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Double outlet right ventricle (DORV) is a malformation of the fetal heart in utero that affects the ventricular chambers.
It usually presents with displacement of the aorta and more than half the circumference of both arterial valves in
the right ventricle (RV). A peculiar characteristic is given by an interventricular septal defect (VSD) which allows
communication between the left ventricle (LV) and the right with consequent mixing of oxygenated and non-oxygenated
blood inside the cavities. A crucial question in assessing the degree of severity of functional dysfunction concerns the
percentage of oxygenated blood that is ejected into the primary circulation via the aorta, a result which depends on
the details of the vortex flow pattern within the two ventricular chambers. This study analyzes a complete DORV case
through the use of numerical simulations that allow to identify the concentrations of oxygenated and non-oxygenated
blood passing through this geometry. Results show that the VSD presents a significant impact on the fluid dynamic
performance of the two ventricles. The analysis of blood concentration allowed to quantify the presence of oxygenated
blood ejected into the pulmonary artery and of non-oxygenated blood into the aortic artery. The analysis of this specific
case aim to demonstrate how the fluid dynamics analysis of this rare malformation, properly coupled with imaging
technology, can provide information that could not be obtained otherwise and that are relevant for a careful clinical
management including timely therapeutic intervention.

I. INTRODUCTION

The human heart is composed of a left and a right side. The
two sides, which operate in approximate synchrony, are com-
posed respectively of an atrium and a ventricle. The left ven-
tricle (LV) receives oxygenated blood during diastole which
will then be pumped into the aorta during its systolic phase.
The right ventricle (RV), instead, receives non-oxygenated
blood that will be pumped into the pulmonary artery during
systole. Although both ventricles pump the same amount of
blood, the LV is more powerful and presents a thicker myocar-
dial muscle than the RV, because it develops the high pres-
sure required for the systemic circulation, whereas resistances
along the pulmonary circulation are smaller.

The timeline of human heart development remains partly
elusive. Heart development begins as early as the third week
of gestation and it assumes its characteristic four-chamber ap-
pearance by approximately 56 days of gestational age (DGA),
while tissue architecture and organization is developing be-
tween 95 and 143 DGA!. The transition from fetal to neona-
tal circulation is considered a period of intricate physiologi-
cal, anatomical and biochemical changes in the cardiovascular
system, in fact it is from a failure in fetal development that the
congenital heart defect called Double Outlet Right Ventricle
(DORV) develops.

DORYV is a malformation of the fetal heart in the uterus that
is characterized by presenting the two main arteries, the aorta
and the pulmonary artery, originating both from the RV due
to the displacement of the aorta toward the right side. DORV
is rare and the causes are unclear, in some cases it happens to
babies who have defects within their chromosomes?. It occurs
in approximately 4-8/1000 newborns and, by conservative es-

timates, it accounts for about 1-3% of all congenital heart
defects>3. Symptoms of DORV usually appear during the first
days or weeks after birth, although sometimes the defect can
be find before birth using fetal echocardiography. DORV is
always associated with a ventricular septal defect (VSD), an
opening in the interventricular septum that puts the two ventri-
cles in communication and allows blood to drain from the LV
into the RV. The DORYV is classified into several sub-types de-
pending on the positioning of the VSD relative to the arterial
positions.

Due to this malformation, the direct communication be-
tween pulmonary and aortic arteries leads to an increase of
pressure in the pulmonary circulation that can damage the
lungs. However, the principal criticality is due to the oxy-
genated and non-oxygenated blood that mix inside the RV,
which can eject part of the oxygenated blood in the lungs and,
importantly, a significant amount of non-oxygenated blood
in the systemic circulation. This incorrect division of the
flow can damage lungs, tissues and various organs and, in
some cases, endanger life support. In fact, most children with
DORV require heart surgery within the first year of life. The
degree of severity to which the pathology reflects in the im-
mediate cardiovascular function depends crucially on the rela-
tive oxygen distribution between the pulmonary and systemic
circulations. An outcome that depends on the details of the
vortical flow pattern that develops inside the two-ventricles
domain.

This study analyzes a typical DORV case with non-
committed VSD whose the distance between the VSD and the
arterial valves is at least equal to the matched aortic valve di-
ameter of the patient under study*. Through the use of numer-
ical simulations we aim to identify the arrangement of oxy-
genated and non-oxygenated blood transiting through the RV
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EDV [cm®|[ESV [em®][ SV [cm’] | EF [%]

LV 1,73 1,07 0,66 38
RV| 3,71 2,30 1,41 38

TABLE 1. Volumetric values of the two ventricles.
EDV=End Diastolic Volume, ESV=End Systolic Volume, SV=Stroke
Volume=EDV — ESV, EF=Ejection Fraction=%4

and across the two outlets, this could be represents a first step
for the feasibility of a process that may help with the defini-
tion of most appropriate therapeutic direction, the most suit-
able type and timing of intervention or clinical management.

Il. MATERIALS AND METHODS
A. Geometries

The analyzed pediatric case refers to a 5 day old non-
operated subject. The geometric information was provided
in anonymous form for post-processing in the context of
a clinical study that was approved by the Institutional Re-
view Board of the University Hospital of Bologna, all par-
ticipants or their guardians provided informed consent to the
usage of data in anonymous form for scientific research. The
time-varying geometry of the two ventricular chambers was
extracted from 3D-transesophageal echocardiography (TEE);
the moving boundaries of the ventricular cavities are obtained
by a semi-automatic procedure through dedicated software
(4D LV-Analysis, 4D RV-Function; Tomtec Imaging Systems
GmbH, Unterschleissheim, Germany) that also identifies the
size and location of the valves. The clinical images were
recorded with a time resolution of 21 images per heartbeat.
Image processing analysis produced a triangulated surface of
the moving geometry where vertices identify material points
and their velocity is obtained from temporal differentiation.
The main geometric information of the two ventricles are re-
ported in table I. It is easy to see that LV is hypoplastic, much
smaller than RV, with a different stroke volume (SV). The case
analyzed is with non-committed VSD as it is located toward
the apical region distant from aorta and pulmonary artery. The
VSD is of the "severe” type, being of average diameter of
VSD equal to 0,68cm>® and exceeding 75% of the diame-
ter of the aortic annulus’ equal to 0,66cm, the dimensions are
obtained directly from the images. The close positions of the
aortic valve (AV) and pulmonary valve (PV) make them iden-
tifiable as a "side by side" type.

The geometry of the mitral valve (MV), at the inlet of
LV, is obtained in the fully open (at peak diastole) and fully
closed (during initial systole) from TEE images and extracted
through a dedicated software (4D MV-Assessment; Tomtec
Imaging Systems GmbH, Unterschleissheim, Germany). The
mechanical properties of the valvular tissues, as well as their
geometric details, cannot be measured in vivo, limiting the
possibility of a reliable mechanical analysis; to overcome this
limitation, the geometry is allowed to span between the two

limiting positions, and the intermediate geometric configura-
tions are reconstructed considering the two leaflets as moving
independently, each one describing one degree of freedom as-
sociated with the opening angle, say @ (r) and @(t), for the
anterior and posterior leaflets, respectively. The valve geom-
etry at a generic configuration is thus described by its coordi-
nates Xuyy (9,5, @1, 92), which represents a two-dimensional
set of geometries associated with the two degrees of leaflets
openings. This allows the two leaflets of the MV to assume
different degrees of opening, for ¢@; and ¢, respectively, start-
ing from O (valve fully closed) up to Z (valve fully open).
Therefore, this set of geometries is estimated by interpolation
between Xy (9,5,0,0), and Xpy (9,s,%,5) configurations
obtained from images as previously described®.

A tool for the extraction of the tricuspid valve (TV), at the
inlet of the RV, from medical images is not available; there-
fore, the TV was described by a mathematical model in terms
of the three degrees of freedom represented by the opening
of each of the three leaflets. In this model, the three closed
leaflets are assumed identical in a planar (closed) configu-
ration, and each cusp opens along a circular trajectory and
the geometry is built to connect the apex to the base with a
quadratic profile ensuring continuous (horizontal) derivative
at the annulus. This valve surface is then accommodated to
lay over the bi-linear surface matching the curved annulus.
Following the same line used for the MV, the TV is described
by its coordinates Xy (3,5, @1, @2, @3) where the three angles
@1, @2, @3 correspond to the opening angle for each of the
three leaflets, moving independently between 0 and 7. These
valvular models were a viable option based on patient-specific
information for reproducing the individual main features of
intraventricular fluid dynamics. The outlet valves, aortic and
pulmonary, are described with a binary behavior, fully open
or fully closed. The relative position of the valves and the
VSD in the ventricular geometries is identified by the TEE
image coordinates and does not require explicit registration.
The complete 3D geometry of the examined case is shown
in figure 1 with the respective volume curves of the two ven-
tricles, (a) 3D without transparency, (b) 3D transparent with
VSD highlighted. As it is possible to see in figure 1, a sub-
stantial difference compared to a healthy case is, in addition
to the presence of the VSD, also the presence of AV in RV
instead of in LV which substantially modifies the distribution
of blood”!? as indicated by the arrows in the figure and as we
will specify in detail in the following sections.

B. Fluid Dynamics

The intraventricular fluid dynamics is evaluated by numer-
ical solution of the Navier—Stokes and continuity equations

P Vv Vi vV, (1
Jat
Vy=0; (@)

where v(r,x) is the velocity vector field, p(z,x) is the kine-
matic pressure field, and v is the kinematic viscosity (assumed
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FIG. 1. (a) DORV geometry with TV and MV in semi-open posi-
tion and AV and PV closed. (b) DORV with ventricular walls trans-
parency showing the location of the VSD (marked in black). The
volume curves of LV and RV are shown in the center of the figure in
red and blue color respectively. The nomenclature of the valves are
present in the figure together with a sketch indicating the direction of
the inflow blood flow through red arrows for the oxygenated blood of
LV blue for the non-oxygenated blood of RV and mixed in outflow
through AV and PV.

0.04 cm?/s). Blood is intentionally assumed as a Newtonian
fluid being the blood a mixture of elastic corpuscular elements
in an aqueous solution and then either Newtonian or non-
Newtonian models are approximate®. However, the influence
of corpuscular or non-Newtonian behavior is very small in the
heart chambers'! and it is negligible when compared with the
limited accuracy of the clinical data used as input.

The numerical method was described and validated for car-
diac flow applications in a previous methodological study®;
the main points are summarized below.

The solution is achieved by the immersed boundary method
previously used in numerous studies®*'2-'%, implemented
with Matlab software (R2023) (MathWorks, Natick, U.S.A.)
which we will recall here briefly. The equations are solved
numerically in a bi-periodic Cartesian domain where spatial
derivatives are approximated by second-order centered finite
differences. Time advancement is achieved using a fractional
step method in combination with a third-order Runge—Kutta
explicit scheme. Boundary conditions are set on the mov-
ing immersed boundaries that comprise the ventricle geome-
try and valves surface, four cylindrical regions are added to
the geometry extending from a region around the MV and
TV (representing the surrogates of left and right atrium re-
spectively) and a region around the AV and PV (representing
the surrogates of pulmonary and aortic arteria), included for
numerical convenience to avoid interference between the out-
flow and the inflow outside the geometry. The dynamics of the
valvular leaflet is evaluated in the limit condition of no explicit
resistance other than complying with the set of geometry ob-
tained from medical imaging; individual leaflets’ movement
is obtained by the kinematic condition that the motion of the
leaflet surface must match the velocity of the fluid at the same
position. This is imposed in the least square sense, in integral

form over each individual leaflet, and gives rise to system of
dynamic equation for the advancement of each leaflet open-
ing angle. This procedure, described in details in®, results in
a system of linear equations whose ith term reads

%) G o oom (3 )
A, 0 ®; 0 ®; dt N 0 (0]

3
where n is the normal to the valvular surface and the subscript
v stands for either MV or TV (summation over j is implicit
and extends to 2 or 3 for the mitral and tricuspid valve, respec-
tively). The aortic and pulmonary valves are considered open
when the tricuspid and mitral valves are closed and normal
velocities, averaged over the position of the aortic and pul-
monary valve surface respectively, before establishing bound-
ary conditions, are directed outward. In this way, the open or
closed state of the valve is automated and does not require to
be imposed®.

C. Flow Transit Analysis

Flow transit assessment is an important step in identifying
the transport of oxygenated and non-oxygenated blood from
LV to RV and vice versa. The aim is to independently follow
the blood volumes originating from LV and RV to identify
their journey throughout the entire heartbeat. These quantities
are defined through blood transport analysis that is performed
by solving the transport-diffusion equation for a passive scalar

%f +V-(vC) =DV, @)
where v(x,1) is the know velocity field, D is the diffusive co-
efficient that is set equal to the kinematic viscosity of blood
to reproduce blood diffusion and C(x,t) is the total concen-
tration of particles. Equation (4) is solved separately for the
LV and for the RV in parallel to the Navier—Stokes equation
(1) starting from the initial condition C(x,0) = 1 in the inte-
rior of the ventricle at beginning of diastole. Since equation
(4) is solved separately for LV and RV, there is a C field for
each ventricle that allows to trace the two different blood con-
centrations, oxygenated in LV and non-oxygenated, and their
mixing within the entire RV-LV domain.

‘When performing global blood balance it is necessary to
compute the flow rate that crosses each ventricular opening,
the four valvular orifices and the VSD. The overall flow rate
is obtained from the relative fluid velocity, v,,;, at the orifice

0(t)=— /A Vyel A, 5)

where the minus sign follows from the fact that n is the out-
ward unit normal vector, so that the flow rate is positive when
it enters the ventricle. The extension of equation (5) that in-
cludes the concentrations C allows to differentiate between
oxygenated and non-oxygenated blood flow rate

0c(t) = — /A Yyt -nCdA. ©)
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The corresponding volumes are then obtained as the time in-
tegral of the flow rate in the reference period (i.e. systole and
diastole), which can be either the forward volume or the re-
gurgitated back flow.

D. Kinetic Energy and Vortex Formation Time

The kinetic energy (KE) of blood reflects a fundamental
component of the work done by the two ventricles, indicated
as the movement of the blood within them'”-'®, and it is com-
puted as follows

KE() =5 /V Vv, (7)

where V() is the ventricular volume and p the blood density.
The vortex formation time (VFT) is an important parameter
used for the evaluation of ventricular functions'?; this dimen-
sionless parameter is computed as

VFT = | D 1v,.dt, ()]
T

where v,, is the mean velocity across the valvular orifice!4-16,

D the average diameter, and T is the diastolic E-wave period.
This parameter measures the quality of the vortex formation
process and optimal both LV and RV filling.

E. Blood Oxygen Saturation

An important parameter capable of providing information
on the efficiency of oxygen transport in the blood is oxygen
saturation, S,0,, defined as the ratio of between the oxy-
gen content (O) in the blood, neglecting the amount of oxy-
gen physically dissolved in the blood which has a value of
less than 1% of the total?’, and the O transport capacity of
hemoglobin (Hp):

Hy0,

8,0, = Hy 1 HyOs 100. )
This parameter is considered an excellent indicator of the ef-
ficiency of the blood oxygenation system. Optimal values are
between the range of 94%-:-100%>!. Through equation 6 we
can identify the parameters useful for calculating S,0,: the
quantities of oxygenated blood (AVox, PVx) which are the
equivalent of H,O,, the non-oxygenated quantities (AV,ox,
PV,,0x) which are the equivalent of Hj,. The inverse calcula-
tion makes it possible to identify the non-oxygenated quanti-
ties ejected into the two orifices. The result of this equation
therefore allows to identify the quality of blood effectively
ejected from the two orifices.

F. An Additional Constrain on Blood Flow Balances

Before moving to the results, it is necessary to make an ad-
ditional consideration on the blood balances during the entire

4
AVyy | AVry | AVpy | AVay AVysp
LV |+0.66 - - - —0.66(+0.01 —0.67)
RV - +1.41]-0.68|—1.39]+0.66 (—0.01+0.67)

TABLE II. Blood volumes, in cm?, exchanged by the two ventricles
over one heartbeat.

AVyy=blood volume crossing the MV, AVry=volume crossing the
TV, AVpy=volume crossing the PV, AV y=volume crossing the AV,
AVysp=volume crossing the VSD (in parenthesis the values sepa-
rated for diastole and systole).

cardiac cycle. The fundamental principle to be satisfied is the
principle of mass conservation in the complete system that in-
cludes both ventricles where the quantity of blood (stroke vol-
ume, SV) that enters during the inflow phase (diastole) must
be the same that leaves during the outflow (systole). This
global conservation is automatically satisfied by the fulfilment
of equation (2).

In the DORV condition, due to the connection between the
two ventricles an additional consideration must be made to
take into account that the PV and AV are in series with the
MV and TV, respectively. This point would be satisfied by a
model of the entire circulation that, however, requires a series
of additional elements that are of difficult evaluation at an in-
dividual level. In the present model, this point requires the
fulfilment of an additional constrain ensuring that the net vol-
ume (AVyy) entering the LV across the MV during diastole
balances with that expelled during systole from the RV across
the PV (AViyy = AVpy), and that entering the RV across the
TV balances with that ejected through the AV (AVyy = AVyy );
where each AV is the time integral of the corresponding Q(r)
evaluated by equation (5). This constraint is verified by in-
serting one resistances at the PV, or at the AV, to control the
relative partition during of systolic ejection. In this study a
resistance on the PV was introduced, simply by reducing the
orifice size, which allowed us to correctly balance the two out-
puts; the different volumetric contributions are reported in ta-
ble II.

It is important to remark that DORV patients may be sub-
jected to valve regurgitation (backflow) across either the MV
or the TV during diastole even in absence of a pathological
valvular insufficiency (that would give regurgitation during
systole, instead); therefore, these values represent the net vol-
umetric exchange including the negative contribution of dias-
tolic false regurgitation” !4,

1ll. RESULTS

The fluid dynamics in the normal LV and RV has been ex-
tensively described in the literature®!%, The blood flow enter-
ing the LV from MV moves along the posterior wall generat-
ing a rotational movement that expands throughout the ven-
tricle until it is redirected towards the aortic output. Instead
in RV the incoming flow from TV stays in the region below
the valve and then converges towards the pulmonary outlet
tract. This picture is modified in DORV due to several factors
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FIG. 2. Streamlines of the steady-streaming (diastolic phase-
average) - (a) DORV lateral view - (b) back RV view, (¢) Curves
of dV/dt respectively for LV (red line) and RV (blue line).

such as the VSD opening, that allow blood flowing between
the two ventricles, and the localization of both outlets in the
RV. In figure 2 (a), we show this phenomenon from a dias-
tolic point of view, the oxygenated blood enters the ventricle
and mixes rotationally with the non-oxygenated blood enter-
ing from the VSD. This movement is unusual for the diastolic
phase® 14716, thus showing a substantial fluid dynamic mod-
ification within the LV. The same is for RV, the presence of
the VSD and the entry of oxygenated blood into it substan-
tially modifies its distribution which under normal conditions
is predominantly in its posterior section near the apex” and not
as extensive as shown in figure 2 (b).

The global exchanges of blood flow in the DORV during
the cardiac cycle are summarized in figure 3, whose integrated
value correspond to figures reported in table II. Panel (a) re-
ports the flow rate, Q(¢), crossing the 4 valves during inflow
(diastole) and outflow (systole); panel (b) shows the blood
flow rate passing from one ventricle to the other through the
VSD and where, by convention, the negative part (red color)
represents the oxygenated blood which moves from the LV
to the RV and the positive part (blue) is the non-oxygenated
blood moving in the opposite direction.

During the initial phase of the diastolic filling the flow
rapidly enters the two ventricles (figure 3a), as dictated by in-
dividual ventricular expansion; in this phase blood exchanged
through the VSD is mostly oxygenated (from LV to RV) to
comply with the limited volume of hypo-plastic LV. After-
wards, during the second phase of the filling, the two ven-
tricles enter more in equilibrium, they continue their regular
filling and a limited quantity of non-oxygenated blood flows
across the VSD; the final part of diastole (f ~ 0.42s) features
the development of a false regurgitation (outflow during dias-
tole) of blood across both MV and TV. Therefore, during di-
astole, a quantity of blood equal to the SV (table I) enters the
ventricles for LV and RV respectively, there is an exchange of
blood through the VSD and finally some is lost by regurgita-
tion; these quantities are shown in the table II.

Note that the inlet flow rates are calculated at the valve end
leaflet where in "normal" cases, i.e. without VSD and valve

B 1D
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FIG. 3. (a) Curves of blood Inflow and Outflow across the four
valves: MV (red color), TV (blue), PV (magenta), AV (cyan); the
black curve reports the total for the entire DORV. (b) Flow exchange
between LV and RV through the VSD as seend from the LV: nega-
tive value corresponds to flow from LV to RV reported in red color
(oxygenated blood), positive is flow from RV to LV in blue color
(non-oxygenated blood).

regurgitation, the flow is more linear'*. In DORV cases, on
the other hand, the fluid dynamics modification causes a dif-
ferent flow recirculation than usual, there is an exchange of
blood flow from the VSD which generates substantial modifi-
cations with a return of flow in the proximity of the two valves
which are detected by the end leaflets being inside the ventri-
cle without affecting the valve dynamics (3 (¢)). The dV /dr
curves in figure 2 (c) are calculated directly from the volumes
of the geometries through a dedicated software that does not
take into account these observations since they are structural
anomalies from malformation. What has been said is con-
firmed by the data in table II calculated through the flow rate
which are perfectly comparable to those in table I extracted
from the geometry.

During systole, the RV ejects blood into the two outlet ori-
fices, PV and AV, while the LV contraction pushes blood to
the right side across the VSD. Therefore, as systole begins, the
mostly non-oxygenated blood that resides in the RV immedi-
ately begins to flow out of the two valves while oxygenated
blood enters the RV and mixes therein. As systole progresses,
blood flows out the two orifices with an increasing percent-
age of oxygenated flow, as shown in figure 4 (c) and (d), that
reaches a peak at time 7 ~ 0.76s and progressively decreases to
the end of systole. Figure 4 shows the steady-streaming (sys-
tolic average) streamlines in front and back views, panel (a)
and (b), respectively. The front view indicates the directions
of the non-oxygenated blood which is immediately oriented
towards the two outlets, the back view shows how the oxy-
genated blood entering the RV initially travels to the posterior
section of the ventricle where a part remains inside the RV and
a part mixes with the non-oxygenated blood directed towards
the two outlets.

The presence of an underdeveloped LV implies that the
amount of oxygenated blood is lower than the non-oxygenated
and that the outflow in the PV to the pulmonary circulation is
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FIG. 4. Streamlines of the steady-streaming (systolic phase-average)
- (a) front view - (b) back view, (c¢) Curves of outflow blood in AV, (d)
Curves of outflow blood in PV. Red color represent the oxygenated
blood, blue color the non-oxygenated blood. The lower section of
the figure shows a pie graphs with the percentage of blood quality
ejected through AV and PV.

AVox |AVyox |PVox |PVaox
AV[en]| 026 | 1.13 | 029 | 0.39

TABLE 1II. Composition of blood ejected in AV and PV during sys-
tolic phase. The acronym OX identifies oxygenated blood, nOX non-
oxygenated blood.

lower than in the primary circulation.

Within this picture, table III shows the quantities of oxy-
genated and non-oxygenated blood crossing the two outlets.
The first observation (calculated with equation 9) is that not
all the oxygenated blood entering the RV comes out of the two
orifices but only 82% while the remaining 16% is trapped in-
side the RV. This does not mean that less total blood is ejected,
but that the 16% trapped during the mixing phase is "replaced"
by the same non-oxygenated amount present in RV. Thus, at
end systole, the residual blood volume in the RV is a mix of
oxygenated and non-oxygenated blood. The quality of blood
ejected from the two orifices is also shown in the lower section
of figure 4. From the percentage subdivision we note that the
AV has a dominance of non-oxygenated blood ejected com-
pared to oxygenated (81% vs 19%) while in PV the percent-
ages are more evenly distributed (58% vs 42%). The quantity
and quality of blood expelled from the two orifices tells us that
of about half of the oxygen ends up in the primary circulation
and a little more returns in lungs.

A calculation of total oxygen saturation shows a S,0, =
26% value coherent with DORV cases that are typically
cyanotic???3 and with more severe hypoxic problems®* such
as the one examined in this study.

In figure 5 we show the trend of KE during the entire heart-
beat for both LV (KEyy) and RV (KERgy) respectively normal-
ized with own SV. This orientation confirms what has been
said so far also from an energy point of view. The time course
of KEy increases more rapidly than KEgy reaching a greater

Diastole

0.008

0.006

m.J/mL]

&y 0.004

KE

0.002

. .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
time [ormalized]

FIG. 5. Kinetic Energy curves in DORV. The KE time course are
showed in red and blue color respectively for LV and RV.

VFT KEE,,M KEA,M mean KEgj,| mean KEqy
LV| 0.5 |0.0094 | 0.0048 | 0.0042 |8.4136-10704
RV| 0.6 |0.0058 | 0.0076| 0.0041 0.0031

TABLE IV. Vortex formation Time is an adimensional value. Ki-
netic Energy is expressed in mJ/mL.

VFT=Vortex Formation Time value, KEEWM:KE value at E-wave
peak, KE, ,,=KE value at A-wave peak, mean KEzi,=Averaged di-
astolic KE, mean K E;ys=Averaged systolic KE.

value at the peak of E-wave. This is related to the first pre-
dominant inflow of oxygenated blood into the RV via the VSD
during early diastolic and then to a greater initial thrust as we
can see in figure 3 (b). Subsequently, during diastasis phase it
decreases very quickly unlike KEgy which maintains a more
constant energy level until it increases at the peak of A-wave
(atrial thrust) which is greater in RV. The result of this left
atrial thrust matches the second entry of oxygenated blood
into the RV, in a less predominant way being a suffering and
hypotrophic ventricle. RV, on the other hand, reacts to this
invasion with a dominant A-wave peak which forcefully di-
rects the flow towards the systolic phase. During systole, oxy-
genated blood flows slowly from LV to RV due to poor LV
performance which is mirrored in KEzy where it slowly re-
sets. In RV, on the other hand, it is interesting to see how this
hypertrophic ventricle actually functions much more than the
left; the presence of the double wave represents the energy
increase respectively in AV and PV.

These KE curves show the additional severity of the malfor-
mation when compared with the literature. In a healthy adult
heart, the diastolic trend follows an E-wave peak greater than
the A-wave peak with E/A>1%. Instead, this is not the case
for a heart from O to 1 month of life where peak A-wave is
greater than E-wave with an E/A<1 and then increases with
age?®. Although our case falls within this series (E/A is 0.84
and 0.86 respectively for LV and RV), confirming the good-
ness of the data, the KE trend confirms the presence of effec-
tive left ventricular suffering which initially tries to push hard
and then it is also lost due to the invasion of the RV in its di-
astolic phase if compared with children control case present
in literature?’28, In the systolic phase there is minimal energy
in LV and a double curve in RV due to the double output, not
consistent with a healthy heart but consistent with the DORV
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series®. In fact, the values in table IV also confirm what has
been said with a great similarity to cases of adults with se-
vere heart failure?®°. The LV mean KEgys value very close
to zero is well associated with the description of how oxy-
genated blood actually flows slowly towards the RV to then
be sucked up and mixed in the right circulation and finally
expelled in the manner illustrated in figure 4, with particular
attention to the curves of oxygenated blood expelled which
slowly increase. This is also a consequence of the greater to-
tal amount of blood expelled in the AV compared to the PV
given also by the close position of the aortic valve to the VSD.
A further value confirming what has been said so far is the
VEFT (table IV), an indicator of ventricular efficiency, which
in this case DORV of a 5-day old child is low (0.5 and 0.6 for
LV and RV respectively) when compared with control cases
of infants aged between 0 and 1 month who generally present
a value between 1 and 2%°. This great diastolic suffering is
reflected, as we have seen, throughout the systolic phase, sig-
nificantly influencing the distribution of blood in the DORV
with consequent differences in blood concentration in the two
outlets. In fact, the hypoplastic condition of LV, the ventric-
ular suffering in both energetic and biomechanical terms, the
presence of VSD and the poor blood distribution capacity af-
fect the low blood saturation obtained.

IV. CONCLUSIONS

Hearts with DORV are a heterogeneous group of malfor-
mations in which a comprehensive diagnostic approach is re-
quired for tailored surgical management®!. In this malforma-
tion, the VSD plays an essential role to drain the LV, it repre-
sents a short-circuit between pulmonary and systemic circu-
lations that alters their serial arrangement; thus its structure
influences the qualitative redistribution of blood in the two
ventricles that can only be evaluated by a careful analysis of
intra-ventricular fluid dynamics.

In this study we analyzed a 5 day old DORV pediatric case,
non operated and with non-committed VSD through a well-
validated and consolidated numerical simulation method®!!.
This method offers optimal resolution and computational de-
tail for post-processing®1%:14-16:32-34 would not be possible
with other evaluation methods. An example is the 4D Flow
MRI which, on the one hand, would have the advantage of
being an effective measurement on the patient; on the other,
MRI has a low spatial and temporal resolution and does not
capture small vortices that are important for the dispersion
phenomena and may not allow to identify in detail the ef-
fective blood distribution. Moreover, the work for post pro-
cessing of 4D Flow MRI data would be comparable to that
required for a numerical simulation. The use of numerical
simulations makes it possible to obtain results with great de-
tail and without further examination to the patient, consider-
ing that we are talking about young children. The numerical
simulation, despite all its limitations, allows to highlight many
clinical characteristics in greater detail using patient specific
TEE images'*333%, moreover thanks to the new technologies
it is possible to obtain 3D recording also thanks to simple

echocardiographic examinations'®37, limiting the invasive-
ness and stress for the patient, making the coupled numeri-
cal simulation-3D echocardiography one of the better solu-
tion currently proposed for different types of patient’s specific
clinical evaluations. Importantly, numerical simulation can,
in perspective, allow to reproduce hypothetical condition that
would occur in different therapeutical solutions opening the
possibility to evaluate virtual surgery. Identification of blood
oxygenation is vital for DORV cases. Among the first most
important damages are brain lesions, a lack of oxygenated
blood in the brain can create both white matter lesions and
gray matter infarctions, occurring among the most common
in children with severe VSD®. After surgery, lesions seen on
neonatal MRI usually resolve within 4-6 months3?, but neu-
rodevelopmental delays remain for life thus increasing the risk
of cognitive impairment. This is because this malformation
affects brain growth from the beginning of gestation with a re-
duction in the volumes of the cortical and subcortical gray and
white matter as early as 25 weeks of gestation*’, leading the
newborns to have a clearly reduced head circumference*'. In
fact, in children with DORY, the incidence of motor dysfunc-
tion related to neurological dysfunction and poor tissue oxy-
genation also increases, with important consequences such
as lower IQ scores, reduced expressive language, behavioral
problems, reduced expressive language, self-esteem and aca-
demic competence around 7 years of school age*>*3.

The analysis in this specific case showed that the oxy-
genated blood that flows into the RV through the VSD is
preferably redirected towards the pulmonary outflow tract
than the aortic outlet. Moreover, the presence of an under-
developed LV implies that a reduced amount of blood volume
flows into the pulmonary circulation and that the availability
of oxygenated blood in the DORYV is overall reduced. As a re-
sult, the available oxygenated blood is approximately evenly
distributed between the two outlets, while the non-oxygenated
is principally ejected in the primary circulation.

The reduced oxygen content across the AV outlet decreases
the oxygen supply to the tissues and limits the working capac-
ity of the muscles, in agreement with clinical observation***>,
The present analysis is largely retrospective in a subjected
who underwent surgical operation and it has no clinical impli-
cation. Nevertheless, this type of analysis provides incremen-
tal information for a clinical decisions on therapeutic path and
to avoid irreversible damage. These malformations are rare
and therefore very little is known about them, so it is impor-
tant to expand this knowledge, deepen existing cases in order
to create a more immediate and systematic method of inter-
vention given by greater knowledge both from a fluid dynamic
and mechanical point of view.

Given the many known and unknown consequences due to
the rarity of this malformation, this numerical method could
also be used to identify the evolution of the malformation
already at the fetal level, right from the first cardiac forma-
tion which usually occurs in DORV cases with certain ge-
netic conditions , such as trisomy 13, trisomy 18 or DiGeorge
syndrome*®*8. This could help medicine understand how
blood is distributed from its earliest moments and design new
ways of intervening both before and after childbirth. More-
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over, this would be possible thanks to a non-invasive analysis
such as the numerical simulation associated with 3D echocar-
diography.

These malformations of the fetal heart are very rare and
this study intends to represent a clinical input to give greater
knowledge both from a clinical point of view and from a sur-
gical perspective.

V. LIMITATIONS

DORV is rare and this leads to have low data and analysis
on this malformation. This rarity has led to the first limitation
of this work that is the study of only one case. Despite this,
however, it has allowed us to start a first detailed analysis of
how the malformation could evolve regarding its blood distri-
bution in the pulmonary and systemic circulation. This single
study is not generalizable and this is a second limitation, as
given the many combinations that this malformation can have
both at the terms of the VSD and of the valves or ventricular
conformation. However, this is a first step towards new future
perspectives that push us to continue on this path, expanding
the case studies even in an artificial way by building a para-
metric model that tries to summarize countless case studies
that could occur in the DORVs. However, this remains a first
clinical case, analyzed with this method, useful for giving de-
tailed first clinical information on a specific patient DORV.
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