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Abstract

End-stage Fontan patients with single-ventricle (SV) circulation are often bridged-to-heart transplantation via mechanical
circulatory support (MCS). Donor shortage and complexity of the SV physiology demand innovative MCS. In this paper,
an out-of-the-box circulation concept, in which the left and right ventricles are switched with each other is introduced as a
novel bi-ventricle MCS configuration for the “failing” Fontan patients. In the proposed configuration, the systemic circulation
is maintained through a conventional mechanical ventricle assist device (VAD) while the venous circulation is delegated to
the native SV. This approach spares the SV and puts it to a new use at the right-side providing the most-needed venous flow
pulsatility to the failed Fontan circulation. To analyze its feasibility and performance, eight SV failure modes have been
studied via an established multi-compartmental lumped parameter cardiovascular model (LPM). Here the LPM model is
experimentally validated against the corresponding pulsatile mock-up flow loop measurements of a representative 15-year-
old Fontan patient employing a clinically-approved VAD (Medtronic-HeartWare). The proposed surgical configuration
maintained the healthy cardiac index (3—3.5 /min/m?) and the normal mean systemic arterial pressure levels. For a failed
SV with low ejection fraction (EF=26%), representing a typical systemic Fontan failure, the proposed configuration enabled
a~28 mmHg amplitude in the venous/pulmonary waveforms and a 2 mmHg decrease in the central venous pressure (CVP)
together with acceptable mean pulmonary artery pressures (17.5 mmHg). The pulmonary vascular resistance (PVR)—SV
failure case provided a~5 mmHg drop in the CVP, with venous/pulmonary pulsatility reaching to~22 mmHg. For the high
PVR failure case with a healthy SV (EF =44%) pulmonary hypertension is likely to occur as expected. While this condition
is routinely encountered during the heart transplantation and managed through pulmonary vasodilators a need for precise
functional assessment of the spared failed-ventricle is recommended if utilized in the PVR failure mode. Comprehensive
in vitro and in silico results encourage this novel concept as a low-cost, more physiological alternative to the conventional
bi-ventricle MCS pending animal experiments.

Keywords Single-ventricle physiology - Fontan circulation - Hemodynamics - Ventricle assist devices - Mechanical
circulatory support - Mock-up flow loops - Lumped parameter modelling - Congenital heart surgery - Cardiovascular
circulation theory
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SVR Systemic vascular resistance
TCPC  Total cavopulmonary connection
VAD Ventricle assist device
Introduction

Each year, about 8 in a 1000 babies are born with a clini-
cally-significant congenital heart defect [5, 6, 17, 24, 25, 44].
The most serious structural heart defects require complex
palliative surgical reconstructions with the aim to achieve
an optimally working blood circulation with the only avail-
able single-ventricle (SV). These surgical reconstructions
are performed in series to gradually compensate the missing
right-heart. The final surgical stage is the Fontan procedure
[14, 15] first performed in 1971. Following this pioneering
surgical procedure, advances in pediatric cardiac surgery
have resulted in reduced morbidity and mortality in this vul-
nerable patient group [3, 26, 27, 32-34]. Unfortunately, the
current surgical therapy is palliative; as the child grows, due
to vascular remodeling and hemodynamic adaptations, this
complex and surgically reconstructed physiology gradually
fails. Presenting severe complications related to the gastro-
intestinal system, including feeding disorders, liver dysfunc-
tion, protein losing enteropathy, and plastic bronchitis [43].
As almost all SV patients eventually require either heart
transplantation or mechanical circulatory support (MCS) in
their late adulthood [26], the steadily increasing number of
“Fontan survivors” with poor quality-of-life is an emerg-
ing global health challenge [47, 49, 61], shortage of donor
organ supply has made MCS an inevitable surgical tool for
bridge-to-transplantation to improve a patient’s transplant
candidacy [1, 62]. While a variety of surgical concepts using
pulsatile- or continuous flow MCS devices are being pro-
posed [16, 25, 46, 63], novel approaches and breakthrough
devices are particularly desired to address the physiology-
related limitations of the declining SV circulation. For exam-
ple, Giridharan et al. introduced a low blood damage pump
without an impeller [18] and our research group proposed
an implantable Fontan ventricle assist device (VAD) without
the need for an external power, resembling a turbocharger
[38]. Likewise, other novel devices employing the jet-pump
principles is being refined for Fontan assist [41]. Cannu-
lated TCPC support emerged as an alternative approach and
custom cannulation designs and unique configurations are
tested in vitro with limited failed-circulation cases [57]. For
example, Professor Amon’s research team considered a triple
lumen cannula attached to an external right-heart centrifugal
blood pump [31]. Wang et al. modified an Avalon DLP can-
nula and tested it in a piglet TCPC model [60].
Computational fluid dynamic analysis, provide rich infor-
mation on local Fontan assist device hemodynamics, which
is extremely useful for MCS design and optimization [19,
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55]. As such, the system-level development of the emerg-
ing devices requires lumped parameter numerical modeling
(LPM) delivering rapid results. The first SV LPM analy-
sis study that demonstrated the VAD coupling to a Fontan
pathway considered a hemodynamically functioning “opti-
mized” Fontan circulation [39]. Exercise and the shape of
the assist-device pressure—flowrate characteristics are stud-
ied next illustrating the need for precise coupling between
the systemic and pulmonary flows realized through hemo-
dynamic sensors [20]. SV-LPM modeling further applied to
the first-stage surgical interventions [50] and expanded to
incorporate failed/non-functional SV circulation states [8,
9]. For example, Durham et al. conducted a patient-specific
LPM modeling campaign to test the HeartMate II pump at
systemic support configuration against seven failed Fontan
patients [11]. This study demonstrated the heterogeneous
nature of Fontan failure modes influencing the VAD out-
come. More recently, Farahmand et al. [13] recovered an
ideal SV circulation from a moderately failed state using two
subpulmonary support configurations of the Fontan path-
way. Despite these investigations on failed-Fontan circula-
tion with MCS support, a sequential SV disease transition
model, starting from the pre-surgery state to final severe
failed-Fontan did not exist in literature and the detailed clini-
cal variations of the fundamental Fontan failure modes are
not considered yet. These aspects will be investigated in the
present paper.

In general, the major weakness of LPM modeling, as
observed in literature, is the lack of in vitro validation.
Apart from a single study where LPM results are com-
pared with the physiological measurements obtained from
an acute Fontan animal model with VAD [7], only a few
in vitro mock-up studies with the actual VADs are tested
in the Fontan (SV) circulation [10, 58]. Thus another
aim of the present study is to expand our experience with
LPM validation specifically focusing consequently failed
Fontan states.

Although the failure of Fontan circulation is multi-
factorial; including conditions that affect pulmonary vas-
cular bed and systemic pump (namely the myocardium,
valves, and rhythm) [1, 6, 24, 32, 38, 47], the chronic
long-standing privation of the pulsatile pulmonary blood
flow in Fontan circulation is considered one of the main
reasons of the Fontan failure [39, 40, 46, 47]. Achiev-
ing physiological pulsatility levels at the right side is
paramount to preserve the healthy pulmonary, and lym-
phatic function of Fontan patients [47]. Apart from the
Berlin Heart [21], external valved-compression devices
[23, 28] and precisely timed cuffs [59, 64], the major-
ity of clinically available MCS strategies result steady
flow. To address the long-sought venous pulsatility, in
this study, we introduce a novel Fontan-MCS modifica-
tion that can provide the desired physiological “native
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right ventricle-like” pulsatile flow to support and gradu-
ally heal the Fontan failure. Hemodynamic characteris-
tics of this concept was analyzed focusing primarily on
the early stage failed Fontan patients that display sys-
temic heart failure (American Heart Association Class
II/Class III [22]), in whom a left ventricular mechanical
assist device is normally considered as a bridge-to-heart
transplantation (Fig. 1a). The concept was also tested for
the high-PVR Fontan failure model. We hypothesize that
in combination with the conventional left VAD therapy,
rather than discarding the native SV, sparing it for the
right heart support would result the desired venous hemo-
dynamics (Fig. 1b). Furthermore, in some patients, where
a bi-ventricle MCS support is essential, this approach will
provide significant cost savings that is much significant
for resource-limited settings with limited access to MCS
devices.

To the best of our knowledge, there is no available
technique for failing Fontan patients in whom the sys-
temic circulation is maintained by a standard MCS, and
the cavopulmonary circulation is delegated to the native
SV as illustrated in Fig. 1b. In this manuscript, analyses
were performed for an optimal “baseline” Fontan cir-
culation, clinically meaningful variations of high PVR
and ventricular dysfunction (VD) Fontan failures. These
new failure modes were also examined under the con-
ventional support and the proposed modification, using
the actual clinically approved device (HeartWare HVAD,
Medtronic, US), both in vitro and in silico. An established
experimental Fontan mock-up flow loop and a computa-
tional LPM originally developed for Fontan circulation
were used to investigate a variety of clinically significant
states.

Methods
Surgical Technique

Through a traditional redo cardiac surgery approach, fol-
lowing aortic and selective bi-caval cannulation, cardiopul-
monary bypass (CPB) is established. Under total CPB, the
Fontan tube graft and superior cavopulmonary anastomosis
are taken down from the right PA. The defects remained in the
PA are patch repaired. The superior vena cava is anastomosed
to the cephalic side of the Fontan tube graft. The aorta is cross
clamped, and electromechanical quiescence is achieved by car-
dioplegia. Through right atriotomy, a patch is fashioned to fit
for isolation of the pulmonary veins posterior to the left atrium.
The aortic valve is closed through an aortotomy (Fig. 1¢). The
Fontan tube graft is anastomosed side-by-side to the right
atrium. Following a systemic ventriculotomy performed at
the base of the heart, an appropriately-sized valved-conduit

Fig.1 a Traditional left ventricle assist device (LVAD) implanta-
tion configuration for systemic single-ventricle (SV) failure of the
total cavopulmonary (TCPC) circulation. b Proposed configuration
where the native SV is utilized as a pulsatile right heart. To achieve
this, Fontan (TCPC) tube graft is anastomosed to the right atrium,
systemic circulation is maintained by LVAD from pulmonary venous
chamber to aorta (Ao), and pulmonary circulation is delegated to the
SV via a conduit interposed between the SV and pulmonary artery
bifurcation. Blood flow directions are labeled with arrows. ¢ A sketch
displaying the surgeons view is provided during the take-down of
TCPC anastomoses, patch plasty of the pulmonary artery, creation
of a posteriorly placed pulmonary venous chamber, and aortic valve
closure through aortotomy (LPA left pulmonary artery, RPA right pul-
monary artery, /VC inferior vena cava, SVC superior vena cava)

is interposed between the SV and the PA bifurcation. After
priming of the MCS device, the outflow graft is anastomosed
to the ascending aorta, and the inflow graft anastomosis to
the left atrium is completed. Following removal of the aortic
cross-clamp, the CPB flow is gradually reduced while the flow
of the MCS device is increased synchronously (Fig. 1c). By
this way, left (via MCS device) and right sides (via SV) are
totally separated like a biventricular circulation, providing a

0,/ 0Qratio of 1.

Lumped Parameter Fontan Circulation Model

An established multi-compartmental LPM developed by our
group for congenital heart disease research [65, 66] has been
adopted to simulate the proposed surgical configuration and
Fontan circulation states. This model computes the pressure
and flow waveforms for key vascular components by repre-
senting them as compliance chambers and resistance vessels
as given in Eq. (1).
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+ Qpump i (1)

where C and P are the compliance and pressure of the com-
pliant chamber represented by the index (i or j), respec-
tively. R is the peripheral resistance of the vessel connect-
ing the associated chambers. N is the number of lumped
elements. O, is the flow of the MCS device and dr is
simulation time step. Pump speed was determined based
on the required @, as explained in the following section
and remained constant during the analysis. Backward Euler
method was used to iteratively solve the implicit formulation
of Eq. (1) using the fixed time step.

Compliance of the chambers are set as constant values
based on the baseline patient profile (Table 1 and Supplemen-
tary File 1 attached to the Data availability section). SV model
function is modeled through the time-varying elastance con-
cept introduced by Suga et al. [54] [Egy(#)] and the “double-
Hill” function E, (tn) described by Stergiopulos et al. [53] as in
Eq. (2). Double-Hill function resolved ventricle characteristics
reasonably well as presented in our earlier articles [37, 65, 66].

ESV(t) = (Emax - Emin)En(tn) + Emin' (2)

All the simulations and measurements were based on a
15-year-old (1.44 m?) Fontan patient (Table 1), the age of
which was considered as an approximate age of Fontan failure
[12, 38]. Cardiac functions, SVR and PVR were tuned accord-
ing to the body size of the chosen patient profile.

Mechanical Circulatory Support Characteristic
Module

For all LPM cases, the pump model employs a quadratic
pressure drop—flow rate relation, which was derived based
on our previous work [39], as follows:

APji = pwz(rgm - ri2n) - qump,ji
PWF oyt pWIy
2”routbouttan(ﬁout) 277"rinbintan(ﬁin) (3)
2 L
- qump,ji <pf2DA2 >’

where w is the rotational speed, r is the pump impeller
radius, b is the blade width and g is the blade angle. In sur-
face friction term, f is the pump friction factor, L is the
approximate blade length, D is the hydraulic diameter and
A is the flow area. out index represents the value at pump
outlet while in index represents the associated parameter at
the inlet.

When the order of magnitudes are considered, second
term of the Eq. (3) is negligible. Therefore, using the
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Table 1 Cardiovascular anthropometric data of the idealized Fontan
patient used in this study

Variable Data
Age (years) 15
Height (cm) 150
Body weight (kg) 50
Body surface area (m?) 1.44
Heart rate (bpm) 70
Cardiac index (I/min/m?) 3
Common atrial volume (ml) 70
Systemic venous chamber volume (ml*) 45
Pulmonary venous chamber volume (ml*) 25

Parameters are compiled from literature and verified through clinical
experience [1, 62]

*Corresponds to the venous chamber volumes after partitioning of
the common atrium (CA) employed in cases VD-switch, PVR-switch,
bPVRtc-switch and bPVRtc-Pswitch

available approximate values of these parameters specifi-
cally for HVAD HeartWare (7, = 15.5mm, r;, = 9mm,
Bow = 45° s P = 60’ > bout = bin =5mm, f=0.035,
D = 8.3mm, L =263mm, A = 54.1mm?), in silico pump
characteristic curves were generated and compared with
literature for selected rotational speeds, as shown in Fig. 2.
It must be noted that, for the HeartWare—HVAD, the
exact form of the neglected second term of Eq. (3) cannot
be represented in an explicit mathematical form due to its
unique impeller design. Still this neglected term is very
small and do not influence the pump characteristic curves
employed in this study.

Fontan Circulation States
Ideal Fontan Circulation (Fontan)

The compliance and resistance parameters of ideal Fontan
circulation state, referred as Fontan throughout the manu-
script, was modelled based on the Egbe et al. [12] and our
previous LPM study [38]. 62 ml stroke volume and 44%
ejection fraction (EF) was supplied by the SV. Cardiac
parameters, systemic and pulmonary vascular resistances
(SVR and PVR, respectively) were specified based on this
representative patient (Table 1).

For this baseline case, the cardiac index (CI) was set to
3.0 1/min/m2, and the systolic, diastolic, and mean aortic
pressures were set to 100 mmHg, 67 mmHg, and 82 mmHg,
respectively, which includes the exercise reserve. The cor-
responding LPM network and the in vitro mock-up flow loop
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Fig.2 In silico HeartWare HVAD characteristic curves and in vitro
measurements with the literature data range [2, 27, 33, 35, 45] for w
= 2060 rpm, 2560 rpm (used in case VD-cmcs) and w = 3300 rpm

constructed for this baseline Fontan circulation is provided
in Figs. 3a and 4a, respectively.

Fontan Failure, Ventricular Dysfunction (VD)

This circulation case was generated based on a moderate-
to-severe VD (Class II/Class III) as classified by the Ameri-
can Heart Association [22]. Case VD was analyzed as two
new VD-Ac and VD-Cr cases considering both the acute and
chronic effects of the ventricular failure, respectively.

In VD-Ac, stroke volume used in Fontan case was reduced
from 62 to 38 ml by decreasing the SV compliance, which
leads to an EF of 26%. Therefore, acute effect of the ven-
tricular failure was simulated. In VD-Cr, besides decreasing
the EF, physiologic response of cardiovascular system to
the acute decrease in aortic pressure and CI was studied.
Such drop was compensated by increasing SVR index from
22.8 to 27.6 WU/m?. Rest of the compliance and resistance
parameters are kept as same with the Fontan case.

(used in case VD-switch). Red Asterix represents our measurements
from the pump used during in vitro experiments

Following VD cases introduced in this study (VD-cmcs
and VD-switch) were built on VD-Cr case, therefore, compli-
ances and resistances were remained constant in these cases.

Fontan Failure, Increased Pulmonary Vascular Resistance
(PVR)

In PVR case, another common mode of Fontan failure was
established through high PVR index based on Egbe et al. [12].
It was analyzed through cases PVR-Ac and PVR-Cr consid-
ering the acute and chronic effects of the high PVR index,
respectively.

In PVR-Ac, PVR value in Fontan case was increased from
1.65 to 3.3 WU/m? to simulate the acute (sudden) effect of the
PVR related Fontan failure. Whereas in PVR-Cr, as observed
in Fontan patients, SVR index and systemic venous com-
pliance were both increased by approximately 10% besides
doubling the PVR to replicate the physiological cardiovascu-
lar system response to preserve the cardiac output (CO) and
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PUMP

Fig. 3 Electrical analog circulation networks analyzed in this study. a
Healthy and failed Fontan circulations (Cases: Fontan, VD and PVR),
b conventional mechanical circulatory support (MCS) of ventricular
dysfunction Fontan failure, Case: VD-cmcs. ¢ Conventional MCS of
increased PVR Fontan failure, Case: PVR-cmcs and d the proposed
MCS modification cases VD-switch and PVR-switch. SV single ven-
tricle, CA common atrium, AoA aortic arch, LB (UB) lower (upper)
body, IVC (SVC) inferior (superior) vena cava, RPA (LPA) right (left)
pulmonary artery, LUNG lungs, PV posterior pulmonary venous
(surgically separated from the CA with the dashed lines), RA right
atrium, R, aorta resistance, Ry, (R,,) lower (upper) body resistances,
Ryicpe TCPC resistance, R, (Ry,) right (left) pulmonary artery
resistance, Ry, systemic venous resistance, R, pulmonary venous
resistance

systemic arterial pressure. Rest of the compliance and resist-
ance parameters are kept as same with the Fontan case.
Following PVR cases introduced in this study (PVR-cmcs
and PVR-switch) were built on PVR-Cr case, therefore, com-
pliances and resistances were remained constant in these cases.

Conventional Mechanical Circulatory Support
of the Ventricular Dysfunction Fontan Failure (VD-cmcs)

Case VD-cmcs corresponds to the conventional MCS (cmcs)
of the Fontan failure state introduced in VD-Cr. In this con-
figuration, MCS device supports the systemic circulation by
working in parallel to the failing SV (EF=26%), as shown
in Figs. 3b and 4b. The device was operated at 2560 rpm,
which provided a flow rate of 2.82 1/min to support the VD
in terms of pressure and flow rate needs.
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Conventional Mechanical Circulatory Support of the Fontan
Failure with Increased Pulmonary Vascular Resistance
(PVR-cmcs)

The conventional MCS support strategy intended for the
high PVR Fontan failure model as introduced in PVR-Cr is
simulated. Using our earlier cavopulmonary Fontan support
framework [39, 66], MCS device was integrated between
the systemic venous and pulmonary artery (PA), as shown
in Fig. 3c.

In PVR-cmcs, both continuous and pulsatile flow MCS
device operation was investigated. For continuous flow sup-
port, MCS device was operated at a constant rotational speed
of 1205 rpm. To impose the pulsatile operation condition,
the rotational speed of MCS device was modulated sinusoi-
dally (+400 rpm) during the operation. MCS device pro-
vided a flow rate of 3.0 I/min to decrease the central venous
pressure (CVP) and support the cavopulmonary circulation
in both operation conditions.

Proposed Modification, Tested for Ventricular Dysfunction
Failure (VD-switch)

Case VD-switch represents the application of proposed
modification to the Fontan failure mode introduced above
as VD-Cr.

Here, a 25 ml volume was isolated surgically from the
total common atrium (CA) volume (70 ml) to form a neo-
pulmonary venous return chamber. The remaining portion
of CA serves as a right atrium. Systemic venous return was
redirected to the new right atrium, after detaching it from the
conventional total cavopulmonary connection (TCPC). Thus,
systemic and pulmonary circulations become parallel simi-
lar to a normal biventricular circulation. SV was connected
to PA to maintain the pulmonary circulation. Systemic cir-
culation was governed by the MCS device having an inlet
draining from the neo-pulmonary venous chamber, yet its
outlet was placed to the aorta, functioning like a native left
ventricle. MCS device was set to work at 3300 rpm, which
provided a total CO of 4.95 1/min to the systemic circulation.
In Fig. 1b, a cartoon representation of the proposed modifi-
cation is provided together with surgical details in Fig. lc.
The corresponding circuit analogue is provided in Fig. 3d as
used in LPM computations.

Performance of the modification in case VD-switch was
also investigated during the metabolic activity. To perform a
simple leg activity (walking function), the exercise protocol
introduced by Kung et al. [29] for Fontan patients was used.
Based on this protocol, from rest (MET =0.65) to mild lower
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Fig.4 Fontan circulation cases
replicated experimentally in
our mock-up flow loop for in
vitro validation experiments.

In a typical experimental run,
cases are simulated in-sequence
to allow direct comparison

of measurements with each
other. Starting with the a ideal,
baseline Fontan circulation
followed by the ventricular
dysfunction failure case: VD,

b MCS of ventricular dysfunc-
tion failure (VD-cmcs) and ¢ the
current modification where the
MCS device operates as the left
ventricle and the single-ventri-
cle (SV) operates as the right
ventricle (Case: VD-switch).
Red and blue lines indicate

the systemic and pulmonary
circulations, respectively. Gray
colored lines for the baseline
Fontan network were removed
in VD-switch configuration.
SVR systemic vascular resist-
ance, PVR pulmonary vascular
resistance, RPA right pulmonary
artery, LPA left pulmonary
artery, Ao aorta, TCPC total
cavopulmonary connection, CA
common atrium, VAD ventricle
assist device (HeartWare HVAD
from Medtronic)

body exercise (MET =35), all parameters were remained con-
stant except that the HR was increased from 66 to 130 bpm
and SVR was decreased by 15%.

Proposed Modification, Tested for the Increased Pulmonary
Vascular Resistance (PVR-switch)

Here the proposed modification was applied to the high
PVRI failure Fontan model introduced in PVR-Cr. MCS
device governing the systemic circulation was operated
at 3175 rpm corresponding to the flow rate of 4.32 I/min.

x,
SVR
RPA
[AoA
TCPC q ‘
+-PVR—
I Arterial Venous
o Open X Closed
- SVR
X
x /
AoA
A 4
CA
VAD
X SV
PVRM_ w N

PVR-switch was also investigated for the activated com-
pensatory mechanisms through bPVRtc-switch. In this
case, heart rate (HR) was increased from 70 to 120 bpm.
Moreover, PA banding was applied to avoid an excessive
increase in pulmonary pressure. Analysis in bPVRtc-switch
was repeated with the pulsatile MCS device operation
introduced in bPVRtc-Pswitch. To observe the effect of
pulsatility on the aortic flow and pressure, rotational speed
of the device was modulated sinusoidally (400 rpm) dur-
ing the course of operation.

All cases are summarized in Table 2.
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In Vitro Mock-Up Circuit

Computational simulations are tested against the mock-up
experimental measurements. For this validation campaign,
the pediatric pulsatile mock-up flow loop was operated under
the same VD and MCS conditions of the LPM model for the
ideal/functional (Fontan), VD, conventionally assisted VD
(VD-cmcs) and the proposed modification assisted VD (VD-
switch) cases. This bench-top circulation system included
a compliant ventricular phantom and computer-controlled
pulse-duplicator (SuperDup’r, Vivitro Systems, Inc., BC,
Canada), which set the pulsatile flow rate by adjusting stroke
and stroke volume, as described in our previous publications
[10, 38]. As per our experimental protocol, Fontan circuits
were generated in sequence using clamps and Y-branches
without significantly altering the circuit parameters or stop-
ping the piston-pump, as seen in Fig. 4. Thus, all the tested
cases were comparable with each other and corresponded
to the early acute changes of the proposed configuration.
In vitro compartmental resistance and compliance values
were same as in our previous mock-up Fontan circulation
study [38] kept constants for all cases. These compartment
parameters were adjusted representing the combination of
lumped chambers in Fig. 3 for sake of simplicity, so that
these lumped chambers are not separately represented in
Fig. 4. Experiments are conducted using clamps so that

different cases can be realized without stopping the pulsatile
pump and keeping the same circulation parameters.

Our previously used standard 13.3 mm diameter 1°
offset based on the chest MRI of a Fontan patient TCPC
connection made of glass was attached to inferior/supe-
rior vena cava and right/left PA compliance chambers
[40]. Two clamp-on ultrasonic pulsatile flow transducers,
namely a 3PXL to the pump outlet and an 8PXL to the
aorta were then connected to TS410 flow modules (Tran-
sonic Systems, Inc., Ithaca, New York), which were placed
downstream of the SVR and MCS device outlets. Pressure
measurements (Deltran 6200, Utah Medical Products, Inc.,
Midvale, Utah) were obtained from the SV, aorta, MCS
device outlet, pulmonary venous chamber and systemic
venous bed. CVP was obtained from the pressure sensor
placed on the inferior vena cava part of the Y-branch right
after SVR. Measurements were recorded using the Lab-
Chart Data Acquisition Unit (AD Instruments, Colorado
Springs, Colorado). Distilled water was used in the in vitro
experiments at room temperature.

To investigate the proposed modification in a compara-
tive manner, the same MCS device, HeartWare HVAD
(Medtronic, Inc., Fridley, Minnesota), was used for all
in silico and in vitro cases. Therefore, pressure and flow
hemodynamics are the main metrics to evaluate the perfor-
mance of the modification subject to different circulation
parameters or common disease states.

Table 2 The clinically significant Fontan circulation states that are analyzed in this study are summarized

Ideal (optimally functioning) Fontan circulation. Corresponds to a time-point long after the third stage surgery. That is, immedi-

ate effects of establishing full single-ventricle (SV) circulation after surgery is recovered (e.g. low post-op. cardiac output)

Fontan
VD
VD-Ac
after the initiation of failure
VD-Cr
after the failure
PVR
PVR-Ac
of failure
PVR-Cr
VD-cmcs
supporting systemic circulation
PVR-cmcs
side, replacing TCPC conduit
VD-switch
compared with Case VD-cmcs
PVR-switch
compared with Case PVR-cmcs
bPVRtc-
switch
bPVRtc-
Pswitch regulation

Fontan Failure Mode 1 SV systemic dysfunction associated failure of the Fontan circulation. Acute state is simulated, suddenly

Fontan Failure Mode 1 SV systemic dysfunction associated failure of Fontan circulation. Chronic state is simulated, long-term

Fontan Failure Mode 2 high PVR associated failure of Fontan circulation. Acute state is simulated, suddenly after the initiation

Fontan Failure Mode 2 high PVR associated failure of Fontan circulation. Chronic state is simulated, long-term after the failure

Conventional systemic support strategy for Fontan Failure Mode 1 (VD-Cr). Includes a clinical ventricle assist device (VAD)
Conventional TCPC support strategy for Fontan Failure Mode 2 (PVR-Cr). Includes a Fontan assist device (FVAD) at the right-
Proposed Fontan support strategy employing the native SV for Fontan Failure Mode 1 (VD-Cr). Hemodynamic performance is
Proposed Fontan support strategy employing the native SV for Fontan Failure Mode 2 (PVR-Cr). Hemodynamic performance is
Proposed support strategy for Fontan failure in (PVR-Cr) but with PA banding and tachycardia

Repetition of (bPVRtc-switch) with a pulsatile MCS device operation. Pulsatility is generated with sinusoidal rotational speed

The case number names that are used throughout the text are provided in Column 1
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Results

In Vitro Validation of Lumped Parameter Circulation
Model

Ideal and VD Fontan failure models (Fontan, VD, VD-
cmes and VD-switch) were replicated exactly in an experi-
mental mock-up circulation flow loop for numerical vali-
dation. For all cases, measured aortic pressure waveforms
demonstrated acceptable agreement with in silico LPMs
computations, as shown in Fig. 5. There is a small phase
differences observed between the waveforms, which is
based on the HR difference of 4% between in silico and in
vitro simulations.

Likewise, simulated hemodynamics were also validated
through pulsatile in vitro measurements. For the SV pres-
sure, simulated and measured values in Fontan and VD-
switch matched almost exactly. On the other hand, almost
6% difference between in silico and in vitro measurements
is achieved both in VD and VD-cmcs. In terms of CVP, in
silico results agreed well with in vitro measurements for
VD and VD-switch. However, CVP revealed a difference

of 11% and 17% between the in silico and in vitro for
Fontan and VD-cmcs, respectively. In VD-switch, MCS
device pressure was recorded to be 101 mmHg in both in
silico and in vitro analyses, yet it revealed a difference of
3% in CI values. In VD-cmcs, the CI of 3.43 1/min/m? was
observed in both in silico and in vitro simulations. This
discrepancy (max. 6.5% observed between in silico and
in vitro) is due to the MCS device pressure adjusted to
provide the same CI. There was no significant difference
(<1 mmHg) in pulmonary venous pressures between the
in vitro and in silico models in all cases.

In all cases, a continuous flow MCS device, HeartWare
HVAD (Medtronic) was used. However, a pulsatile aortic
pressure waveform was observed through in vitro analysis
in VD-switch, as seen in Fig. 5d. In this case, the pressure
sensor placed at MCS device output in in vitro experiments
was affected by the pulsating piston ventricle of the mock-up
loop (Fig. 4¢), which is the reason of such pulsatile aortic
waveform. Therefore, even though the same mean aortic
pressure was achieved, different waveforms was observed
in in silico and in vitro results.

Fig.5 Representative pressure
\ . (a) (b)
waveforms obtained from the in 120 120
vitro mock-up flow loop meas- —_ —in vitro — ——In vitro
urements and in silico LPM ;:’ ——in silico :E’ ——in silico
model computations are plotted € 100 € 100
for the circulation cases of a the E £
healthy baseline (for ventricular g g
dysfunction cases); Fontan, b a2 80 @ 80
ventricular dysfunction; VD, ¢ g_"- o
conventional mechanical circu- £ 6o % 60
latory support of VD; VD-cmes £ "‘:;
and d when the right-ventricle < <
is used a right-heart in VD as 40 40
proposed in this manuscript; 2 4 6 8 10 2 4 6 8 10
VD-switch. All waveforms Time [s] Time [s]
presented are recorded after the
mock-up flow loop is stabilized
and operating at the steady (C) (d)
pulsatile hemodynamics 120 — 120
e —in vitro i
g’ —in silico %’
5100 E 100
< <
§ 80 § 80
< 2
o o
Q 2 60
E %0 E —in vitro
< < ——in silico
40 40
2 4 6 8 10 2 4 6 8 10
Time [s] Time [s]
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It is worth noting that the pressure drop based on the
inertance of the tubes representing the cardiovascular ele-
ments in our in vitro setup was also estimated. The maxi-
mum inertance was observed at the tube representing the
aorta, as expected, which has a length of 0.03 m and a radius
of 0.007 m. The inertance of this section results a maximum
pressure drop of only 4% of the mean aortic pressure. Like-
wise, the inertance based on pressure drop in the venous tub-
ing components are observed to be 10~ mmHg, primarily
due to the low pulsatility. According to these observations,
in silico and in vitro results were compared and agreed even
though neglecting the inertance effect for simplicity.

Fontan Failure-1, Ventricular Dysfunction Model

Results associated with VD models (VD, VD-cmcs and VD-
switch) are shown in Table 3.

In VD, EF of 26% led to a decrease in CI and aortic
pressure by 1.7 1/min/m? and 5 mmHg, respectively. Since
pumping energy (stroke volume) of the SV was reduced to
decrease EF, CVP also decreased by 4 mmHg. Correspond-
ingly, PA pressure decreased slightly from 11 to 9 mmHg.

In VD-cmes, CI was increased by 1.7 1/min/m? with the
conventional systemic support of MCS device. It augmented
both the aortic and ventricular pressures by 5 mmHg and
4 mmHg, respectively. CVP pressure was barely increased
due to the implantation configuration of MCS device in
this case (Fig. 4b), unlike the conventional cavopulmonary
support.

In VD-switch, MCS device directly reflects the pul-
monary flow to systemic circulation. In pulmonary side,
although the stroke volume of SV was nearly doubled, EF
of it remained constant. Mean SV pressure was simulated
as 18.5 mmHg. Additionally, PA pressure increased from
10.7 to 17.5 mmHg (39%). CVP was decreased by 2 mmHg
(13%). In silico waveforms simulated for the VD model
are shown in Fig. 6. As expected, suction effect of MCS
device caused a decrease in pulmonary venous pressure
to— 1.2 mmHg, almost collapsing the in vitro compliance
chamber as seen in Fig. 6a. Nevertheless, CI and aortic pres-
sure increased by 1.7 I/min/m? (doubled) and 25 mmHg
(38%), respectively, to compensate for the low EF.

Fontan Failure-2, Increased Pulmonary Vascular
Resistance Model

Hemodynamics associated with the high PVR index Fontan
failure cases (PVR-Ac/Cr, PVR-cmcs, PVR-switch, bPVRtc-
switch and bPVRtc-Pswitch) are presented in Table 4.

In PVR-Ac, a decrease in CI by 0.35 1/min/m?* and mean
aortic pressure by 7 mmHg was observed. CVP increased
from 14 to 16.25 mmHg at this acute stage of failure. Ele-
vated CVP also increased the PA pressure by 3 mmHg. In
PVR-Cr representing the chronic condition, hemodynamic
mechanisms tended to pull the systemic parameters to the
ideal Fontan circulation by increasing the SVR index. Thus,
CVP elevated from 14 to 18 mmHg, which led to the serious
failure of Fontan circulation in time.

Table 3 Simulated
hemodynamic parameters of the

(VD-Cr) ventricular

(VD-cmcs) con- (VD-switch) w/ spared

. . dysfunction Fontan failure ~ ventional systemic SV proposed modifica-
ventricular dysfunction Fontan (chronic) MCS tion
failure state managed through
conventional systemic support HR (bpm) 66 66 66
vs. the spared s1bngle-ventrlcle EF (%) 2% 2% 2%
(SV) configuration

Stroke volume index (ml/m?) 26 22 43
CO (I/min) 247 4.93* 4.95
CI (I/min/m?) 1.72 342 3.44
MCS device output (I/min)  n/a 2.82 4.95
SBP (mmHg) 77 85 101
DBP (mmHg) 55 60 101
MBP (mmHg) 65.5 71 101
CVP (mmHg) 10.8 11.35 12
PAP (mmHg) 9 7.85 17.5

Note that the ideal Fontan circulation hemodynamic parameters to impose ventricular dysfunction are
nearly 10% higher than the used one for increased PVR model. Thus, this condition is not additionally
given in this table. Figure 4a represents the waveform obtained for this baseline condition

CI cardiac index, CMRI cardiac magnetic resonance imaging, CO cardiac output, CVP central venous pres-
sure, DBP diastolic blood pressure, EF ejection fraction, HR heart rate, PAP pulmonary artery pressure,
SBP systolic blood pressure, MBP mean blood pressure, MCS mechanical circulatory support

*CO represents the total blood flow provided by the MCS device and SV
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Fig.6 Fontan Failure Mode 1. Representative hemodynamic wave-
forms when the ventricular dysfunction Fontan failure mode is
bridged-to-transplant via the proposed spared single-ventricle (SV)
MCS configuration. a Aortic (P,o) and pulmonary venous (Ppy)
chamber pressures, b aortic (Q,) and pulmonary (Qpy;;) flow wave-
forms with the MCS, ¢ single ventricular (Pgy) and pulmonary artery
(Pp,) pressure waveforms

In PVR-cmcs, CVP decreased by 3 mmHg (16.7%)
with the cavopulmonary conventional MCS. Therefore,
CI increased by 0.35 1/min/m? (12.5%) and the mean aor-
tic pressure increased by 6 mmHg (7.3%). Using the MCS
device as a right ventricle (RV) in this case also increased
the PA pressure from 13.5 to 15 mmHg (11.1%).

In PVR-switch, the mean aortic pressure was observed
as 78 mmHg with the CI of 3.0 I/min/m?. The EF of the
SV, which governs the pulmonary circulation remained
as 43% while the MCSD propelled 4.32 1/min of blood
to the systemic circulation. As a result, the desired sys-
temic hemodynamic measurements as per aortic pressure
and CI were obtained, which led to a decrease in CVP to
8.7 mmHg (38%). However, the PA pressure was exces-
sively elevated to 42 mmHg as expected. First, nitric

oxide vasodilation effect was imposed in our simulations
through halving the PVR, however, this application was
only able to reduce the PA pressure to 40 mmHg. There-
fore, in bPVRtc-switch, such pulmonary hypertension was
aimed to ease more significantly through tachycardia and
PA banding, which led to a decrease in EF from 43 to 27%.
Correspondingly, the PA pressure decreased to 37 mmHg
from 42 mmHg, while the aortic pressure and CI remained
nearly constant as in PVR-switch. Additionally, the CVP
slightly increased to 9.1 mmHg.

In bPVRtc-Pswitch, an approximately +3 mmHg of
pulsatility was generated in the pulmonary flow through
replacement of the continuous flow MCS device with a pul-
satile one. Since aortic compliance is less than the PA, only
a pulsatility amplitude of 2 mmHg was observed in aortic
pressure. The pulsatility in pulmonary flow was observed
as =+ 1.15 I/min. Although the application of a pulsatile MCS
device did not significantly affect the mean aortic and PA
pressures, it provided a more physiological systemic flow
waveform. Figure 7 shows the effect of pulsatile MCS device
on the hemodynamic waveforms in bPVRtc-Pswitch. Fig-
ure 7a represents the aortic and pulmonary venous pressure
waveforms under the pulsatile pump effect. Assisted aortic
and pulmonary flow waveforms are shown in Fig. 7b. Fig-
ure 7c¢ demonstrated that the pulsatility generated by MCS
device varied the blood flow rather than the compliance
chamber pressure. Pulsatility of the PA pressure was approx-
imately + 9 mmHg. However, tachycardia and PA banding
nearly eliminated the reverberation of it as seen in Fig. 7d.

Discussion

Use of a right-sided continuous flow MCS device supports
reduces the venous pressure levels in Fontan failure, yet it
lacks a physiological pulmonary flow. On the other hand, the
proposed concept provides pulsatile pulmonary antegrade
flow at physiological levels, which would also decrease
pulmonary capillary recruitment and pulmonary vascular
impedance [42, 54], eliminating the detrimental effects of
non-pulsatile pulmonary flow [48]. This would potentially
improve the condition of the patient gradually during bridge-
to-heart transplantation.

Ventricular Dysfunction Failure Mode
Figure 6b, ¢ demonstrated that the proposed use of spared

SV in the VD Fontan failure (VD-switch) provided physi-
ological PA pressure and pulmonary flow waveforms.
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Table 4 Simulated hemodynamic parameters for high PVR Fontan failure state managed through conventional MCS compared with the spared

single-ventricle (SV), proposed modification

(Fontan) (Fontan) ideal (PVR-Ac) (PVR-Cr) (PVR-cmcs)  (PVR-switch) (bPVRtc- (bPVRtc-
ideal Fontan  Fontan circu- increased increased Conventional w/ spared SV switch) w/ Pswitch) w/
circulation lation (Egbe = PVR Fontan = PVR Fontan MCS spared SV spared SV pul-
etal. [12]) failure (Acute) failure tachycardia satile operation,
(Chronic) and PA band- tachycardia and
ing PA banding
HR (bpm) 70 69+7 70 70 70 70 120 120
EF (%) 44 Echo: 43+4 42 42 42 43 27 27
CMRI: 47 +6
Stroke volume 43 Echo: 46+6 37 40 45 43 25 27
index (ml/ CMRI: 45+6
m?)
CO (I/min) 4.32 5.76 (4.15-7) 3.69 4.05 4.55 4.32 4.32 4.36
CI (/min/m? 3 32(2.3-39) 256 2.81 3.16 3 3 3.02
MCS device  n/a - n/a n/a 3 4.32 4.32 4.36
output (I/
min)
SBP (mmHg) 100 - 90 100 107 - - 81
DBP (mmHg) 67 n/a 62 65 69 - - 77
MBP (mmHg) 82 81+5 75 82 88 78 78 79
CVP (mmHg) 14 15+4 16.25 18 15 8.7 9.1 9.25
PAP (mmHg) 10 10+2 12.15 13.5 15 42 37 35

Variations of this Fontan failure state with tachycardia, pulsatile MCS and pulmonary artery (PA) banding is also presented for comparison. The
target optimized/healthy Fontan circulation is provided in second column for reference

CI cardiac index, CMRI cardiac magnetic resonance imaging, CO cardiac output, CVP central venous pressure, DBP diastolic blood pressure,
EF ejection fraction, HR heart rate, PAP pulmonary artery pressure, SBP systolic blood pressure, MBP mean blood pressure, MCS mechanical

circulatory support

Additionally, the mean pressure levels of the “weak” SV
operating at the pulmonary side was observed to be very
similar to that of the native RV. Such desirable hemody-
namics is impossible to achieve via the conventional MCS
strategies of the Fontan failure. Moreover, subject to the
significantly lower afterloads of the right-side, the failing
SV at the pulmonary position will start to function at a more
favorable operating point, even though it is insufficient to
address the higher systemic circulation load demands.

To test the off-design operation of the proposed MCS
configuration a mild lower body exercise condition is simu-
lated by our LPM. For this circulation state, Case VD-switch
provided the required increase in CO and PA pressure by
28% and 35%, respectively while the MCS device output
and aortic pressure barely increased (maximum ~5%). In
contrast to the conventional approach with only the left-
sided mechanical support, in spared SV, the sensitivity of
PA pressure is much more significant than the sensitivity of
aortic pressure to the increased HR metabolic activity. This

@ Springer

unique response of the spared-SV configuration is beneficial
for stable and balanced left-right hemodynamic coupling.

High PVR Failure Mode

The case PVR-Cr represents a high-PVR Fontan failure
state, in which the CVP is maintained at 18 mmHg for a
long-time, chronically, which is far over the optimal limit
(14 mmHg) of an ideal Fontan patient [12, 36]. It is well-
established that even a quantum decrease in CVP (2 to
6 mmHg) is effective and will delay the Fontan failure [16,
40, 43, 46]. Correspondingly, in our conventional cavopul-
monary support simulations (PVR-cmcs) a 3 mmHg drop in
CVP achieved which meets the clinical objective and agrees
well with the literature. Furthermore, the proposed modifica-
tion cases with increased PVR Fontan failure (PVR-switch
and bPVRtc-Pswitch) provided further decrease in the CVP
(by 9.3 and 8.75 mmHg, respectively), which indicates the
effectiveness of this concept.
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Fig.7 Fontan Failure Mode 2. Representative hemodynamic wave-
forms when the high PVR Fontan failure mode is bridged to trans-
plant via the proposed spared single-ventricle (SV) MCS configura-
tion. a Aortic (P,) and pulmonary venous (Ppy) chamber pressures,
b aortic (Q,p) and pulmonary (Qpyy;) flow waveforms with the pulsa-
tile MCS device operation, banding and tachycardia (Case bPVRtc-
Pswitch), ¢ single ventricular (Pgy) and pulmonary artery (Pp,) pres-
sure waveforms without banding and tachycardia (Case PVR-switch),
and d single ventricle (Pgy) and pulmonary artery (Pp,) pressure
waveforms with banding and tachycardia (Case bPVRtc-switch).
Rotational speed modulation (+400 rpm) to produce pulsatility starts
at time=>5 min

Hemodynamic Comparison of Failure Modes

Although the existing concept of creating a biventricu-
lar physiology by separating the systemic and pulmonary
venous return resembles our proposed modification, the
major difference of our concept is that a biventricular sup-
port is reconstructed by using one left-sided MCS device
[34]. By this way, the complexity pertaining to the use of
two separate devices is avoided which is another advantage
of this support strategy.

The current concept comprises a ventriculotomy for
ventricle-to-PA conduit interposition, which is of concern
regarding whether the ventriculotomy-applied ventricle
could maintain the pulmonary circulation especially in
patients with mildly reduced EF and high PVR. On the con-
trary, this mildly-failed SV was already supporting the entire
circulation before transitioning and would be adequate for
the right side. This conclusion was also supported by the
findings of the proposed modification for increased PVR
model (PVR-switch) where SV redundantly supported the
pulmonary circulation. Moreover, it led to a considerable
increase in the PA pressure reaching to 42 mmHg since the
pumping capacity of the even mildly failed SV was consid-
erably higher than a typical RV subject to the Frank—Star-
ling mechanism. This is expected as the rise in PA pressure
is likely due to the inability of the downstream pulmonary
vascular bed to accommodate the increased CO acutely. The
rise in PA pressure is also observed in patients who received
heart transplantation or left-ventricular, or bi-ventricular
assist device support [15, 16]. For the transplanted failed
Fontan patients, this condition generally improves over time
through pulmonary vasodilator treatment [3, 4], which is
not simulated here. Additionally, if the pulmonary vascular
bed preserves its compliance, the rise in PA pressure would
be moderately high. Still in failing Fontan patients, due to
the pulmonary vasculature remodeling leading to increased
trans-pulmonary gradients early after heart transplantation,
aggressive use of pulmonary vasodilator therapy is highly
recommended [1, 30, 32]. Accordingly, a more effective way
of decreasing the PA pressure is attempted here through the
bPVRtc-switch case employing a banded or an undersized
RV-to-PA conduit. This increased resistance led to a one
third decrease in PA pressure from 42 to 37 mmHg.

In contrast, for the VD-switch case, when a severely failed
SV is used in the pulmonary position, excessive pulmonary
pressures was not observed due to the lower pumping capac-
ity. This case also provided a significant pulmonary flow
pulsatility compared to the high-PVR failure support with
the proposed modification (Figs. 5c and 6d). In summary,
a failed SV utilized in the pulmonary circulation, which is
common for the target clinical problem, will yield healthy
hemodynamics at the right-side compared to a mildly
reduced SV function in the high PVR case. Accordingly,
results revelated that the hemodynamic benefit is more pro-
nounced in patients with low EF, enabling clinicians to uti-
lize even a severely failing ventricle in the systemic circula-
tion on the pulmonary side.

Surgical Risks and Limitations
The surgical reconstruction of the pulmonary venous cham-

ber is the crux of the proposed modification. Due to the
low capacity of the pulmonary venous chamber, ~25 ml, an
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obstruction to the pulmonary venous chamber would lead
to critical device malfunction. Despite its complexity, the
surgical approach is similar to the already existing Sen-
ning procedure [52], which supports the clinical viability
of proposed modification. In addition, the literature com-
prises challenging MCS applications in which the inflow
cannula drains directly from the left atrium [6]. For example,
in case of an inadequate inflow from the apical SV, De Rita
et al. [6] switched the inflow cannula to the CA. Even so, the
suctioning effect of a continuous flow MCS device would
reflect to the pulmonary venous bed and can inevitably lead
to collapse. Still the clinically recorded limit of negative
pressure in vacuum-assisted venous return is between — 20
and —40 mmHg [17], we observed the maximum pressure
drop in the pulmonary venous chamber as almost — 1 mmHg.
Therefore, it is predicted that the collapse risk is minimal
during the clinical application of proposed modification and
an average systemic pressure around 90 mmHg to 95 mmHg
can easily be achieved without pulmonary venous suctioning
effect. Furthermore, a pulsatile extra-corporeal MCS device
may be considered due to its effective decompression during
pump diastole that is only 60% of each pump cycle [25]. By
this way, the uninterrupted suctioning effect of a continuous
flow device could be avoided. In addition, the average 40%
of blood left in the relatively small pulmonary venous cham-
ber can further prevent its collapse. Finally, highly depend-
ing on how atrial septation was made, the current concept
would not be suitable for patients with stage III-palliated
hypoplastic left heart syndrome due to their innately small
left atrial chamber.

Another constraint of the current concept may be associ-
ated with ineffective left atrial unloading which will limit
the anticipated levels of systemic circulatory support. As
a remedy, creating a systemic venous compartment within
the Fontan tube graft through taking-down the Fontan graft-
right atrial anastomosis, and switching the inflow cannula
to the Fontan graft, creating a pulmonary venous atrium
through removing the intra-atrial patch, connecting the out-
flow cannula to the PA or the conduit, and re-opening the
aortic valve can be applied. By this way, biventricular cir-
culation can be maintained but with an assisted pulmonary
circulation.

The surgical complexity necessitates a back-up plan for
the intraoperative failure of the proposed modification. In
case of SV failure, rather than using another RVAD replac-
ing the SV, which evolves the system to a BiVAD circula-
tion, the modification will be reversed to a Fontan circulation
with TCPC and an LVAD. Another foreseen concern of the
current modification is the complexity of the surgical pro-
cedure with potentially long cardiopulmonary by-pass times
in a patient with an already impaired ventricular function.

@ Springer

While the “double-Hill” ventricle model is vali-
dated through literature [37, 66] and it complies with the
Frank-Starling mechanism, a better data-driven ventricle
function yielding more realistic pressure—volume loops
could be developed from the clinical data. As another
technical limitation, in our ViVitro piston-pump driven
pulse-duplicator, the stroke volume is the only controlling
mechanism of the ventricle. This results a system without
autoregulation and adaptivity unless the piston pump duty-
cycles are controlled via external flow/pressure sensors. Still,
the present level of experimental sophistication is adequate
since the in vitro experimental results are utilized for the
validation of LPM model, and more complex circulation
scenarios are investigated only through the computational
model. Incorporation of Frank—Starling response in mock-up
cardiovascular circuits is an ongoing research challenge [51,
56]. Finally, a constant average friction factor (f = 0.035)
was used in our computational pump module for simplicity,
even though it changes with flow rate. Usage of the exact
friction factor for each corresponding flow rate will lead to
even better agreement of in silico pump characteristic curves
with the experimental and literature data (Fig. 2).

Conclusion

Achieving an optimal bridge-to-transplantation management
for the failing Fontan circulation through the available MCS
devices is an ongoing effort. A consensus on the ideal MCS
device implantation strategy has not yet defined due to the
limited data and clinical experience as well as large patient-
to-patient variation. Even though the detailed in vitro and
in silico simulations of the proposed concept demonstrated
encouraging results in terms of biventricular pressure and
flow levels, it is essential to test this proof-of-concept idea in
an animal model. This step is essential as the use of failed-
SV as a pulsatile pump is planned for the long-term support
as a bridge to transplantation. In conclusion, specially tar-
geting the low resource settings with limited access to MCS
devices and heart transplantation, sparing the native ventri-
cle as a right-heart support will provide a novel perspective
for MCS device implantation in failed Fontan patients.

Appendix 1

See Tables 5, 6, and 7.
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Table 5 Compliance data used in case Fontan

Chamber Parameter

C (UmmHg)  Cyp (YmmHg)

Cdiaslolic (1/ Il’lIIng)

Sample mean pressure of
key components (mmHg)

1 Single ventricle (SV) 1.10E-03
2 Aortic arch (AoA) 3.21E-05
3 Upper body (UB) 4.60E-03
4 Lower body (LB) 5.30E-06
5 Superior vena cava (SVC) 5.40E-03
6 Inferior vena cava (IVC) 3.22E-04
7 Pulmonary artery (PA) (RPA+LPA) 2.14E-04
8 Lungs (LUNG) 3.30E-03
9 Common atrium (CA) 6.30E—03

6.50E—02

4.80E-03

39.6
70.6

13
14
10.7

6.2

Table 6 Compliance data used in case VD-Cr and VD-cmcs

Chamber Parameter

C (/mmHg) Cyysiolic (Y/mmHg)

Cdiastolic (1/ mmHg)

Sample mean pressure of
key components (mmHg)

1 Single ventricle (SV) 1.70E-03
2 Aortic arch (AoA) 4.80E-05
3 Upper body (UB) 4.30E-03
4 Lower body (LB) 5.00E-06
5 Superior vena cava (SVC) 5.00E-03
6 Inferior vena cava (IVC) 3.00E-03
7 Pulmonary artery (PA) (RPA +LPA) 2.00E-04
8 Lungs (LUNG) 3.00E-03
9 Common atrium (CA) 5.90E-03

3.80E-02

4.50E-03

32
65.4

10
10.8

Table 7 Compliance data used in case VD-switch

Chamber Parameter

C (/mmHg) Cystotic (/mmHg)

Caiastolic (/mmHg)

Sample mean pressure of
key components (mmHg)

1 Single ventricle (SV) 5.60E-03
2 Aortic arch (AoA) 4.80E-05
3 Upper body (UB) 4.30E-03
4 Lower body (LB) 5.00E-06
5 Superior vena cava (SVC) 5.00E-03
6 Inferior vena cava (IVC) 3.00E-03
7 Pulmonary artery (PA) (RPA+LPA) 2.00E—-04
8 Lungs (LUNG) 3.00E-03
9 Right Atrium (RA) 4.70E-03
10 Posterior pulmonary venous (PV) 1.82E—04

3.50E-02

3.20E-03
1.38E—04

18.5
101

11.5
12
17.5

9.5
-15

Bold represents the newly created chambers in this case
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Appendix 2

See Tables 8, 9, and 10.

Table 8 Resistance data used in case Fontan

Vessel Connection Valved flow Sample mean flow rate of
B key components (I/min)
Chamber 1 ~ Chamber2  R,.,, [mmHg/(I/min)] R,_, R,
[mmHg/(/'  [mmHg/(l/
min)] min)]
1 Aortic valve (R,,) 1 2 0.25 Inf 4.92
2 Upper body 1 (R;) 2 3 Ry + Ry, =29.6 1.95
4 Upper body 2 (Ry,,) 3 5
5 Lower body 1 (Ry,) 2 4 Ry + Ry =19 297
6 Lower body 2 (Ry;,) 4 6
7 TCPC 1 5 7 1.0 1.95
8 TCPC 2 6 7 1.1 2.97
9 Pulmonary artery (R,,) 7 8 Ripat+ Ry =0.85 4.92
10 Pulmonary veins (R,,,) 8 9 0.55 4.92
11 Atrioventricular valve 9 10 0.125 Inf 4.92

Table 9 Resistance data used in case VD-Cr and VD-cmcs

Vessel Connection Valved flow Sample mean flow rate of
B key components (I/min)
Chamber 1~ Chamber2  R,.,, [mmHg/(I/min)] R,_, R,
[mmHg/(/'  [mmHg/(l/
min)] min)]
1 Aortic valve (R,,) 1 2 0.25 Inf 2.47
2 Upper body 1 (Ry,;) 2 3 Ry +Ryp=31.2 0.98
4 Upper body 2 (Ry,,) 3 5
5 Lower body 1 (Ry,) 2 4 Rypy + Ry =20 1.49
6 Lower body 2 (Ry;,) 4 6
7 TCPC 1 5 7 1.0 0.98
8 TCPC 2 6 7 1.2 1.49
9 Pulmonary artery (R,,) 7 8 Ripa+ Ry =09 247
10 Pulmonary veins (R,,,) 8 9 0.55 2.47
11 Atrioventricular valve 9 10 0.125 Inf 247
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Table 10 Resistance data used in case VD-switch

Vessel Connection Valved flow Sample mean flow
- rate of key compo-
Chamber 1 Chamber 2 R,.,, [mmHg/(I/min)] R,_,, R, nents (I/min)
[mmHg/(l/ [mmHg/(l/
min)] min)]

1 MCSD-Aorta graft 10 2 n/a (Pump flow) 4.95 Systemic
circulation
governed
by the
MCSD

2 Upperbody 1 (Ry;) 2 3 Ry +R =312 1.96

4 Upperbody 2 (R, 3 5

5  Lower body 1 (Ry,;) 2 4 Ry + Ry, =20 2.99

6  Lower body 2 (Ry,) 4 6

7  Systemic veins (R,,) 5 9 0.1 6 9 4.95

8 Atrioventricular valve 9 1 0.125 Inf 4.95 Pulmonary
circulation
governed
by the SV

SV-PA conduit 1 0.25 4.95
Pulmonary artery 7 8 Ripy+ Ry, =09 4.95

(Ry)
10 Pulmonary veins (va) 8 9 0.55 4.95

Bold represents the newly created connections between the chambers in this case
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