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Abstract— 1In this study, a new in-vitro test bench of the
bidirectional superior cavo-pulmonary connection (BCPC),
which can mimic realistic conditions, was developed to provide
the physician with a platform onto which to test surgical
procedures outcomes by acquiring local measurements of the
relevant hemodynamic quantities. Using values of resistances and
compliance from literature data, a simplified lumped parameters
model was designed to fit patients from 2 to 5 years. The mock
loop circulation developed in this work was validated by using the
in-vivo catheterization data from 20 patients.

All the parameters were first set to obtain physiological
condition. Then four different dysfunctions were mimicked:
diastolic dysfunction, systolic dysfunction, cavo-pulmonary
intrinsic failure and a complex mix of these failures.

The measured pressure and flow rate showed an excellent
correlation with the clinical catheterization data acquired in
BCPC. This new in-vitro test bench can be a handy tool capable
of providing better insight on how to treat these patients and
which devices to employ in different clinical scenarios.

Keywords—Bidirectional superior cavo pulmonary connection,
in-vitro test bench, paediatric circulation, TCPC.

[. INTRODUCTION

M echanical circulatory support (MCS) for failing single
ventricle physiology is a complex and challenging
problem, which has not yet been satisfactorily addressed.

Today, the total cavo-pulmonary connection (TCPC) is
performed as the final stage to achieve the so-called “Fontan
Circulation”, and this is obtained through two- or three-stage
strategy for children suffering from a wide range congenital
cardiac defects not suitable for two-ventricle repair. The
bidirectional superior cavopulmonary connection (BCPC),
historically and still inappropriately called “Glenn procedure”,
remains a fundamental intermediate step for these kinds of
patients towards the “Fontan circulation”.

Many centres advocate the intermediate palliation with a
BCPC to improve the long-term outcome of the Fontan
circulation [1], [2]. The advantages of BCPC as primary or
second-stage palliative procedure include the relief of the
volume load on the single ventricle, improvement in
atrioventricular valve regurgitation, avoidance of pulmonary
artery distortion after pulmonary artery banding or systemic-
to-pulmonary artery shunts and prevention of the possible
pulmonary vascular obstructive disease that can be developed
with prolonged systemic-to-pulmonary shunting [3].

Clinical data show that the BCPC provides excellent early
and midterm palliation, with a low incidence of reoperation

[4]-{6].

Nowadays, the perioperative mortality rate has declined to
2%, due to improved patient selection, better adjustment of
pulmonary blood flow, and to the refinement of the BCPC [7].
Perfect univentricular physiology is, however, an elusive goal.
The TCPC represents the best haemodynamic compromise,
but it could result in a cluster of multi-organ complications.
Recently, an increasing number of single ventricle patients
surviving the various stages of palliation showed a severe
deterioration of the haemodynamic state requiring mechanical
assist support. In-vitro simulation of the clinical situation,
which can mimic realistic conditions [8], would provide the
physician with a platform onto which to test surgical
procedures outcomes by acquiring local measurements of the
relevant hemodynamic quantities. Several models of the
single-ventricle Fontan and failing Fontan circulation were
developed [9]-[11] but, despite the importance, there is a lack
of in-vitro model mimicking the BCPC [12]. Development of
an in-vitro test bench reproducing the BCPC may provide
more targeted treatment options to solve the underlying causes
of failure. The optimal management of patients with single
ventricular ~ physiology = complicated by pulmonary
hypertension and elevated pulmonary vascular resistance
(PVR) remains undefined [13]. The test bench developed in
this work can be an optimal tool to investigate the best way to
manage patients with failing cavo-pulmonary circulation. This
in-vitro system is aimed at reproducing the proper
haemodynamic conditions.

II. MATERIALS AND METHODS

In the MCS here described, the BCPC was schematized by
using a single ventricle connected both to the lower body (LB)
and to the upper body (UB) circulation. The superior vena
cava (SVC) connects the UB to the pulmonary circulation,
while the inferior vena cava (IVC) connects the LB to the
common atrium. The loop is closed by connecting the
pulmonary circulation to the common atrium (Fig.1). UB, LB
and pulmonary circulation were each one described by a
variable linear resistance, compliance, and imposed inertance
elements.

These elements allow the replication of the haemodynamics
both in physiological and in pathological BCPC patients. The
single ventricle was reproduced by using a 15 cc pulsatile
VAD (Excor®, Berlin Heart, Germany). The Ikus Driving Unit
(Berlin Heart, Germany) was set to give to the VAD the right
supply pressure to control the stroke volume, the heart rate and
the systolic ratio.
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Fig. 1 Sketch (left) and picture (right) of the in-vitro test bench. The test bench is made by the Ikus unit (1), the native heart (NH) obtained using a 15 cc Excor®
VAD (2), the common atrium (CA, 3), the aortic compliance (C,,, 4) and the lower body (5), upper body (6) and pulmonary (7) blocks.

With references to the value of resistances and compliance
from literature data [14], a simplified lumped parameters
model was designed to fit patients from 2 years (BSA = 0.55
m?) to 5 years (BSA = 0.74 m?). To verify the reliability of the
lumped parameter model in both physiological and
pathological conditions, an electrical equivalent of the test
bench was implemented in Simulink (Matlab®, Mathworks,
MA, USA). It is important to remark that this mathematical
model was created only to aid in the construction of the in-
vitro test bench and not to support the clinical decision. All the
value of the parameters used to mimic the BCPC physiological
conditions in 4 years old patients are summarized in Table I.
After the validation comparing the mathematical model with
in-vivo catheterization performed on 20 patients, the elements
of the MCS were built up.

In general, the solution chosen to make up hydraulic
resistances consisted in preparing arrays of tubes of small
diameter [15] [16]. If a rigid tube was used to build the
resistance, the Poiseuille’s law would be used to calculate the
value of the resistance. It would thus be possible to obtain the
desired value of the hydraulic resistance by adding an
appropriate number of identical tube elements connected in
parallel. With this solution, it is possible to get different values
of resistances, but their setting could result quite difficult in
replicating both pathological and physiological values with a
single component. If a range of different values would need to
be simulated, other resistors should be developed, and their
dimensions could result quite large.

To overcome this issue, we developed the resistance
elements taking into account Darcy’s law that describes the
fluid flow through a porous medium. Different cylinders with
different porosity were 3D printed (3D Printer M2, Makergear,
Ohio, USA) using a layer resolution of 50 pm, a nozzle size of
0.35 mm and a brass plate heated at 110°C. The 3D printed
cylinders were tested to evaluate permeability. After setting
the cross-section area (A) of the resistive element, and
knowing the permeability (k), the length (L) was set to obtain
the maximum resistance. A, k and L are set and selected to
reproduce the values of resistances from literature data using
water as working fluid in the test-bench. A sliding stick

inserted into the porous cylinder allows setting different values
of the resistance. Moving the bar all along the length, the wet
area can be increased or decreased reducing or increasing the
hydraulic resistance, respectively (Fig. 2).
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Fig. 2 Sketch of the resistor made by a porous cylinder (in grey) with a sliding

stick inside used to modify the value of the resistance. Q is the flowrate that
comes from right to left.

The physical solutions to obtain compliances are based on
the use of the elastic properties of air. The hydro-pneumatic
compliance consists of a tank partially filled with liquid with
a volume of air above it. The inertial effects are present in all
the types of lumped parameter hydraulic components and
cannot be eliminated but rather minimized. Connection tubes
are always present in hydraulic circulatory models and are, in
general, the most crucial source of inertial effects. The proper
choice of the connection tubes dimensions can help in
controlling the role of inertial components in the circuit. The
MCS was equipped with Y- to %" internal diameter Tygon
tubing with negligible compliance.

Instantaneous flow rates were measured by using a transit-time
ultrasound flowmeter (HT110 series, Transonic System,
Ithaca, NY, USA).

Pressures were measured by pressure transducers (140 PC
pressure sensor, Honeywell, NY, USA). Flow and pressure
were sampled at 200Hz using a proper acquisition system
DAQPad-6020E (National Instruments, Inc., Austin, TX,
USA). Water at 22°C (density of p = 1000 kg/m? and viscosity
of n=0.001 Pa-s) was used in these experiments. All the tests
were performed setting the Ikus Driving Unit at a heart rate of
130 bpm and systolic time of 35%.
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TABLEI
Par. Value Par. Value
Rao 4.00 [M] Lo 301073 [mmilg'Sz]
Rip 0.82 M] Lus 6.0-10~% [m”ﬂjy-sz]
Rp 5.00 [m} Cus 1.6-1073 [mnng]
Ryye 0.50 [m} Lip 1.8-103 [mmllig»sz]
Rsye 0.10 M] Ciz 4.3-1073 [ﬁ}m]

Parameters used in the electrical model of the BCPC physiological conditions,
then replicated in the in-vitro test bench.

Physiological conditions were replicated and compared with
catheterization data obtained from 20 children with Glenn
circulation. BCPC circulation can fail for many reasons.
Systolic dysfunction, diastolic dysfunction, elevated PVR, and
a combination these “failing” Glenn physiology [17], were
simulated.

III. RESULTS

Measured pressure and flow values are compared directly to
the catheterizations obtained from 20 patients (Table 2) aged
4 years old on average (BSA = 0.68 m?). Signals were
averaged on 30 seconds of contiguous cycles. Systolic and
diastolic pressures were set in the physiological condition at
115 mmHg and -17.5 mmHg, respectively, to achieve an
ejection fraction of 66%.

Setting the Glenn resistance, the resistance of the shunt, to
“physiological” value of 1 wood unit (1 WU = 1 mmHg - min
- I') it was possible to achieve a mean flow rate equal to 1.32
+ 0.07 1/min, a mean aortic pressure (MAP) of 87 mmHg a
pulmonary arterial pressure (PAP) of 10 mmHg and an atrial
pressure (AP) of 4 mmHg.

The trans-gradient pressure (TGP) the difference between
PAP and AP is 4 mmHg. All these values are very close to the
in-vivo catheterizations, only the PAP (and consequently the
TGP) in the in-vitro test was 1 mmHg higher than the pressure
in the in-vivo conditions. Four different dysfunctions were
replicated. To mimic the diastolic dysfunction, the diastolic
pressure was increased from -17.5 mmHg to -12.5 mmHg, the
systolic pressure was kept constant at 115 mmHg, and the
aortic resistance was adjusted (decreased) to obtain the same
flow rate of the physiological condition (1.32 I/min). In these
conditions, the PAP remains constant while the MAP
decreases to 75 mmHg. As expected with the diastolic
dysfunction, the AP raise from 6 to 8.2 mmHg. Starting from
the physiological condition, to take off the systolic
dysfunction, only the diastolic pressure was increased from -
17.5 mmHg to -10 mmHg. As expected, the flow rate and
consequently, the MAP decrease to 0.95 1/min and 58 mmHg,
respectively. Even in this case, the AP increase a lot from 6 to
9.8 mmHg while the PAP raises from 11 to 12 mmHg. To
mimic the elevate PVR dysfunction, characterized by a very
high cavo-pulmonary resistance that can lead to increased
pulmonary artery pressures, the Glenn resistance was set to the
pathological value of 4 WU. As anticipated, the cardiac output
and the MAP does not chance from the physiological
condition, while the PAP and the AP step up to 16 mmHg and
8.8 mmHg, respectively. In addition, the TGP increase from 6
mmHg to 8.8 mmHg. In the end, a complex mix of the previous
failures was mimicked. Starting from physiological
conditions, diastolic pressure and Glenn resistance were
increased to 100 mmHg and 4 WU, respectively while the
systolic pressure was reduced to 100 mmHg. Despite the
decreasing of the cardiac output from 1.32 1/min to 1.1 1/min,
the PAP increased from 10 mmHg to 16 mmHg, and the AP
moved from 6 mmHg to 10 mmHg, the highest value ever
achieved during these experiments.

TABLE 11
In-Vivo In-Vitro
Param Units Physiological Physiological Diastolic Systolic Elevate PVR Mixed type
' dysfunction dysfunction
Systolic
A [mmHg] [ 115 115 115 115 100
Diastolic
S, [mmHg] [] 175 125 -10.0 175 -10.0
Glenn mmHg - min
Resistance 1 ] [-] ! ! ! 4 4
Flow rate [l/min] 1.30 1.32 1.32 0.95 1.30 1.10
PAP [mmHg] 11.3 10.0 11.0 12.0 16.0 16.2
AP [mmHg] 6.2 7.0 8.2 9.8 8.8 10.0
TGP [mmHg] 5.1 4.0 3.0 2.0 7.0 6.0
MAP [mmHg] 70-90 87 75 58 86 70

Data obtained from catheterization and in-vitro tests. The catheterization data came from 20 children that were in stable Glenn circulatory conditions at
the Newcastle Childhood Hospital (UK). Systolic and diastolic pressure were set by the Ikus while Glenn resistance was set in the test bench. Physiological
condition, systolic dysfunction, diastolic dysfunction, elevated pulmonary vascular resistance (PVR), and a combination these “failing” Glenn physiology

(Mixed type) were reproduced.
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As expected, due to the decreasing of the cardiac output and
having kept the aortic resistant constant, the MAP decreased
from 87 mmHg to 70 mmHg. Table 2 resumes the variations
of flow rate, PAP, AP, TGP and MAP both in in-vivo
(physiological) and in-vitro (physiological or failure)
conditions.

IV. DISCUSSION

We believe we have developed a very detailed in-vitro
model of the bidirectional cavo-pulmonary circulation
amenable of adjustments due to changing pathophysiological
conditions. The measured pressure and flow rate showed an
excellent correlation with the catheterization data from 20
patients in a BCPC pre-TCPC. Four pathological BCPC
circulations were well reproduced by changing one parameter
at a time or all at once. Observation of the response of the
“patient” by changing one parameter at a time or all at once is
possible with this model, allowing us to understand how to
establish the most suitable MCS. In all the pathological
conditions mimicked, the AP increased. It is well known [17]
that it is necessary to employ a MCS not only to restore the
correct cardiac output but also to offload the atrium and reduce
the AP, the PAP and consequently the TGP. The selection
strategy for patients who benefit the most from the device
continues to evolve. It remains controversial which type of
MCS we should use, either VA-ECMO or VADs (with
continuous or pulsatile flow, axial or centrifugal) and in which
positions (atrial-arterial or ventricular-arterial cannulation). It
has been proposed that the optimal mechanism for supporting
univentricular patients depends on the aetiology of failure
[17], for this reason, a tool capable of reproducing different
mechanism of failures could be very useful to understand
better how to treat these patients. In several clinical scenarios
it remains controversial which type of MCS surgeons should
use; using this new in-vitro test bench, it is possible to set
patient-specific parameters to understand better how to treat
this patient and which device is more appropriate for that
pathology. In the experiments reported in this work, we have
used the Berlin Heart Excor pulsatile pump as baseline native
heart and ventricular assist device. The reason for this choice
was mainly related to the size of patients whose cardiac
catheterisation data were used as a reference. These children
with single ventricle failure nowadays are only supported with
Berlin Heart Excor being it the only available device for small
size patients. However, the mock circulatory system can be
easily connected to other ventricular assist devices like non-
pulsatile pumps, either axial or centrifugal, leaving the Berlin
Heart Excor as native heart as it allows easy adjustments to
mimic the different types of failure and can allow reproducing
the effects of the neurohormonal response (i.e.
vasoconstriction due to low cardiac output etc.), by adjusting
upper and lower body resistance. The proposed mock
circulatory system can also be easily turned into a TCPC
model by connecting the inferior vena cava draining the LB to
the pulmonary artery system instead of the left atrium, or into
the already mentioned and reproduced clinical scenarios or be

connected to other different assist devices.
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