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Abstract—Fontan operation as the current standard of care for
the palliation of single ventricle defects results in significant late
complications. Using a mechanical circulatory device for the right
circulation to serve the function of the missing subpulmonary
ventricle could potentially stabilize the failing Fontan circulation.
This study aims to elucidate the hydraulic operating regions that
should be targeted for designing cavopulmonary blood pumps. By
integrating numerical analysis and available clinical information,
the interaction of the cavopulmonary support via the IVC and full
assist configurations with a wide range of simulated adult failing
scenarios was investigated; with IVC and full assist corresponding
to the inferior venous return or the entire venous return, respec-
tively, being routed through the device. We identified the desired
hydraulic operating regions for a cavopulmonary assist device by
clustering all head pressures and corresponding pump flows that
result in hemodynamic improvement for each simulated failing
Fontan physiology. Results show that IVC support can produce
beneficial hemodynamics in only a small fraction of failing Fontan
scenarios. Cavopulmonary assist device could increase cardiac
index by 35% and decrease the inferior vena cava pressure
by 45% depending on the patient’s pre-support hemodynamic
state and surgical configuration of the cavopulmonary assist
device (IVC or full support). The desired flow-pressure operating
regions we identified can serve as the performance criteria for
designing cavopulmonary assist devices as well as evaluating off-
label use of commercially available left-side blood pumps for
failing Fontan cavopulmonary support.

Index Terms—Right support, lumped parameter model, Sim-
ulation, Failing Fontan assist.

I. INTRODUCTION

INGLE ventricle palliation involving three stages of surg-

eries has become an accepted common practice over the
past 50 years [1]. The Fontan operation involves diverting
the entire systemic venous return directly to the pulmonary
arterial tree most commonly via the formation of the total
cavopulmonary connection (TCPC), where most surgeons use
an extracardiac conduit to bypass the atrium completely [2].
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While the Fontan procedure has resulted in survival of single
ventricle patients into adulthood and reduced early morbidity
and mortality, the lack of the subpulmonary ventricle to drive
the flow forward into the lungs and the pressure loss across
the TCPC (usually 2-5mmHg [3]) have led to a myriad of
serious late complications for these patients. For instance,
excessive hepatic venous pressure in these patients leads to
complications such as hepatic cirrhosis, hepatic fibrosis, and
eventual liver failure [4].

A significant number of patients following the Fontan opera-
tion (post-operation>15 years; age: 23+7 years [5]) ultimately
develop circulatory failure. The failing stage in these patients
is traditionally characterized by significant hemodynamic
anomalies such as high caval pressure, low cardiac output, and
low arterial oxygen saturation [6], [7]. Recently, in addition to
the traditional class of failing Fontan patients, a new failing
Fontan phenotype class with high caval pressure and normal
cardiac output has been recognized [8], [9]. Despite normal
cardiac output, this failing Fontan class is sicker compared
to the traditional group, possibly due to more severe liver-
related complications [10]. While some researchers have found
no association between Fontan related liver complications and
cardiac output [11], others have suggested liver fibrosis and
hepatic arterialization as a cause for the higher cardiac output
in this group of failing Fontan patients [12].

Even though cardiac transplantation is considered through-
out the patient’s lifetime, many of Fontan patients are not able
to receive transplantation as a result of several previous surg-
eries and multiple organ dysfunctions as well as unavailability
of matching organ donors. The growing population of Fontan
patients suffering from life-threatening late complications sig-
nifies the importance of undertaking engineering and medical
efforts to address the unmet therapeutic need and ameliorate
limitations of the Fontan circulation.

In 1998, de Leval [13] proposed the use of a mechanical
cavopulmonary assist device to target the cavopulmonary
segment of the circulation. This proposed device is expected to
substitute the function of the absent subpulmonary ventricle as
a solution for reducing the caval pressure and augmenting the
ventricular filling in a failing Fontan circulation. Such a device
should not be obstructive in the event of operational failure.
However, there is currently no pump commercially available
for the cavopulmonary application and right side support is
not used in the clinical management of Fontan patients.

Cavopulmonary support for failing Fontan patients has been
unsuccessful as a result of different hemodynamic conditions



between these patients [14]. A suitably designed cavopul-
monary assist device should have performance profiles ver-
satile enough to serve a wide range of failing Fontan patients
with various levels of hemodynamic instability. The objective
of this study is to identify the desired operating regions for
such a device in the setting of inferior vena cava (IVC) and
full assist surgical configurations.

In this study, we classified hemodynamic failure in Fontan
patients into two groups: 1) traditional failure with low car-
diac output concurrent with chronic high caval pressure and
2) failure with chronic high caval pressure concurrent with
normal cardiac output. Each group encompasses physiologic
scenarios with various hemodynamic states. We developed nu-
merical models to simulate a full range of failing stage Fontan
physiologies in each phenotype class reflecting pathological
conditions with various severity levels of systolic dysfunction,
diastolic dysfunction, and abnormal systemic and pulmonary
vascular resistances. The Fontan physiologic scenarios with
different hemodynamic conditions were modeled to represent
approximately 95% of patients in both failing phenotype
groups. Next, a cavopulmonary assist device generating a
range of head pressure rises (from 0-20mmHg) during full
and IVC support was modeled for each physiologic scenario.
In each simulated scenario, we identified the pump head
pressures and the resulting pump flows (P-Q data points) that
produce hemodynamic improvement, signified by reduced IVC
pressure (most important) and other desirable hemodynamic
parameters. Lastly, we identified the desired operating regions
for designing a cavopulmonary assist device suitable for the
full or IVC support by clustering all of the P-Q data points
that resulted in hemodynamic improvement in all simulated
failing Fontan physiology.

II. METHODS

A. Physiology model of the functional Fontan circulation
(Baseline)

In an earlier study, we used clinical and physiological
data from Fontan patients to develop and validate a closed-
loop lumped parameter network (LPN) model for describing
the functional Fontan circulation (Fig. 1). The computational
model is tuned based on patient weight and height and
prescribes the cardiac function and pulmonary and systemic
vascular impedances according to the patient’s body size. It
was shown that the physiology model produces accurate trends
in physiological parameters [15]. The heart block produces the
pressure needed for driving the flow through the circuit. The
cardiac function for generating the transmyocardial pressure
is described using equations (1) and (2). E(t) is the ventricular
time-dependent elastance; En(t) is the normalized elastance
function; E,,,q4, and E,ffse: are constants related to contrac-
tility (as well as ventricular ejection fraction) and ventricular
filling (and ventricular stiffness), respectively. t describes the
time point in the cardiac cycle period and t, is the cardiac
systolic period. Ventricular volume and reference volume are
Vs, and Vi, respectively. The left and right pulmonary artery
flow split is assumed to be 50/50.
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Fig. 1. Closed-loop lumped parameter model of the Fontan circulation.
Conceptual representation of the (A) Full support and (B) IVC support assist
device coupled to the LPN model of the Fontan circulation. R is the cavopul-
monary connection dynamic resistance, Cavo-Device is cavopulmonary assist
device, LPA is left pulmonary artery, RPA is right pulmonary artery SVC
is superior vena cava, IVC is inferior vena cava. Pressure points (Ps,p) are
labeled on the diagram. Lg,; and R, are inductor and resistor components,
respectively [15].

TABLE 1
MEAN VALUES OF THE HEMODYNAMIC PARAMETERS FROM SIMULATIONS
OF THE 6 EXAMPLE FONTAN PATIENTS AT BASELINE.

Parameters Range
BSA (m?) [1.27-2.3]
Cardiac output (L.min~1) [3.37-5.79]
Arterial pressure(mmHg) [91.98-97.10]
Atrial pressure(mmHg) [8.90-9.92]
Pulmonary pressure (mmHg)  [13.37-14.50]
IVC pressure (mmHg) [13.37-14.50]
0.3
E(t) = EmamEn(tit) + Eoffset (2)

SUS

Table I details the range of time-averaged values of selected
physiologic parameters of six Fontan patients (baseline) with
various body sizes. The simulation are performed based on
the assumption that these six body sizes cover a broad range
of Fontan patients. Parameters used for setting the LPN
component values for each patient at the baseline are derived
according to our previous study [15].

B. Physiology model of patients with hemodynamic failure

In this study, we adjusted parameter values in the baseline
LPN model to simulate a wide range of Fontan failure.
There are several determinants which influence hemodynamic
parameters such as patient’s body size, cardiac function
and the aberration level of systemic and pulmonary vascular
resistances. The baseline model (described in previous section)
is used as a starting point for building physiology models of
patients in the failing stage. This was achieved by adjusting
the component values corresponding to the pulmonary and
systemic vascular resistances as well as the systolic and
diastolic ventricular functions. To include a wide range of
patient scenarios for each phenotype group, for each of the
six patient body size baseline models, we simulated different



physiologic scenarios with different level of pulmonary and
systemic vascular resistances and severity of systolic and
diastolic dysfunctions. The structure of the LPN circuit is not
affected by these changes, only the component values are.
Ohuchi et al. [5] and Cavalcanti et al. [16] have evaluated the
hemodynamics in adult failing Fontan patients and presented
a broad range of clinically measured physiologic values
of cardiac index and arterial and IVC pressures for failing
patients as mean value with 1 standard deviation (SD). We
modeled physiologic scenarios in each phenotype class such
that the range of simulated scenarios (e.g., cardiac index,
arterial pressure, IVC pressure) cover approximately 2SD
of those clinically measured parameter values; based on the
three-sigma rule, 2SD from the mean value encompasses
~95% of the population values [17].

1) LPN Model of Group I phenotype (Failing patients
with high caval pressure and low cardiac output): This
phenotype is well recognized. The circulation in this class
of patients generally deteriorates as a result of systolic
dysfunction, diastolic dysfunction, and high pulmonary
vascular resistance [5], [9]. Therefore, we simulated this
phenotype by reducing ventricular contractility (Fqz,
representing  ventricular  systolic  function), increasing
ventricular  stiffness  (E,frset, Tepresenting  ventricular
diastolic function) and increasing pulmonary vascular
resistance (PVR). These values were incrementally changed
to model various severity levels of hemodynamic aberration
according to the following protocol:

1) The range of E,,,, was defined to start at the baseline
value and end at the value that results in an ejection fraction
of 30% [18] (this corresponds to a specific cardiac output).
2) While E,, ., was held constant at its baseline value, the
range of F,rrs; was defined to start at the baseline value
and end at the value that results in the cardiac output obtained
at the end of step (1).

3) Similarly, while E,,q; and F,frse: Were maintained at
their baseline values, PVRS$ range was defined to start at its
baseline value and end at the value that results in the cardiac
output obtained at the end of step (1).

4) A number of equally spaced levels for each input variable
(PVR, Epnaz, Eopfset) over their ranges, as determined in
steps (1-3), were used in all possible permutations to simulate
a wide range of possible failing physiologic scenarios.

5) Next, selected physiologic parameters (IVC pressure,
cardiac index, and arterial pressure) from each simulated
scenario were evaluated against clinical catheterization data
from failing Fontan patients reported by Cavalcanti et al. [16].
The scenarios where the selected physiologic parameters
fall outside of approximately 2SD of the mean value of the
clinical catheterization data were discarded. This resulted in
a final total of 630 simulated patient scenarios for group I.

2) LPN Model of Group Il phenotype (Failing patients
with high caval pressure and normal cardiac output): To our
knowledge, there exists currently no mathematical circulation
model available for this group. The pathophysiology related to

this class of patients is not well understood. While the cardiac
function in this group of patients is normal, the systemic
vascular resistance (SVR) is abnormally low. Moreover,
contrary to the traditional group of failing Fontan patients,
the pulmonary vascular resistance in these patients is often
low [9]. To simulate this class of Fontan failures, we decreased
the systemic and pulmonary vascular resistances over a wide
region from their baseline values while maintaining normal
ventricular systolic and diastolic function. There is limited
information on the level of systemic and pulmonary vascular
resistance aberration in this recently recognized group of
failing patients. Therefore, we investigated the SVR and
PVR values in our models such that the selected physiologic
parameters from simulations cover 2SD of the mean value of
the clinical data through the following steps:

1) The region of interest of SVR was defined to start
from its baseline value (SVRy) and end at 10% of SVRg. 10
equally spaced levels for SVR over its region of interest were
taken.

2) The region of interest of PVR was defined to start from its
baseline value (PVRg) and end at 20% of PVRy . 10 equally
spaced levels for PVR over its region of interest were taken.
3) Similar to the procedure used for group I, we compared
the simulated physiologic scenarios in group II with clinical
data from group II failing patients reported by Ohuchi et
al. [5] and removed physiologic scenarios that were outside
of 2SD of the mean value of the clinical data. These steps
resulted in a final total of 334 simulated patient scenarios for
group II.

C. Cavopulmonary assist device implementation (Fig. 1)

We modeled the implementation of the cavopulmonary
support via IVC and full assist surgical configurations. The
graphic in Fig. 1 is for the purpose of illustrating the blood
routing concept of the IVC/full support configurations, not
as a geometric surgical guide for device placement. In a
realistic clinical scenario, the implant will most likely be
extracorporeal.

The dynamic flow resistance of the surgical junction geom-
etry is flow-related; we therefore included a variable resistance
in the LPN model as shown in Fig. 1 to estimate the dynamic
changes in the surgical junction resistance as a result of pump-
induced flow augmentation. The details of the experimental
setup for characterizing the value of this dynamic resistance
are included in the Appendix A.

1) Model of full assist configuration (Fig. 1A): In this
configuration, the pump is implemented such that it drives
the entire venous return to the lungs. Implanting the pump
would require performing a Fontan “takedown” and additional
surgeries for anastomosis of the superior vena cava (SVC)
and IVC conduit; this resulted in both vena cavae being at
the pump’s inlet and, having the same blood pressure. For the
purpose of illustration, Fig. 1A shows a potential configuration
where an extra conduit connects the cavopulmonary device
between the vena cava and the pulmonary artery.



2) Model of IVC assist configuration (Fig. 1B): In this
configuration only the IVC flow passes through the pump. The
IVC pump is implemented in series with the Fontan baffle
and the pump’s inlet and outlet are connected to the IVC
and the right/left pulmonary arteries confluence in the LPN
circuit, respectively. The zero-dimensional LPN model does
not contain spatial information, therefore, the TCPC junction
being at the same node as the SVC shares an equal blood
pressure; and the IVC shares the same pressure as the pump’s
inlet.

D. Desired operating regions for cavopulmonary assist device

Overall, 964 (630 for group I + 334 for group II) different
patient scenarios were simulated. For each patient scenario
and with each the full and IVC assist surgical configurations,
we simulated device head pressure rises from 0-20mmHg
in 0.5mmHg increments. Overall, approximately 77,000 (964
patients scenariosx2 configurationsx40 head pressure rise
values) simulations were carried out to obtain the desired oper-
ating regions. The algebraic and ordinary differential equations
obtained from the LPN models were solved using Runge Kutta
method programmed in Fortran. Simulations were carried out
for 30 seconds to ensure that all flows and pressures in the
LPN circuit stabilize. All results we report in this paper reflect
the stabilized state.

High caval pressure is the main determinant of Fontan
related diseases. Thus, for each simulated scenario, the head
pressures and the resultant corresponding pump flows that led
to a decrease in the caval pressure while maintaining other
physiologic pressures in safe ranges were identified as favor-
able. As such, hemodynamic improvement was defined as at
least 3mmHg decrease in the IVC pressure while maintaining
a pulmonary pressure <25mmHg [19] (to avoid pulmonary
arterial hypertension and lung perfusion damage), an atrial
pressure of <l6mmHg [20], SVC pressure <20mmHg (to
avoid precipitous increase in the SVC pressure and potential
cerebral damage), and mean IVC pressure >4mmHg (to avoid
potential IVC collapse). Finally, the data points correspond-
ing to the head pressures and pump flows that resulted in
hemodynamic improvement in each physiologic scenario were
clustered to form the desired operating regions. The flow
diagram (Fig. B.1) in Appendix B summarizes the process
for identifying the desired operating regions.

ITI. RESULTS
A. Patients with hemodynamic failure

Comparing the simulation results against the catheterization
information reported in Cavalcanti et al. [16] for group I and
Ohuchi et al. [5] for group II of Fontan failures, the range
of selected physiologic parameters for the simulated scenarios
encompasses approximately a 2SD range of the values of those
parameters measured clinically in Fontan failures in group I
and IT (Fig. 2).

B. Desired operating regions for cavopulmonary assist device

We obtained the desired head pressure—flow operating re-
gions of the IVC and full cavopulmonary assist supports that
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Fig. 2. Hemodynamics of failing Fontan patients from simulations vs.
clinical data. Range of the selected hemodynamic parameters (pre-support)
from simulations and reported catheterization data [5], [16] of the group I
and II failing Fontan physiologic scenarios. CI: cardiac index, IVC pressure:
inferior vena caval pressure, SD: Standard deviation.
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Fig. 3. Target flow-pressure regions for designing cavopulmonary sup-
ports. Desired operating regions of (A) full and (B) IVC assist cavopulmonary
devices suitable for serving a wide range of failing Fontan patients in group
I and II phenotype classes.

can serve a wide range of failing Fontan patients in each
phenotype class (Fig. 3). Depending on the patient’s class
(group I or group II) and surgical configuration for installation
of the cavopulmonary assist, a device should be designed
such that its characteristic curves at different pump speeds
can encompass the entire desired operating region.

We identified the simulated physiologic scenarios in each
phenotype group that the presence of the cavopulmonary pump
can lead to hemodynamic improvement (Fig. 4). Full support
did not benefit group I and group II if the patient’s pre-support
IVC pressure Z19.5mmHg and Z18.5mmHg, respectively.
Also, IVC support did not benefit group I and group II
patients if the pre-support IVC pressure was Z17mmHg. IVC
support benefited significantly fewer physiologic scenarios
comparing to the full support. For example, IVC support had
beneficial hemodynamic outcome in only 10 simulated group
I physiologic scenarios.
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Fig. 5. Cavopulmonary support hemodynamic impact. Response range
(%) of the selected hemodynamic parameters to IVC and full cavopulmonary
support. CI: Cardiac index; Pjy.: IVC pressure; Pp,,;: Pulmonary pressure;
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C. Hemodynamic response to cavopulmonary support

Based on simulation results for the physiologic scenarios
that favorably responded to the cavopulmonary support, the
presence of the cavopulmonary assist promoted the cardiac
index, pulmonary pressure and decreased the IVC pressure
(Fig. 5).

The cardiac index increase was 15-35% (9-17%) for group
I and 10-28% (7-19%) for group II via full support (IVC
support). The IVC pressure as a crucial parameter, also
favorably decreased across both groups by the presence of
the cavopulmonary assist. Overall, the maximum favorable
reduction of the IVC pressure was ~45% via full support
or IVC support. The IVC pump increased the SVC pressure,
whereas the SVC pressure decreased via full support.

IV. DISCUSSION

The present study aimed to identify the desired operating
regions for a cavopulmonary blood pump that can support

the failing Fontan circulation. These results can assist man-
ufacturers in designing a right side assist device suitable for
IVC or full support surgical configurations and for different
classes of Fontan failures. To obtain these operating regions, a
numerical analysis was performed investigating the interaction
of a cavopulmonary assist device with a broad range of the
possible failing Fontan physiologic scenarios.

In this study, cavopulmonary support in two groups of
failing Fontan patients was investigated. These patients’ hemo-
dynamic conditions depend on several factors, including sys-
temic and pulmonary vascular resistances, and the cardiac
performance which vary widely between these patients. Based
on the studies by Ohuchi et al. [5] and Miranda et al. [10],
these two are major phenotypes of failing Fontan circulation.
To our knowledge, each category’s prevalence among the
failing Fontan population is not known. Both groups of the
patients have high caval pressure and previous studies have
shown that many of the Fontan related complications are
linked to chronically high caval pressure [21]. However, the
patients with a combination of normal cardiac index and high
caval pressure have worse long-term survival in comparison
with the traditional group based on clinical experience [10].
Liver injury is significantly correlated with high caval pressure
and the abnormally low systemic vascular resistance in these
patients is hypothesized to be due to liver complications.
The reduced afterload in this group of patients significantly
contributes to the cardiac index level. Even though these
patients have normal cardiac output and do not need cardiac
output augmentation, the presence of a cavopulmonary device
can reduce the caval pressure and may alleviate liver dys-
function [22].The hypothesis that reversing the liver damage
can potentially stabilize the systemic vascular resistance and
cardiac output requires further investigation.

Several studies have shown that a suitable cavopulmonary
assist device could benefit the hemodynamics by decreasing
the IVC pressure and promoting the cardiac output [23-26].
In another computational study, Shimizu et al. [27] also con-
firmed a reduction of the IVC pressure and increase of cardiac
output by the presence of a cavopulmonary assist device



in the IVC. Molfetta et al. [18] simulated the physiology
of 10 failing Fontan scenarios (group I) and quantified an
average of 34% increase in the cardiac output with an IVC
support device. Compared to previous studies [18], [27], our
results show a narrower range of cardiac output increase in
group I scenarios with a maximum increase of 17%; this
is likely due to the flow-related surgical junction dynamic
resistance that was not accounted for in previous studies. In
the IVC assist configuration, the dynamic resistance of the
TCPC junction resulted in significant pressure drop across the
cavopulmonary connection and increase of the SVC pressure
which limited the beneficial effects of the pump in the IVC
support configuration.

Currently, there exists no information in the literature about
the dynamic change in the resistance of the full support
surgical junction geometry as a result of the pump-induced
flow augmentation. In this study, we applied the same dynamic
resistance for both the IVC and full support surgical junctions
(Appendix A).

While the IVC support surgical junction geometry has little
room for variations, full support can adapt many implementa-
tion approaches with drastically different resulting geometries.
Therefore, the surgical junction resistance in an actual full
support implementation will largely depend on the specific
geometry resulting from the implementation details. To use
the results reported in this paper for different full support
implementations, the user should estimate the pressure losses
at different flow rates of the intended full support surgical
junction geometry and compare them to those calculated from
the equation in the Appendix A. Next, the regions presented in
Fig. 3. should be offset vertically at each flow rate according
to any pressure differences found in the comparison analysis.
Considering that the surgical junction pressure loss variation
can be directly compensated with increased or decreased pump
pressure output, the variation would not affect other results
reported in this paper other than those in Fig. 3.

Our results show that both failing phenotype groups better
responded to full support (Fig. 5). A bigger fraction of the
failing Fontan scenarios can be served with full support
geometries (Fig. 4). Previous pioneering studies on short term
Fontan animal models have highlighted the importance of de-
signing a proper mechanical assist device for right side support
by recognizing the problems such as IVC collapse associated
with off-label use of a left ventricular assist device (VAD) for
cavopulmonary application [28], [29]. For example, Riemer et
al. [28] investigated the impact of the right support using a left
VAD (Thoratec HeartMate II, Thoratec Corporation, Calif) in
8 sheep and observed decrease of the IVC flow as a result of
IVC collapse and low IVC pressure (-0.254+0.48mmHg) in all
animals. In an earlier study [30], it was shown that there are
risks associated with using a commercially available left VAD
for cavopulmonary support in single ventricle patients. The
pressure level in the cavopulmonary pathway is approximately
90% lower compared to the left side arterial environment; a left
VAD typically generates a head pressure of ~37 to 80mmHg
for flow rates ranging approximately from 0.5 to 6L.min~!,
The high head pressure produced by a left VAD implanted
on the right circulation may result in pulmonary arterial tree

perfusion damage, central venous collapse [3], cerebral edema
or venous thrombosis.

We studied the two most clinically envisioned surgical
configurations for the installation of the cavopulmonary assist
device (IVC and full support) [27] and identified a range
where hemodynamic improvement is possible for each patient
scenario via full or IVC support. Theoretically, the optimal
operating point for each patient lies somewhere in this range;
therefore a full or IVC cavopulmonary device should be capa-
ble of covering the corresponding range to provide maximal
adjustment flexibility to clinicians for obtaining the optimal
operating point for any patient. Simulations show that a proper
cavopulmonary device for the traditional group of failing
Fontan patients (group I) only needs to cover a small operating
region. However, for the newly recognized phenotype group,
the desired operating region covers a larger area that may
complicate the design of a cavopulmonary device.

There are other possible configurations for installation of
the cavopulmonary assist. For instance, Jagani et al. [31]
proposed a dual-headed intravascular cavopulmonary pump for
installation in the SVC and IVC. In this case, the entire venous
return is pumped to the lungs and it is conceptually identical to
the extracorporeal full support case. Cavopulmonary assistance
in the SVC is not a suitable option for two reasons: 1) most
late Fontan pathophysiology emerges from high IVC pressure
(liver diseases, protein losing enteropathy,etc) [3] and a SVC
pump would further increase the pressure in the opposing
venous territory (IVC); and 2) the majority of the systemic
venous return is carried by the IVC.

Trusty et al. [14], [32] studied installation of VentrioFlo
Tru Pulse Pump, PediMag and CentriMag in parallel with
the Fontan baffle and observed significant recirculation of
the blood flow through the Fontan pathway. The majority
of the flow recirculated from the outflow cannula, down
through the Fontan baffle and back into the inflow cannula
of the pump. Trusty et al. [14] argued that the hemodynamic
influence of the recirculation phenomenon depends on the
amount of the device’s flow output. They showed that to
achieve hemodynamic improvement using the PediMag device,
it is essential to constrict the Fontan baffle to limit the blood
flow recirculation through the pump; however, this resulted in
a detrimental increase in the SVC pressure. Whereas, while
using the CentriMag pump (a stronger device with greater
output) the recirculation was beneficial for 3 reasons: 1) there
was no need for banding the Fontan baffle 2) there was no
increase in the SVC pressure, and 3) the recirculation actually
entrained both the IVC and SVC flow which allowed both
vena cavae pressures to decrease while increasing pulmonary
arterial pressure.

Nevertheless, banding of the Fontan baffle or recirculation
caused by the capvopulmonary pump could significantly in-
crease thrombosis risks [33], therefore not a desirable option.
For a series device implementation, cavopulmonary support-
associated thrombosis could result in sudden death of a patient
and therefore post-operative anti-thrombotic medications are
crucial in clinical management of these patients.”

The results of our current study can also be used to evaluate
the performance of the available cavopulmonary prototype



TABLE II
EXAMPLE ASSESSMENT OF OFF-LABEL USE OF AVAILABLE LEFT VADS
AND A PROPOSED CAVOPULMONARY DEVICE PROTOTYPES FOR
RIGHT-SIDE SUPPORT APPLICATION BASED ON FIG. 6.

Likely beneficial for
Full support? IVC support?

Jarvik 2000

at 5500rpm [30]
Jarvik 2000

at 9500rpm
HeartWare HVAD

No Yes, only group I

Yes, group I and II  Yes, only group II

at 1800rpm [35] Yes, only group II No
Intravascular blood pump

at 4000rpm [34] No Yes, only group I
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Fig. 6. Evaluating off-label use of available VADs (or proposed cavopul-
monary device prototypes) for right-side support application. Desired
operating regions of (A) full and (B) IVC assist cavopulmonary devices
overlaid with characteristics curves of a left VAD and a cavopulmonary
intravascular blood pump.

devices as well as off-label use of commercially available
left VADs for cavopulmonary applications. Researchers in
recent years have investigated several cavopulmonary devices
for supporting the failing Fontan circulation. Throckmorton et
al. [34] proposed an intravascular blood pump for the IVC
support configuration. As the intravascular blood pump (at
4000rpm) generates a pressure increase of 2.5-9.5mmHg for
the flows rates of 2-6L.min"1, its performance curve covers
parts of the IVC support desired operating regions (Fig. 6)
which suggests that this intravascular cavopulmonary blood
pump at 4000rpm can serve some of the failing patients.
Fig. 6 and Table II illustrate how the desired operating regions
reported in this study can help evaluate experimental devices
and the off-label use of commercially available left VADs
such as the Jarvik 2000 VAD and HeartWare HVAD for
cavopulmonary support.

Limitations

Factors such as the TCPC configuration and geometry have
influence on the target device operation. We fully recognize
that differences in the surgical junction geometry can affect the
dynamic resistance and the obtained cavopulmonary support
operating regions. Further studies are needed to quantify the
flow resistance in different implementation of the full support
surgical junction geometry. Furthermore, the geometry of the

TCPC junction can affect the hepatic flow distribution [31],
[36] which is not captured by the LPN model. Computational
fluid dynamic simulations can be performed to carefully
investigate the change in the hepatic flow distribution as the
result of different Fontan geometries in the presence of a
cavopulmonary assist.

Since cavopulmonary support is not currently employed in
the clinical management of Fontan patients, clinical data does
not exist to validate the results of this study. We believe that
cavopulmonary support will result in positive remodeling of
the vasculature leading to a reduction in pulmonary vascular
resistance. However, the goal of our current models is to
focus on acute physiologic outcomes rather than long-term
adaptation of the pulmonary and systemic vascular resistances
as a result of the cavopulmonary support. Our models also do
not include fenestration that is present in some of the patients.
However, the fenestration most likely would be surgically
removed if cavopulmonary support is to be implemented.

V. CONCLUSION

This study presents the hydraulic operating regions for
manufacturing a cavopulmonary blood pump specifically de-
signed for helping failing Fontan patients. We simulated and
investigated the interaction of a cavopulmonary assist device
with a full range of failing stage Fontan physiologies reflecting
pathological conditions with various severity levels of systolic
and diastolic dysfunction and abnormal pulmonary and sys-
temic vascular resistances, representing approximately 95% of
the adult failing Fontan population.

The results show that a cavopulmonary assist device could
increase cardiac index by 35% and decrease the IVC pressure
up to 45% depending on the patient’s pre-support hemody-
namic state and surgical configuration of the cavopulmonary
assist device (IVC or full support). Overall, according to the
identified desired operating region, the IVC assist configura-
tions is not suitable for a large fraction of the traditional group
of failing Fontan patients (group I). For the newly recognized
failing class of Fontan patients with normal cardiac output and
high IVC pressure (group II) both IVC and full assist support
can be beneficial.

For group II, an IVC assist device should be able to create
head pressures of 5-12mmHg for flows of ~3.5-7.5L.min"!.
However, the cavopulmonary device should cover a wider
range for both groups when providing full support.

Additionally, we identified physiologic scenarios where
cavopulmonary support cannot benefit hemodynamic condi-
tions, but rather predisposes these physiologic scenarios to
perfusion lung damage or venous collapse as a result of
the pressure generated by the cavopulmonary device. These
physiologic scenarios were excluded and were not used for
obtaining the desired operating regions. These results may
help serve as guidelines for identifying patient characteristics
unsuitable for cavopulmonary support.
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Fig. A.1. Geometry of physical phantoms. LPA is left pulmonary artery, RPA
is right pulmonary artery SVC is superior vena cava, IVC is inferior vena
cava.

APPENDIX A
TOTAL RESISTANCE OF THE IVC SUPPORT SURGICAL
JUNCTION

A. Introduction

Implementation of the cavopulmonary support in Fontan pa-
tients will result in increased blood flow through the cavopul-
monary connection. Previous researches have shown that the
caval flow collision in a TCPC junction results in significant
energy loss [1]. The increases in this energy loss as the result
of augmented flow induced by cavopulmonary support may
be significant and should be included in the simulations to
obtain more accurate results. Therefore, we characterized this
resistance at different flow rates using a physical experiment
containing the IVC support surgical junction geometry.

B. IVC support surgical junction geometry

We constructed an idealized IVC surgical junction geometry
(Fig. A.1) and physically reproduced the corresponding flow
phantom using a high resolution 3D printer (Connex 350
PolylJet, Stratasys, Inc., Eden Prairie, MN) and rigid material
(VeroClear, Stratasys, Inc., Eden Prairie, MN). We performed
steady flow tests, data acquisition, and signal processing as
described below.

C. Experimental setup (Fig. A.2)

We performed steady flow tests on the flow phantoms, data
acqusition, and signal processsing as described here. We used
a glycerol solution (60% water and 40% glycerol) as the
working fluid in the setup [37], [38]. The density of the fluid
and dynamic viscosity of the working fluid are 1092.4 kg.m =3
and 0.0041 Pa.s, respectively; similar to those of blood. A
steady-flow pump was used to drive the flow through the flow
loop and the flow rate through each inlet and outlet of the
phantom was controlled using a mechanical valve. Volumetric
flow rate was measured using a external clamp on ultra sound
flow sensor (12PXL, Transonic systems, NY). The pressure

9 Pressure Sensor
& Flow Sensor

PC

Physical Phantom

—_—
Direction
of flow

Steady
Flow

Pressure
Meter

Fig. A.2. physical hydraulic experiment setup. Photograph of IVC support
surgical junction geometry and schematic of the physical experiment setup.

at different locations were measured using catheter pressure
transducers attached to a pressure unit conditioner (PCU2000,
Millar Instruments, TX). We used separate NI modules for data
acquisition (NI 9205, NI 9263, National Instruments, TX). We
collected the data at a sampling frequency of 1000 HZ. All
signal were passed though a 40 Hz low-pass filter for noise
canceling. We measured the IVC resistance at different cardiac
outputs by comparing the flow rates through each geometry
with the corresponding pressure changes (AP = RxQ, where
R is resistance, P is pressure, and Q is flow). Then, we fitted a
linear line with adequate goodness-of-fit (r2=0.99) to correlate
the resistance values with the total flow rate (i.e. cardiac
output) through the phantom.

D. Results

The estimated total resistance (R [%Hg]) and pressure
loss (AP;,ss [mmHg]) across the e support surgical
geometry as a function of the cardiac output (CO [mLmD are
as follows:

R =0.1234 x CO + 0.1101
APloss = COxR

This pressure loss estimate at different flow rates is in
excellent agreement with the data reported by Sundareswaran
et al. [39].

APPENDIX B
FLOW DIAGRAM ILLUSTRATING THE PROCEDURE FOR
OBTAINING A DESIRED OPERATING REGION (FIG. B.1)
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