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Background: Currently available ventricular assist devices are designed primarily for use in patients with
left sided heart failure. This study evaluated the efficacy of the Jarvik 2000 ventricular assist device (VAD) as a
pulmonary pump to power a Fontan circuit in a large animal model.
Methods:Without the use of cardiopulmonary bypass, Fontan circulations were surgically created in 4 pigs (50 kg)
using synthetic grafts from the inferior and superior vena cavas to the main pulmonary artery. Subsequently, the
VAD was implanted within the common Fontan graft to provide a pulmonary pump. Direct chamber pressures
and epicardial Doppler images were taken during the various phases of the experiment. Heart rate, femoral artery
blood pressure, oxygen saturation, and aortic flow rate were continuously recorded. The outflow cannula of the
VAD was then partially banded by 50% and then 75% to mimic increased afterload.
Results: Fontan and VAD implantation was successfully performed in all 4 animals. Arterial pressure and aortic flow
decreased dramatically with institution of the Fontan but were restored to baseline upon activation of the VAD. The
pressure within the systemic venous circulation rose precipitously with institution of the Fontan circulation and
improved appropriatelywith activation of the VAD. Adequate perfusionwasmaintained during increased afterload.
Conclusions: An axial flow VAD can restore normal hemodynamics and cardiac output when used as a pulmonary
pump in a Fontan circulation. A VAD can rescue a failing Fontan as a bridge to transplant or recovery, even in the
setting of high pulmonary resistance.

© 2014 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Current ventricular assist devices are not designed for use in patients
with complex congenital anatomy. Instead, their focus has been on
patients with left sided heart failure. Patients with single ventricle
physiology present a unique and challenging subset of patients at risk
for developing heart failure [1]. Specifically, those that have undergone
Fontan surgical palliation,whereby the systemic venous return is direct-
ly routed to the pulmonary arterial circuit without the use of an inter-
vening pump, are at risk for chronic “right sided” heart failure [2]. The

long-term outcomes of the Fontan operation include low cardiac output
and elevated systemic venous pressure, resulting in a myriad of poten-
tial long-term complications including arrhythmias, hepatic abnormali-
ties, renal dysfunction, mesenteric edema, and peripheral venous
congestion, among others [1–4]. “Failing” Fontan patients may suffer
from multiple organ dysfunction and are considered high risk candi-
dates for orthotropic heart transplantation [5,6]. Numerous medical
and interventional therapies may improve cardiac output and decrease
central venous pressure, however, the benefits are often temporary. At
the heart of the problem is the absence of a “right sided” pump to the
pulmonary circulation.

We hypothesize that axialflowventricular assist devices designed to
aid the left heart could be used to create a pump to the pulmonary
circulation which could result in normalization of cardiac output and
systemic venous pressure. Several large animalmodels have been previ-
ously described and were created using a surgical approach with and
without cardiopulmonary bypass [7–14]. We designed a large animal
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experiment to surgically create a Fontan circulation and then evaluated
the efficacy of the Jarvik 2000 ventricular assist device (VAD) as a “right
sided” pump to power the Fontan circuit (Fig. 1A).

2. Methods

Theexperimental protocolwas approved by theAnimal ResearchOversight Committee
of theUniversity of California in Los Angeles. All animals receivedhumane care asmandated
by the AnimalWelfare Act and the Public Health Service Policy on Humane Care and Use of
Laboratory Animals.

2.1. Animal preparation

Four Yorkshire Pigs (mean weight 50.7 kg, range 44.0 kg to 61.0 kg) were given pre-
operative sedation via an intramuscular injection of Telazol and Atropine. The pigs were
intubated and placed under general anesthesia on a mechanical ventilator. Seven French
sheaths were placed in the right femoral artery and vein using the modified Seldinger
technique and pressures were continuously monitored. A jugular venous sheath was
also placed for drug administration and systemic venous pressure readings. A Foley
catheter was placed and urine output was measured continuously throughout the
procedure. Intravenous Cefazolin was given for prophylaxis before the surgery.

Amidline sternotomywasperformed. The pericardiumwas opened and theheartwas
suspended in the pericardium. The superior vena cava (SVC), the inferior vena cava (IVC)
and the pulmonary arteries (PAs) were dissected free from surrounding structures.
Heparin was administered as needed to keep the activated clotting time (ACT) in an ac-
ceptable range. Blood was suctioned into a cell saver device. Packed red blood cells were
obtained from the cell saver device and administered if the hemoglobin count dropped
below 8 g/dL. Additionally, occasional saline fluid boluses were given to counteract
decreased blood pressure.

2.2. Data collection

Pressure from the femoral arterial and venous sheaths was recorded continuously
throughout the experiment. Additionally, using a 20 gauge needle, direct pressure
measurements were made in the IVC, SVC, left atrium and main PA at each phase of the
experiment. Aortic flow was continuously monitored via a transonic flow probe fitted to
the ascending aorta. The Transonic Perivascular Flow Meter continuously transmitted
aortic flow measurements which were captured using National Instruments LabVIEW
Software. Vitals including heart rate, femoral artery blood pressure, and systemic oxygen
saturation were continuously monitored. Epicardial 2-D echocardiography with Doppler
was performed at each phase of the experiment (GE Vivid 7). Left ventricular ejection
fraction was visually estimated and left ventricular outflow tract pulse wave Doppler sig-
nals were measured to estimate stroke volume by velocity time integral (LVOT VTI).
Vetscan i-STAT machine was used with CG8+ cartridges to obtain blood gases, activated
clotting time (ACT), electrolyte, blood chemistry and hematology readings. These readings
were performed every 30 min and at each phase of the experiment.

2.3. Creation of extracardiac Fontan

The Fontan circulation was created without the use of cardiopulmonary bypass.
A C-clamp was placed vertically across the SVC just above the right atrial juncturewithout
occluding SVC flow. The side of the SVCwas incised and a 12mmGore-tex graft was sewn
to the SVC in an end-to-side fashion. Silastic surgical glue was applied circumferentially to
all suture sites. The graft was then clamped and the C-clamp on the SVCwas released. The
IVCwas subsequently clamped and incised in a similar fashion just below theentry point to
the right atrium. A 16 mm Gore-tex graft was sewn in an end-to-side fashion to the IVC.
The 12 mm graft from the SVC was sewn in an end to side fashion to the 16 mm graft
from the IVC. The 16 mm graft was then sewn to the main pulmonary artery in an end-
to-side fashion. Another set of data points was taken prior to completion and opening of
the Fontan circulation. To simulate the absence of a right heart pump and the completed
Fontan circulation, the SVC and IVC were fully clamped at their entry site to the right
atrium, therefore, systemic venous return was diverted from the right atrium and right
ventricle via the Gore-tex conduits directly to the pulmonary artery. Pressure and flow
measurements were gathered as described above.

2.4. Placement of axial flow ventricular assist device

The SVC and IVC were temporarily unclamped and the SVC and IVC grafts were
clamped in order to allow systemic venous return to the right heart while the VAD was
surgically implanted. The 16 mm graft was transected proximal to the entry point into
the pulmonary artery and the VAD was inserted into the graft. The proximal inflow end
of the 16 mm Gore-tex graft was secured over the VAD. The outflow graft of the VAD
was a 10mmVascutek graft thatwas connected in an end-to-end fashion to the remaining
16mmgraft connected to themainpulmonary artery. The SVC and IVCwere then clamped
and the VAD was activated and flow rates were gradually increased over 15min to a goal
of 5 l/min. Flow and pressure measurements were taken at each of the 5 speed settings of
the Jarvik 2000 (Table 1) (Fig. 1B).

2.5. Increased afterload simulation

To simulate increased pulmonary arterial pressure the outflow graft of the VAD was
clamped by 50%. Subsequently, the outflow graft was clamped by 75% to simulate severely
elevated afterload and measurements were again collected.

Fig. 1. Extracardiac Fontan model with the Jarvik 2000 VAD implanted. RA: right atrium;
Ao: aorta; RV: right ventricle; LV: left ventricle; PA: pulmonary artery; Ja: Jarvik pump;
1: treated inflow Gore-tex graft; 2: Vascutek outflow graft (partially clamped to simulate
increased afterload); 3: Jarvik power cord; C: clamp.
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