boundary condition
specified at inlets and outlets are iteratively determined such that the ratio of flow going into
each of the two inlets / outlets (the flow split) matched that from the clinical Doppler velocity
imaging. The iterative process utilized the gradient descent algorithm to reach convergence,
defined as velocity ratio error of less than 0.5% of the Doppler ratio.

Calculations

The normalized systolic work done by the heart wall (excluding afterload), Wd, was

calculated as:

tS
Jeg Jesey P () dA dt )
SV
Where, t is the time variable, to and ts are the start and end of systole, respectively. P is the

Wd(t) =

pressure, (v.n) is the dot product of the velocity with the surface normal, which represents the
velocity normal to the control surface (endocardium), A is the area of the control surface (CS),
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and SV is the stroke volume. SV normalization allowed comparisons between different hearts
with different stroke volumes. In this form, Wd represented the energy needed to give fluid
momentum for ejection, with no consideration of the energy needed to overcome afterload.
Afterload was excluded as invasive pressure measurements were required. However, when

such information is available, this work done to overcome afterload could be simply added to

Wd to give the total work done needed for ejection.
Normalized energy loss (€) was calculated as:

Wd — AKEgyy + KE — KEoy (3)
E(t) = SV

Where AKEg,,; is the change in kinetic energy of fluid within the ventricles, and KEin and out

are the inflow and the outflow kinetic energy, respectively.
The wall shear stress (WSS) was calculated as:

WSS = | (Vv + (Tv))n| (4)
Where p is the viscosity of the fluid, and n is the surface normal, Vv is the gradient velocity

tensor.

)2 criterion is defined as the second eigenvalue of the (S2+Q?) matrix, where:

Vv + (Tv)T (5)
§=—1 7
2
- ()’
=——

A vortex is present when at least two of the eigenvalues are less than zero. Since the first
eigenvalue is always larger than the second one (A1 > X2), locations with negative A2 can be

used to visualize vortices in Figure 6.
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Results

Mesh Independence and Cyclic Convergence

The mesh independence study was done to ensure that the current mesh density was
sufficiently large. We performed the simulation at four different mesh densities and obtained
the surface-averaged wall shear stress (SAWSS) at peak systole of the fourth cardiac cycle of
TOF-I. Figure 2a) showed that at the current mesh density used, SAWSS only differed by
0.51% compared to the SAWSS at highest mesh density tested. Furthermore, to remove the
effect of the stagnant-flow initial condition, we ran the simulation at various cycles. While

fluctuations still existed beyond the 2" cycle, fluctuations were kept to less than 1%.
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Figure 2. a) Surface averaged wall shear stress at peak systole obtained for TOF-I at
different mesh densities expressed as the percent difference compared to the highest density
tested; b) similarly observed wall shear stress at different cardiac cycles simulated. Used
simulation settings are shown as triangles.

Baseline, prenatal and postnatal characteristics of the study cohort

TOF ventricles from one 22 week old fetus (TOF-I) and two 31 week old fetuses (TOF-
Il and TOF-I11) were examined. TOF-I had tetralogy of Fallot with pulmonary atresia, TOF-II
had double outlet right ventricle with Fallot-type anatomy, and TOF-I11 had tetralogy of Fallot
and atrioventricular septal defect (AVSD). In TOF 111, color Doppler demonstrated two distinct
ventricular inflows (Figure 3) despite the presence of a common AV valve, and thus this case
was modelled as having two inlets. Baseline fetal standard ultrasound and perinatal
characteristics of TOF patients are provided in Table 1. Additionally, the TOF hearts were
compared with additional 7 normal fetal hearts at 22 and 31 weeks gestation in Table 2.
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Figure 3. Color Doppler echocardiographic image of TOF-111 demonstrating distinct left and

right atrioventricular flow.

Both TOF-1 and TOF-11 had mothers with gestational diabetes, and they were managed with
diet control. TOF-1 was macrosomic (birth weight at 99" percentile), although estimated fetal
weight at study was normal at 68" percentile. TOF-II, on the other hand, was small for
gestational age (birth weight at 2" percentile) with evidence of intrauterine growth restriction
(estimated fetal weight at study was at 6™ percentile). The growth restriction in TOF-II1 was
proportional as head circumference and abdominal circumference were both < 10" percentile;
notably there was no evidence of placental insufficiency with normal umbilical artery
pulsatility index. Amniocentesis of TOF-I1 revealed karyotype 47 XXX. TOF-I1l did not have
prenatal genetic testing, but postnatal features were consistent with that of Down syndrome

and this was confirmed on karyotyping.
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Table 1. Baseline fetal standard ultrasound and perinatal characteristics of the study
population.

Cases TOF-I TOF-11 TOF-111

Maternal baseline characteristics

Maternal age (years) 37 42 38
Maternal medical history GDM (diet control) GDM (diet control) Nil
Fetal standard ultrasound
GA at diagnosis (weeks) 22 21 25
GA at scan (weeks) 22 31 31
Estimated fetal weight . . .
) 68™ percentile 6™ percentile 11t percentile
percentile
Umbilical artery PI 0.90 0.94 1.10
Middle cerebral artery PI 131 151 1.98
Fetal echo diagnosis TOF/PA TOF / DORV TOF with AVSD
Extracardiac anomalies Nil Nil Nil
. . 46 XY,
Amniocentesis ] ] 47 XXX Not performed
negative for 22q deletion
Perinatal outcome
Mode of delivery Normal vaginal delivery LSCS LSCS
GA at delivery (weeks) 39 38 37
Birth weight (g) 4125 2230 2580
Birth weight centile > 99" percentile 2" percentile 25t percentile
5-minute Apgar score 9 9 9
Postnatal outcome
. . . TOF .
Postnatal diagnosis TOF with PA . TOF with AVSD
(over-riding Ao < 50%)
Genetic testing Nil Nil 47XX,+21
Status Alive Alive Alive
Right BTT at 1 wk Right BTT at 3 mth
Central shunt at 2 mth o ]
Procedure(s) Left BTT at 1 mth ) Full correction (including
] Full correction at 1 yr .
Full correction at 1 yr AVSD repair) at 8 mth

Ao=aorta; AVSD=atrioventricular septal defect; BTT=Blalock-Taussig-Thomas shunt; DORV=double outlet right
ventricle; GA=gestational age; GDM=gestational diabetes mellitus; LSCS=lower segment Caesarean section;

PA=pulmonary atresia; Pl=pulsatility index; TOF=tetralogy of Fallot

TOF hearts demonstrated a range of geometrical differences from each other and from
normal ventricles. RV thickness in the 3 TOF cases was represented by average measurement
of wall thickness at various sites along the free wall (Figure 4) , and was found to be 4.4, 3.6
and 5.1mm for TOF-I, Il and Ill, respectively. Past literature reported RV wall thickness of
0.21+0.03cm and 0.31+0.04cm for 22 week- and 32 week-old fetuses, respectively, suggesting



234
235
236
237
238
239

240

241
242
243

244
245
246
247
248
249
250
251
252
253

that TOF-1 and 111 had increased thickness of RV wall, whereas TOF-11 did not. In contrast,
LV thickness was 2.07, 1.96, and 2.10mm for TOF-I, 1l and I11, respectively, similar to values
for normal LV at 22 weeks (0.22+0.03cm) and 32 weeks (0.33£0.04cm) of gestation. While
the RV wall thickening was observed in two of the three cases, we caution the attribution of
these observation directly to the TOF, as other complications associated with the pregnancies

could be contributing factors.

TOF |

TOF 111

Figure 4. Measurement of RV thickness for all the 3 TOF hearts studied, all images taken at
end diastole. LV appeared thinner than the RV in these hearts. Moderator band (white arrow)
was clearly visible and was excluded from RV thickness measurement.

Obtained physiological characteristics of the TOF hearts and normal hearts are shown
in Table 2, previously published data from normal hearts is also provided (1, 4, 8, 29).
Compared to normal hearts, TOF RV end-diastolic volumes (EDV) were generally smaller,
and stroke volumes were similar or slightly smaller, while TOF LV EDV and stroke volumes
were generally larger. Peak tricuspid inflow velocities in TOF hearts were higher than normal
hearts, but mitral inflow velocities and pulmonary outflow velocities were similar to normal
hearts. Aortic outflow velocity was elevated for TOF-I, but not for TOF-11 and I11. Table 2 also
provided validation for the simulations, where the simulation results showed satisfactory match

between patient-specific Doppler velocities and literature data.



254 Table 2. Physiological parameters of the TOF and normal hearts investigated. Comparison can be made between the clinical measurements,
255 CFD simulation results and literature values. Note that that TOF-I did not have pulmonary velocity due to atresia.

256  *TOF-III lacks A-wave due to monophasic Doppler spectral pattern

TOF-I TOF-1I TOF-111* . _
(21 wk 6 days) (31 wk 4 days) (31 wk 3 days) Normal (literature) Normal (obtained)
Parameter 22 wk 31 wk
CFD Doppler CFD  Doppler CFD Doppler 22 wk 31 wk (Nrv=4) (Nrv=3)
(nv=4) (nv=23)
Peak Pulmonary ; - 0.87 0.7 0.76 08 0.6520.22(4) 0.8£0.2(4)  0.63+0.10 0.75+0.04
Velocity (m/s)
FEES Aczrr;'/cs)v elocity 4 o4 12 112 08 1.11 1.2 0.63:0.3(1)  0.94+0.3(1) 0.66+0.11 0.85:0.20
Tricuspid Peak E-Wave ) - 0.35 0.5 0.5 0.59 0.6 0.29+0.05(8)  0.35:0.06(8) 0.25+0.04 0.32+0.05
Velocity (m/s)
Mitral Peak E-Wave
Velocity (mfs) 0.3 025 044 044 0.49 05 0.26+0.04(8)  0.31%0.05(8) 0.28+0.06 0.33%0.03
Tricuspid Peak A-
Wave Velodity (mfs) 071 06 056 06 - - 0.45+0.06(8)  0.49+0.08(8) 0.44+0.10 0.430.02
MHEI PR B g o 04 049 05 i i 0.41:0.06(8)  0.45+0.07(8) 0.34£0.03 0.42+0.09
Velocity (m/s)
RV S”(%‘q‘rf];)/o'“me 632 - 1411 - 1161 - 610+135(29)  1460+350(29) 5964133 1550327
S S”(‘:T‘f;};"'“me 771 _ 2006 - 1440 ; 540+125(29)  1410+350(29) 527+92 1380299
RV End Diastolic 807 . 3263 - 3166 . 1200+250(29) 3430+650(29) 10404203 3811:+462
Volume (mm?)
DY BT DIESOIS e . 3604 - 3567 . 1170+200(29) 3270+700(29) 834+123  3126+83

Volume (mm?)
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In Figure 5a), patient-specific Doppler velocity values at the heart valves were
compared to CFD values, demonstrating a satisfactory match. In addition, the tricuspid-to-
mitral velocity ratio from Doppler measurements also matched that from the CFD simulations,
suggesting that the iterative simulation process to determine pressure boundary conditions had
satisfactory results (Figure 5b). This was further confirmed by the observation that the resulting

pressure waveforms over time were smooth and without discontinuity.

TOF-Ill's Doppler and CFD Diastolic Velocity TOF-IllI's Doppler and CFD Systolic Velocity
a) . : , : - 1.4 : : —oFD
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0 1 oy —
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b) TOF-Ill Diastole Velocity Ratio TOF-lll Systole Velocity Ratio
35 1.5 .
° — |terative CFD ° — |terative CFD
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o o
2 2
3 8 1 y
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I £
= o
= <
% %‘ 05
e
] ]
K E
= &
0 ; . L 0 " : . ;
0 0.05 0.1 0.15 02 0 0.05 0.1 0.15 0.2
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Figure 5. a) Resulting CFD-obtained velocities as compared to pulsed wave Doppler-
obtained velocities for TOF-I11 during systole and diastole); b) Plot of tricuspid-to-mitral
velocity ratio during diastole and pulmonary-to-aorta velocity ratio during systole as
obtained from pulsed wave Doppler, and from CFD for the same heart, showing a
satisfactory match.
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Flow Dynamics

Flow patterns of normal and TOF hearts are shown in Figures 6 and 7, and in videos
uploaded as supplementary material. In these plots and videos, the iso-vorticity surface was
plotted to enable easy visualization of the diastolic vortex rings. The flow patterns in normal
fetal hearts were briefly described below, but since they were similar to those we reported
previously (31), only flow patterns of one normal 31 week-old fetal heart were used to represent

the normal fetal heart.

During diastole in the normal RV and LV, two distinct vortex rings formed at the mitral
or tricuspid inlet and detached from the inlet to move towards the apex. The two rings
corresponded to ventricular early and late diastolic filling (Doppler E- and A-wave). These
vortex rings consisted of fast moving fluid rotating about a ring axis, and when the vortex rings
moved close to the ventricular luminal walls, the fast moving fluid interacted with the ventricle
wall to cause elevated wall shear stresses. The vortex rings were thus the primary mechanisms
of elevated wall shear stresses on the endocardium. In the fetal hearts, A-wave flow was
typically stronger than E-wave flow. The A-wave vortex ring would thus catch up with the E-
wave vortex ring and interacted with it. In some cases, the interaction between the two rings
were similar to the leap-frog phenomenon (19), where the A-wave vortex ring contracted,
passed through hole at the center of the E-wave vortex ring and overtook it. In other cases, the
two vortex rings merged at locations where they encountered each other. At the end of diastole,
the leapfrogging or merging interaction processes between the two vortex rings were
incomplete, and the vortex structures would be ejected out of the heart when systole started.

In TOF ventricles, the flow dynamics across the three hearts were observed to have
large variations, most likely due to differences in anatomy, and might be consequent to their
different pathologies. Flow dynamics in TOF-I and Il LVs were similar to the normal LV, with
the presence of two vortex rings which exhibited vortex leap-frog like phenomenon. However,
unlike normal ventricles, there was significant right-to-left flow shunting via the VSD, which
created disturbance to the LV vortex rings. Parts of the RV vortex rings spilled over to the LV
and interacted with the LV rings, creating complex secondary vortex structures in the LV.
Despite this, the LV vortex rings had sufficient momentum to continue its trajectory towards
the apex. In contrast, both the LV and RV of TOF-I11l exhibited only a single larger vortex ring,
because pulsed-wave Doppler measurements showed that the inflow waveform was

monophasic with no clear distinction between E-wave and A-wave, often a sign of diastolic
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dysfunction(11). Furthermore, although there was right-to-left shunting, the VSD in TOF-III
was much larger, and shunting velocities were low. Consequently, there was little spillage of

vorticity structures from the RV into the LV.

With respect to vorticity dynamics and WSS intensity, TOF LVs demonstrated
similarities to the normal LV. In contrast, significant elevation in intensities was observed in
TOF RVs compared to normal, featuring more dynamic and chaotic vortex structures. This was
most likely due to higher tricuspid velocities and smaller RV sizes in TOF cases, leading to
flow congestion in the RV, greater vorticity generation, and greater contact between vortices
and ventricular walls, with consequent elevation of WSS. Vorticity dynamics and WSS
elevation in TOF-1 RV were the most extreme, due to very high tricuspid inflow that was much
larger than its volume. During systole, TOF hearts featured relatively simple flow patterns,
where vortex structures were ejected, similar to normal hearts. Additionally, a significant

amount of the RV volume exited through the aorta.

From Figures 6 and 7, it was also interesting to observe that the endocardium
surrounding the VSD consistently experienced high WSS, both during diastole (caused by
diastolic vortex rings colliding with it and shunting flow), and during systole (caused by
systolic vorticity dynamics).
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Figure 6. Plots of wall shear stress color contours superimposed with plots of A2 vorticity
iso-surfaces (demonstrating vortex rings and structures) across different time points in one
cardiac cycle for a) normal 31 weeks RV and LV; b) TOF ventricles. Only 1 diastolic vortex
ring was observed in each of the chambers in TOF-I111, because inflow was monophasic
without E- and A-wave distinction. The dynamics are more clearly demonstrated in videos 1-
5 in online supplementary material.
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332  Comparison with Normal Ventricles

333 From the results of the CFD simulations, flow dynamic parameters of the hearts could
334  Dbe obtained, and are listed in Table 3 with comparison between TOF and normal fetal findings.
335  The intraventricular pressure gradient (IVPG) was calculated as the peak pressure difference
336 between the apex and the outflow boundary of the ventricle. In normal ventricles, RV IVPG
337  was computed with respect to pressures at the pulmonary outlet, while LV IVPG was computed
338  with respect to pressures at the aortic outflow. Since pressures in the pulmonary artery and
339  aorta were known to be similar in fetuses, this IVPG calculation method would end up having
340 the same pressure reference. In TOF hearts, however, much of the RV stroke volume exited
341  via the aortic outflow, due to pulmonary stenosis or atresia, and pressure at the pulmonary
342  outlet would have been elevated due to pulmonary outflow tract obstruction. Thus, the
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appropriate VPG for TOF RV was that calculated with respect to the aortic pressure, the major
shared outflow. Our simulations indicated that pulmonary outlet pressures needed to be
elevated by 3.15 mmHg and 3.83 mmHg from the aortic outlet pressure for TOF-Il and TOF-
I11 respectively, such that the outflow rate at the pulmonary could be reduced to match Doppler
measurements. These pressures were approximately 8-10% of the mean arterial pressure of the
31 week-old fetus (27).

Table 3. Comparison between TOF hearts and normal hearts as obtained from CFD. All

values were normalized by the stroke volume.

WSS values were averaged over then entire ventricular surface. Work done and energy loss

Parameter Normal Normal
TOF-1  TOF-Il  TOF-II1  (22wk) (31 wk)
(22wk)  (31wk)  (31wk) (Nrv= 4) (Nrv= 3)
(nLv=4) (nLv=13)
RV Sys’(tg;')c VPG 268 624 631 241459 283:+42
-V Sys(t;’;')c VPG 276 651 638 176+65 222438
RV Diastolic IVPG 58 57 - 54499 5146
(Pa) T +
LV Diastolic IVPG 24 47 5 20411 2046
(Pa) * +
Diastolic RV
Peak WSS (Pa) 2.70 1.26 1.28 1.28+0.61 0.78+0.14
Diastolic LV
Peak WSS (Pa) 0.93 0.94 0.56 0.74+0.29 0.81+0.19
Diastolic RV
Time-Ave WSS (Pa) 1.50 0.82 0.55 0.86+0.46 0.47+0.07
Diastolic LV
Time-Ave WSS (Pa) 0.60 0.57 0.39 0.54+0.19 0.58+0.07
Systolic RV
Peak WSS (Pa) 1.16 1.58 1.66 2.00+0.28 1.61+0.18
Systolic LV
Peak WSS (Pa) 1.12 151 1.39 1.51+0.26 1.58+0.38
Systolic RV
Time-Ave WSS (Pa) 0.88 1.07 1.05 1.03+0.16 0.84+0.04
Systolic LV
Time-Ave WSS (Pa) 0.81 1.03 0.83 0.86+0.19 0.94+0.26
Normalized Systolic
Ejection Work Done 386 358 374 111432 195471
(I/m?)
Normalized Systolic
Energy Loss (J/m?) 2 28 68 24+7 30+8
Normalized Diastolic 24 91 17 19415 16849

Energy Loss (J/m?)
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Based on Table 3, a number of key differences were observed between the TOF hearts
and normal hearts. In the LV and RV of TOF-11 and I11, there were drastic several-fold increases
in systolic IVPG. For TOF-I, there was a milder elevation of systolic IVPG in the LV but no
elevation in the RV. The systolic IVPG elevations were most likely caused by outflow
obstruction due to pulmonary stenosis or atresia. In TOF-1, however, RV IVPG was not
elevated most likely because the aortic outlet was sufficiently large to host its outflow, and
because the RV was small, allowing fluid to move out over a shorter distance. Comparing
IVPG values between normal and TOF hearts allowed us to gauge the pressure elevations in
TOF hearts. Overall systolic pressure elevation (RV and LV combined) was 2.57 mmHg for
the two 31 weeks TOF hearts on the average, and 0.5 mmHg for the 22 week-old TOF heart.
These were about 6.9% and 1.7% of the mean arterial pressures of the 31 week-old and 22
week-old fetuses, respectively. During diastole, RV VPG was very similar between TOF and
normal, but there were elevations in LV IVPG in TOF-11 and I11, which was most likely due to
their larger LV sizes and stroke volumes. Further, it was interesting to note that between the
RV and LV in TOF hearts, IVPG values were very close to each other, suggesting that the

pressure conditions in both ventricles to be very similar.

In terms of WSS, the TOF hearts appeared to have WSS elevations in the RV but not
the LV. Peak diastolic WSS almost doubled in all 3 TOF RVs, while time-averaged diastolic
WSS was more mildly elevated for 2 out of the 3 TOF RVs. In the TOF LVs, there were no
elevations in WSS. As discussed above, RV WSS elevations were most likely caused by high
diastolic tricuspid inflow and small RV sizes, resulting in enhanced vorticity dynamics, deeper
penetration of the inflow vorticity structures towards the apex, and greater interactions between
vortices and the wall. This mismatch between tricuspid inflow and RV sizes was especially
drastic for TOF-I, and the right-to-left shunting was especially strong, and as such, TOF-1 RV
WSS elevation was especially high. During systole, both TOF LV and RV had WSS values
which were close to normal, and there was no consistent trend of WSS elevation.

With respect to energy dynamics, there was marked increase in the combined (RV and
LV) systolic work done per unit volume of ejection for all TOF cases, compared to the normal
cases at their corresponding ages. This systolic work done values accounted for the energy
required to overcome frictional energy losses and to accelerate fluid during ejection. It did not
account for the energy required to build up pressures in the outflowing fluid. Systolic work
done was increased by 3.3 times on average, due to higher resistance at the RV outflow tract,

and the forced convergence of both ventricles’ outflow towards the aorta. Since there were no



385 elevations in energy loss, except for TOF-111 during systole, the data thus appeared to suggest

386  thatthe increase in work done was mainly due to the increase in pulmonary outflow resistance.
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Discussion

The study is the first to compare the detailed fluid dynamics differences between the
TOF and normal fetal heart. We observed several key differences. The pressure in TOF
ventricles were elevated due to RV outflow tract obstruction, which increased pulmonary flow
resistance and reduced pulmonary outflow. The pulmonary outlet pressure was found to
increase by 8-10% for TOF-11 and 111, while the average pressures in the heart was elevated by
about 2-7% in all 3 TOF hearts. These elevations were not extremely high, but might be

sufficient to affect the normal growth and remodeling of the heart.

In terms of pressures, we have also found that the RV and LV of TOF hearts typically
could equalize their pressures in the presence of VSD. In most of the TOF cases, the VSD are
often non-restrictive. Our results indicated that both ventricles were affected similarly, reaching
similar pressures. During diastole, the presence of the VSD facilitated communication between
the two ventricles to equalize their pressures, while during systole, the overriding nature of the
aorta facilitated both ventricles to share the aorta as the common outflow tract, leading to
systolic pressure equalization. It is, however, conceivable that if the VSD or the degree of aortic
over-ride is sufficiently small, pressure equalization may no longer occur, and a future study

on this aspect seems warranted.

Our studies demonstrated that the WSS environment in the TOF hearts differed from
the normal hearts. WSS appeared elevated in the TOF RV, due to tricuspid inflow exceeding
the size of the RV, which enhanced RV vorticity dynamics and thus elevated WSS. This
overflowing effect also resulted in substantial right-to-left shunting. The reason for the high
tricuspid inflow in TOF cases was not immediately clear. In the fetal circulation, pulmonary
blood flow is low, and most of the inflow received by the LV originates from the right atrium
(RA) rather than the pulmonary circulation. Flow moves from RA to the left atrium (LA) via
the foramen ovale, before entering the LV. In TOF, an alternative route is possible, where RA
flow moves into the RV and shunts into the LV. As such, one possible reason for the observed
TOF tricuspid flow elevation was that some flow from the RA to the LV found lower resistance

by transiting through the RV rather than going through the LA.

One interesting finding was that the ventricular wall around the VSD consistently
experienced high WSS. During diastole, RV vortex rings had a tendency to collide with the
inferior portion of the VSD, and significant right-to-left shunting occurred, leading to WSS

elevations. Furthermore, as systolic flow converged into the outflow tracts, it naturally elevate
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WSS near the outflow tracts. Since the VSD is in the same vicinity, WSS elevations are
inevitable. WSS is known to influence cardiovascular tissue growth and remodeling (6). The

high WSS at the septal defect may have some implication on its growth and remodeling.

A comparison between TOF RV and LV demonstrated that the TOF LV did not
experience diastolic WSS elevations like the RV did. Since RV wall thickening was found in
two of the three TOF hearts studied, without LV thickening, we hypothesize that elevations of
both pressures and WSS could be responsible for the RV thickening observed in our study. In
our TOF cases, pressure elevations were not very high, and as such, pressure might not be the
sole contributor to the thickening of RV wall. Moreover, the LV experienced similar pressure
elevations as the RV, but did not experience additional thickening. It might thus be possible

that the left and right fetal ventricles do not react similarly to the increase in afterload.

Based on the above, we further hypothesize that WSS elevations also played a role in
RV thickening. Past studies have shown that the cardiovascular endothelial lining can sense
flow shear stresses and express mechanobiological responses and influence growth and
remodeling (2). WSS was thought to be a stimulus to guide this remodeling (22, 35). However,
we acknowledge that the in utero hypertrophy is still not yet well understood with literature
showing presence of RV hypertrophy in some cases (12, 36) and others argued against this
observation (25). Furthermore, detailed effect of wall shear stress on fetal heart growth and

remodeling has yet to be elucidated as well, thus this hypothesis requires further testing.
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Limitations

The major limitation of the current study is the limited number of TOF cases. Owing to
the small sample size, we could not perform statistical analysis. Care should be taken as not to
attribute the results from the simulation directly to the TOF, since there are other complications
associated with the pregnancies, such as maternal diabetes, chromosomal abnormality and
placental insufficiency, which could affect the structure and function of the heart. Although
obviously preliminary and limited by small sample size, our data nonetheless alluded to the
novel applications of ultrasound-based CFD for the assessment of ventricular flow mechanics
in the setting of congenital heart disease.

Technically, the method lacked in a few areas, we were unable to include the
atrioventricular valves in the simulations, as they could not be clearly visualized on the
echocardiographic images. Previous studies indicated that the inclusion of valves in ventricular
fluid mechanics simulations will enhance vorticity dynamics. However, ventricular modelling
of the ventricles in adult without valves have been done frequently, and has helped in providing
a simplified understanding of diastolic function (3, 15). Furthermore, as the model used was
adopted from previous studies, the limitations in the wall motion modelling described in
previous studies are also relevant. The model assumed simplified mathematics to describe wall
motions with the lack of shearing along the theta and tau direction, which would affect the
accuracy of the simulation. In general, the prescribed wall motion-type of simulation relies on
an underlying a-priori assumption that the rigid wall motion drives the flow, while in reality
wall motion was a result of interaction between active and passive mechanical response of the

muscle against pressure of the fluid.

We also assumed that the velocity profiles at the inlets and outlets were similar such
that the ratio of their maximum Doppler velocities represented the scaling in their velocity
profile. However, the complexity of the flow at the atria might give rise to more complex inflow
profiles than our assumptions could support. Despite these limitations, we believe that our
resulting general pattern of wall shear stresses, shunting and pressure would still be sufficient

similarity to the physiological flow.

Conclusion

We performed ultrasound-based flow simulations on human fetal TOF hearts and
demonstrated details of their flow. Compared to normal hearts, TOF RV and LV have elevated
pressure, but only the TOF RV experience elevated WSS and RV wall thickening. TOF LV
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and RV pressures equilibrated due to communication via the VSD, and the wall shear stresses
were high around the VSD. TOF ventricle also required more work done for systolic ejection

due to increased pulmonary outflow resistance.
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Figure Captions

Figure 1. Schematic of the “capsule” coordinate system used, which is a combination of
spherical coordinate systems at the two ends, and curvilinear cylindrical coordinate system in

between the two ends.

Figure 2. a) Surface averaged wall shear stress at peak systole obtained for TOF-I at different
mesh densities expressed as the percent difference against the highest density tested; b)
similarly observed wall shear stress at different cardiac cycles simulated. Used simulation

settings are shown as triangles.

Figure 3. Color Doppler echocardiographic image of TOF-111 demonstrating distinct left and

right atrioventricular flow.

Figure 4. Measurement of RV thickness for all the 3 TOF hearts studied, all images taken at
end diastole. LV appeared thinner than the RV in these hearts. Moderator band (red arrow) was

clearly visible and was excluded from RV thickness measurement.

Figure 5. a) Resulting CFD-obtained velocities as compared to pulsed wave Doppler-obtained
velocities for TOF-111 during systole and diastole); b) Plot of tricuspid-to-mitral velocity ratio
during diastole and pulmonary-to-aorta velocity ratio during systole as obtained from pulsed
wave Doppler, and from CFD for the same heart, showing a satisfactory match.

Figure 6. Plots of wall shear stress color contours superimposed with plots of A2 vorticity iso-
surfaces (demonstrating vortex rings and structures) across different time points in one cardiac
cycle for a) normal 31 weeks RV and LV; b) TOF ventricles. Only 1 diastolic vortex ring was

observed in each of the chambers in TOF-I11, because inflow was monophasic without E- and
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A-wave distinction. The dynamics are more clearly demonstrated in videos 1-5 in online

supplementary material.

Figure 7. Velocity vector (black arrows) overlaid onto in-plane vorticity or curl (color contour)
across the cardiac cycle for a) a normal 31 weeks old fetal heart and b) the 3 TOF cases. The

dynamics are more clearly demonstrated in videos 6-10 in online supplementary material.
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Table Captions

Table 1. Baseline fetal standard ultrasound and perinatal characteristics of the study

population.

Table 2. Physiological parameters of the TOF and normal hearts investigated. Comparison can
be made between the clinical measurements, CFD simulation results and literature values. Note
that that TOF-I did not have pulmonary velocity due to atresia.

Table 3. Comparison between TOF hearts and normal hearts as obtained from CFD. All WSS
values were averaged over then entire ventricular surface. Work done and energy loss values

were normalized by the stroke volume.



