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The objectives of this study were to assess the feasibility of low flow
right ventricular support and to describe the hemodynamic effects of
low versus high flow support in an animal model of acute right
ventricular pressure overload. A Synergy Pocket Micro-pump (Heart-
Ware International, Framingham, MA) was implanted in seven sheep.
Blood was withdrawn from the right atrium to the pulmonary artery.
Hemodynamics and pressure-volume loops were recorded in baseline
conditions, after banding the pulmonary artery, and after ligating the
right coronary artery in these banded sheep. End-organ perfusion
(reflected by total cardiac output and arterial blood pressure) im-
proved in all conditions. Intrinsic right ventricular contractility was
not significantly impacted by support. Diastolic unloading of the
pressure overloaded right ventricle (reflected by decreases in central
venous pressure, end-diastolic pressure and volume, and ventricular
capacitance) was successful, but with a concomitant and flow-depen-
dent increase of the systolic afterload. This unloading diminished with
right ventricular ischemia. Right ventricular mechanical support im-
proves arterial blood pressure and cardiac output. It provides diastolic
unloading of the right ventricle, but with a concomitant and right
ventricular assist device flow-dependent increase of systolic afterload.
These effects are most distinct in the pressure overloaded right
ventricle without profound ischemic damage. We advocate the low
flow strategy, which is potentially beneficial for the afterload sensitive
right ventricle and has the advantage of avoiding excessive increases
in pulmonary artery pressure when pulmonary hypertension exists.
This might protect against the development of pulmonary edema and
hemorrhage.

pressure overloaded right ventricle; mechanical support; partial sup-
port

NEW & NOTEWORTHY

Mechanically supporting the pressure overloaded right ventri-
cle improves arterial blood pressure and cardiac output and
provides diastolic unloading, but with concomitant and right
ventricular assist device flow-dependent increases of systolic
afterload. The low flow strategy benefits the afterload sensitive
right ventricle and avoids excessive increases in pulmonary
pressures. This might protect against pulmonary hemorrhage
and pulmonary edema.

MEDICAL MANAGEMENT OF RIGHT ventricular failure (RVF) in-
cludes inotropic support to enhance right ventricular (RV)
contractility, pulmonary vasodilation to reduce RV afterload,
and volume resuscitation to maintain RV preload (19). Surgical
treatment of acute RVF refractory to this medical treatment
remains challenging. The most commonly used options include
catheter-based RV assist devices (RVADs) (TandemHeart;
Impella RP), venoarterial extracorporeal membrane oxygen-
ation, heart transplantation, and, rarely, atrial septostomy (10).
Right-sided use of left ventricular (LV) assist devices
(LVADs) has mainly been used in the context of RVF post-
LVAD implantation but also in patients with biventricular
failure, RV infarction, post-cardiotomy RVF, and RVF follow-
ing heart transplantation (4, 9, 10, 20–22).

Increased pulmonary vascular resistance (PVR) is an impor-
tant contributing factor in many patients with RVF. In such
cases, RV support with devices that provide relatively high
flow rates might result in increased pulmonary pressures and
lung injury, whereas left atrial filling and cardiac output (CO)
would remain low (1). However, recently developed smaller
mechanical circulatory assist devices with lower flow capaci-
ties might be more appropriate for RV support. The concept of
low flow (partial) ventricular support with the Synergy Micro-
pump has already been shown to result in significant hemody-
namic benefits in appropriately selected cases of LV failure
(17, 18). Accordingly, this system has been proposed for use in
patients with RVF due to pressure overload (22).

As a first step in the feasibility testing of low flow mechan-
ical support of the pressure overloaded RV, we aimed to assess
the hemodynamic effects of low versus high flow mechanical
support in an animal model of acute RV pressure overload with
and without ischemic failure.

MATERIAL AND METHODS

Animal preparation. This study was approved by the KULeuven
animal ethics committee (P127/2011). All animals received humane care
in compliance with the Principles of Laboratory Animal Care formulated
by the National Society for Medical Research and the Guide for the Care
and Use of Laboratory Animals prepared by the Institute of Laboratory
Animal Resources (National Institutes of Health). Seven ewe (Swifter-
Charolais) of 45.2 � 5.2 kg, aged 10.5 � 0.8 mo, were included. After
sedation with 15 mg/kg intramuscular ketamine, anesthesia was in-
duced with isoflurane. The sheep were positioned in a right lateral
position. After intubation, the animals were mechanically ventilated
with the use of a volume-controlled respirator (Dräger, Cicero).
Anesthesia was maintained with isoflurane (2% to 3%) in a gas
mixture consisting of 80–100% oxygen supplemented with room air.
The ruminant stomach was decompressed with a 12-bore orogastric
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tube. Anesthesia was monitored by checking eyelid reflexes and
continuous monitoring throughout the study of end tidal CO2 (respi-
ratory volume and frequency were adapted to keep it within ranges of
35–45 mmHg), ECG, arterial blood pressure (ABP), heart rate, and
blood O2 saturation. Buprenorphine-hydrochloride (0.3 mg) and
Meloxicam (0.5 mg/kg iv) were used for analgesia.

Instrumentation. Figure 1 shows a schematic overview of the
experimental setup. Pressure lines in the left ear artery and the left
jugular vein served to measure ABP and central venous pressure
(CVP), respectively. A Swan-Ganz catheter was introduced in the left
jugular vein, and by fluoroscopic guidance the tip was placed in the
distal pulmonary trunk for measuring distal pulmonary artery pressure
(PAP). A left thoracotomy through the fourth intercostal space was
performed, and the heart was exposed in a pericardial cradle. The
aorto-pulmonary window was dissected, and a band was loosely
placed around the distal pulmonary trunk. A Synergy Micro-pump
(HeartWare International, Framingham, MA) was inserted to with-
draw blood from the right atrium (RA) to the pulmonary artery (PA).
A Sono TT flowmeter (Emtec, Gennevilliers, France) around the
tubing system of the pump measured pump flow. A TS420 flowmeter
(Transonic Systems Europe B.V., Maastricht, The Netherlands) around
the proximal PA, proximal to the outflow graft of the pump measured the
CO generated by the RV (RVCO). Pressure lines in the left atrium, in the
PA between the pulmonary valve and the Transonic flowmeter, and just
proximal to the band served to measure left atrial pressure (LAP),
proximal PAP, and PAP just proximal to the band, respectively. Finally,
a 7F combined pressure-conductance catheter was connected to a Sigma
M signal processor (both CD Leycom, Zoetermeer, The Netherlands).
After pressure calibration, this catheter was positioned in the RV
through a stab wound just below the pulmonary valve and positioned
toward the apex for continuous and simultaneous measurement of
pressure and volume. RV parallel conductance was determined by

using hypertonic saline injections, and the slope factor � was assessed
by comparing the uncalibrated conductance catheter CO with the CO
obtained by the Transonic flowmeter.

Following hemodynamic assessments under baseline conditions
(baseline), two experimental conditions mimicking the effects of acute
RV pressure overload were created. In the first case, pressure overload
was induced by tightening a band around the PA distal to the pump
outflow tract, as much as was hemodynamically tolerated (banding).
In the second case, the right coronary artery was ligated in these
banded sheep (banding � ischemia). Ten minutes after establishing
each of these three experimental conditions, pressures, flows, and a
pressure-volume (PV)-loop were recorded at zero pump speed, at low
flow (22,000 rpm), and at high flow (28,000 rpm) in all sheep. Finally,
the sheep were euthanized by means of injection of 20 ml KCl
(14.9%) after reassurance of adequate anesthesia.

The Synergy Micro-pump. This system was originally designed for
partial LV support (17). The micro-pump was connected to an inflow
cannula with an intra-atrial cage, an outflow graft, and an electrical
lead connected to the external controller and power supply. As an
LVAD, this micro-pump can provide up to 4.25 l of blood flow per
minute.

Data analysis. Total CO was calculated by adding intrinsic RVCO
and pump flow. The ratio of pump flow/total CO represents the
fraction of augmented blood flow generated by the RVAD. RV power
was calculated as mean proximal PAP*pulmonary flow*0.0022 and
total power as mean PAP just before the banding*total CO*0.0022.
PV-loop analysis was performed using CD Leycom and Matlab
R2013a (MathWorks, Natick, MA) software. In each beat, end systole
was defined as the point in the cardiac cycle of maximal P(t)/V(t),
where P(t) is the instantaneous RV pressure and V(t) is the instanta-
neous RV volume. Stroke work (SW) was calculated as the PV loop
area for each beat. The pressure-volume area (PVA) represents the

Fig. 1. Schematic overview of the experi-
mental set-up. PA, pulmonary artery. LA,
left atrium.
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total mechanical energy generated by ventricular contraction and is
equal to the sum of SW and the elastic potential energy (PE). PE �
ESP (ESV � V0)/2 � EDP (EDV � V0)/4, in which ESP is
end-systolic pressure, ESV is end-systolic volume, V0 is theoretical
volume when no pressure is generated, EDP is end-diastolic pressure,
and EDV is end-diastolic volume. The end-systolic PV-relationship
(ESPVR) was determined by using a single beat estimation method by
means of a sine curve fitting [A * sin (Bt � C) � D] in which
parameters A to D are calculated by the Levenberg-Marquardt pro-
cedure in Matlab (2, 16, 26). The Levenberg-Marquardt algorithm
iterates through various values of these parameters such that the error
(difference between the real function and the computed fitted func-
tion) becomes minimal. The two parts of the pressure-time curve
surrounding the area where contraction and relaxation were maximal
(i.e., dP/dt � max and dP/dt � min, respectively) in the same
steady-state heart beat were fitted to the above sine function. Pmax

was the result of the summation of the Levenberg-Marquardt
algorithm calculated parameters A and D, and is used in the single
beat method to calculate the ESPVR. From this ESPVR the slope
(Ees, end-systolic elastance) and volume axis intercept (V0) were
determined. Because both Ees and V0 varied in different directions
of contractility, ESPVR V30, the volume at an end-systolic pres-
sure of 30 mmHg was calculated and served as an additional index
of contractility (15). The end-diastolic PV-relationship (EDPVR)
was determined using computational single beat methods (3,14).
From these curves (P � �V�), EDPVR V20, the volume at which
diastolic pressure equaled 20 mmHg was calculated and served as
an index of capacitance. To compare these curves of compliance,

the curve-fit expressions were linearized using a logarithmic trans-
formation (ln) of pressure and volume data (15). This resulted in �
as slope and in [�ln(�)/�] as V0. The effective arterial elastance
(Ea), indexing the afterload, was calculated as ESP/SV, in which
SV is stroke volume.

Data are presented as means � SD. Statistical analysis was per-
formed using Statistica 10.0 (StatSoft, Tulsa, OK) software. Direct
comparisons between baseline states under three conditions and be-
tween baseline and RVAD-supported conditions at low flow and at
high flow were made using Wilcoxon matched pairs test. A P value of
less than 0.05 was considered statistically significant.

RESULTS

Description of three conditions. Hemodynamics and PV-
loop parameters of the different conditions before RVAD
support are depicted in Tables 1, 2, 3, and 4 and illustrated in
Figs. 2, top left; 3A; and 4A.

Banding the PA increased RV afterload (indexed by Ea),
which significantly increased RV dimensions (ESV and EDV)
and RV pressures (RV peak pressure, ESP, and EDP). The
resulting reduction of RV SV and ejection fraction (EF) sig-
nificantly decreased ABP and CO and significantly increased
CVP. LAP did not increase due to better left atrial filling but
because of increased dimensions and pressures in the adjacent
RV and right atrium. Although the work performed in one
heart cycle (SW and PVA) did not increase significantly, the

Table 1. Pressures and flows

n No Support

Flow

Low High

Baseline 7
mABP, mmHg 60.0 � 7.1 66.3 � 11.2* 66.6 � 9.4*
mPAP, mmHg 16.1 � 2.7 16.0 � 2.3 17.9 � 2.8�
mCVP, mmHg 8.0 � 1.2 8.4 � 1.3 8.3 � 1.3
Heart rate, beats/min 94 � 8 89 � 8* 85 � 11*�
mLAP, mmHg 4.0 � 2.2 4.6 � 2.1 4.9 � 1.6
Pump flow, l/min 0 � 0 1.93 � 0.63* 2.58 � 0.71*�
RVCO, l/min 3.76 � 0.56 2.46 � 0.72* 1.81 � 0.68*�
Total CO, l/min 3.76 � 0.56 4.39 � 1.13 4.39 � 1.03

Banding 7
mABP, mmHg 46.7 � 5.9 56.1 � 13.3* 55.4 � 11.6*
mPAP proximal, mmHg 31.4 � 5.9 39.3 � 7.2* 44.9 � 9.4*�

Systolic 51.1 � 9.2 54.4 � 9.5* 56.8 � 9.2*�
Diastolic 20.2 � 5.3 31.3 � 7.6* 38.7 � 10.3*�

mPAP distal, mmHg 15.7 � 2.9 18.1 � 2.7* 18.9 � 3.4*
mCVP, mmHg 13.1 � 2.0 11.6 � 2.1* 11.0 � 2.6*
Heart rate, beats/min 92 � 9 91 � 10 90 � 8
mLAP, mmHg 5.6 � 1.9 7.0 � 2.0* 7.9 � 2.2*
Pump flow, l/min 0 � 0 1.62 � 0.56* 2.32 � 0.70*�
RVCO, l/min 2.51 � 0.65 1.86 � 0.40* 1.59 � 0.33*�
Total CO, l/min 2.51 � 0.65 3.48 � 0.84* 3.91 � 0.82*�

Banding � ischemia 5
mABP, mmHg 30.2 �7.4 37.6 � 6.5* 38.8 � 6.4*
mPAP proximal, mmHg 24.8 � 5.8 33.4 � 5.7* 39.4 � 6.1*�
mPAP distal, mmHg 15.4 � 2.9 18.2 � 2.9 17.6 � 3.4
mCVP, mmHg 14.6 � 3.0 14.2 � 2.6 13.6 � 2.2
Heart rate, beats/min 69� 11 75 � 16 77 � 13
mLAP, mmHg 6.6 � 1.1 7.8 � 1.1* 8.4 � 1.5*
Pump flow, l/min 0 � 0 1.29 � 0.35* 1.96 � 0.48*�
RVCO, l/min 1.30 � 0.23 0.96 � 0.33 0.92 � 0.50
Total CO, l/min 1.30 � 0.23 2.25 � 0.25* 2.88 � 0.61*�

Values are means � SE. mABP, mean arterial blood pressure; mPAP, mean pulmonary arterial pressure; proximal, just proximal to the band; distal, distal
to the band; mCVP, mean central venous pressure; mLAP, mean left atrial pressure; RVCO, right ventricular cardiac output; CO, cardiac output; Underlined
values represent statistical significant difference with baseline; double underlined values are statistical significant difference with baseline and banding.
*Statistical significant difference with no support;�statistical significant difference with low flow.
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power delivered by the RV in terms of pressures and flows
increased significantly. Intrinsic RV contractility was not sig-
nificantly impacted by PA-banding, evidenced by no signifi-
cant change in V30. However, the EDPVR shifted rightward
and downward with a significant increase of the slope (�) and
of V0 of the linearized EDPVR. RV capacitance (V20) in-
creased significantly. This signifies acute ventricular dilatation
in the face of pressure overload.

Unlike with PA-banding alone, RV contractility decreased
when ischemia was created (banding � ischemia). RVF wors-
ened, manifested by a further significant increased CVP, fur-

ther significant decreased ABP and CO, and a significant
decreased heart rate. With decreasing RV contractility, RV
pressure generating capability decreased causing decreasing
PAPs. Because the afterload remained the same (fixed band-
ing), ESV significantly increased and ESP significantly de-
creased, whereas EDV and EDP remained comparable with the
banding condition. Consequently, SV and EF significantly
decreased further. SW and RV power decreased significantly
compared with baseline and banding conditions. Ventricular
capacitance, the slope (�) and the V0 of the linearized EDPVR
remained comparable with the banding condition. Both in band-

Table 2. PV-loop pressures and volumes

n No support

Flow

Low High

Baseline 7
Peak RV pressure, mmHg 26.6 � 4.2 24.9 � 7.2 26.0 � 8.8
EDP, mmHg 5.5 � 1.6 4.8 � 1.4 4.9 � 1.9
ESP, mmHg 21.6 � 5.6 23.0 � 7.1 24.6 � 8.3�
EDV, ml 63.1 � 3.0 52.0 � 7.3* 47.9 � 8.3*
ESV, ml 23.9 � 5.5 25.7 � 6.3 27.0 � 7.3*�
SV, ml 39.2 � 7.0 26.3 � 10.4* 20.9 � 10.4*�
EF, % 62 � 9 49 � 17* 42 � 20*�

Banding 7
Peak RV pressure, mmHg 51.9 � 7.0 59.4 � 6.2* 59.8 � 6.5*
EDP, mmHg 16.1 � 3.8 16.1 � 3.8 14.4 � 3.0*�
ESP, mmHg 49.8 � 7.0 58.7 � 4.6* 59.0 � 5.6*
EDV, ml 100.2 � 7.1 95.6 � 7.4* 93.6 � 8.2*�
ESV, ml 73.1 � 9.8 75.2 � 7.8 76.1 � 8.4
SV, ml 27.2 � 5.4 20.4 � 2.8* 17.5 � 2.7*�
EF, % 27 � 6 21 � 3* 19 � 3*�

Banding � ischemia 5
Peak RV pressure, mmHg 33.1 � 3.4 39.0 � 5.8 39.7 � 5.9
EDP, mmHg 18.0 � 5.0 17.1 � 4.6 17.1 � 3.5
ESP, mmHg 31.5 � 3.7 37.9 � 7.2 39.1 � 6.7*�
EDV, ml 99.0 � 12.0 95.0 � 14.1 94.9 � 13.1*
ESV, ml 80.4 � 15.9 81.2 � 19.3 82.3 � 19.6
SV, ml 18.6 � 6.0 13.8 � 8.7* 12.6 � 9.0
EF, % 19 � 7 15 � 10* 14 � 11

Values are means � SE. RV, right ventricular; EDP, end-diastolic pressure; ESP, end-systolic pressure; EDV, end-diastolic volume; ESV, end-systolic volume;
SV, stroke volume; EF, ejection fraction. Underlined values are statistical significant difference with baseline; double underlined values are statistical significant
difference with baseline and banding. *Statistical significant difference with no support;�statistical significant difference with low flow.

Table 3. Work and power

n No Support

Flow

Low High

Baseline 7
SW, ml 	 mmHg 889 � 578 552 � 494* 353 � 280*�
PVA, ml 	 mmHg 1,196 � 710 823 � 600* 584 � 346*�
RV power,Watt 0.17 � 0.02 0.11 � 0.01* 0.08 � 0.02*
Total power, Watt 0.13 � 0.02 0.16 � 0.03 0.18 � 0.04*

Banding 7
SW, ml 	 mmHg 871 � 328 692 � 299* 566 � 330*�
PVA, ml 	 mmHg 1,928 � 650 1,513 � 738 1,236 � 264*
RV power, Watt 0.17 � 0.02 0.11 � 0.01* 0.08 � 0.02*�
Total power, Watt 0.17 � 0.02 0.30 � 0.06* 0.38 � 0.07*�

Banding � ischemia 5
SW, ml 	 mmHg 326 � 165 309 � 168 272 � 192
PVA, ml 	 mmHg 1,680 � 1,860 737 � 535 560 � 345
RV power, Watt 0.07 � 0.03 0.06 � 0.02 0.05 � 0.02
Total power, Watt 0.07 � 0.03 0.17 � 0.04* 0.25 � 0.07*�

Values are means � SE. SW, stroke work; PVA, pressure-volume area. Underlined values are statistical significant difference with baseline; double underlined
areas are statistical significant difference with baseline and banding. *Statistical significant difference with no support;�statistical significant difference with low
flow.
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ing and banding � ischemia conditions, ventriculo-arterial cou-
pling (indexed by Ees/Ea ratio) significantly decreased com-
pared with the baseline condition.

Mechanical RV support in the baseline condition. Hemody-
namics and PV-loop parameters are depicted in Tables 1–4 and
illustrated in Figs. 2, top right; 3B; and 4B.

Mechanical support augmented native CO by 44 � 10%
at low flows and by 59 � 13% at high flows (P 
 0.001).
EDV and heart rate significantly decreased. Peak RV pres-
sures remained constant, but PAP, ESP, and ESV signifi-
cantly increased at high flows. This was reflected by signif-
icant and flow-dependent decreases of SV, EF, SW, and
PVA. The decreased heart rate contributed also to the
significantly decreased RVCO and RV power. Hence, al-
though ABP significantly increased, total CO did not. Con-
tractility was not influenced. But the EDPVR shifted left-
ward and slightly upward with a slightly decreased slope (�)
and a significantly decreased V0 of the linearized EDPVR.
RV capacitance (V20) decreased significantly.

Mechanical RV support at increased resistance (banding).
Hemodynamics and PV-loop parameters are depicted in Tables
1–4 and illustrated in Figs. 2, bottom left; 3C; and 4C.

Mechanical support augmented native CO by 46 � 8% at
low flows and by 59 � 9% at high flows (P 
 1.10�5). Peak
RV pressure and ESP significantly increased. The decrease of
EDV was flow dependent. EDP decreased, only significant at
high flows. Consequently, SV and EF significantly decreased.
The significant and flow-dependent increase of PAP was
mainly determined by increased diastolic pressures and less by
modestly increased systolic pressures. A significant and flow-
dependent increase of ABP, LAP, total CO, and power was
noticed, whereas CVP significantly decreased. PVA decreased
as well in a flow-dependent manner. This decrease was only
significantly at high flows (low flow: P � 0.0876, high flow:
P � 0.0232). The increasing V30 signified a decreased con-
tractility, only statistically significant at high flows. The ED-
PVR shifted leftward with a decreasing slope (�) and a signif-
icantly decreased V0 of the linearized EDPVR. RV capacitance
(V20) decreased significantly.

Mechanical support of the ischemic RV at increased resis-
tance (banding � ischemia). Two sheep did not survive the
coronary artery ligation. Hemodynamics and PV-loop param-
eters of five sheep are depicted in Tables 1–4 and illustrated in
Figs. 2, bottom right; 3D; and 4D.

Table 4. Contractility, relaxation, and ventriculo-arterial coupling

n No Support

Flow

Low High

Baseline 7
Contractility

ESPVR; Ees 1.23 � 1.22 1.30 � 0.90 2.02 � 2.03
ESPVR; V0 �3.7 � 17.4 2.2 � 16.1 6.3 � 17.4
ESPVR; V30 35.5 � 10.7 34.5 � 9.6 34.2 � 9.1

Compliance
EDPVR; V20 79.9 � 7.3 67.2 � 8.6* 62.4 � 11.6*
ln (EDPVR); � 5.70 � 0.09 5.66 � 0.08 5.65 � 0.14
(EDPVR); V0 3.9 � 0.1 3.7 � 0.01* 3.6 � 3.2*

Ventriculo-arterial coupling
Ea 0.56 � 0.11 1.04 � 0.61* 1.89 � 1.96*�
Ees/Ea 2.15 � 1.97 1.21 � 0.35 1.08 � 0.43

Banding 7
Contractility

ESPVR; Ees 1.24 � 0.63 2.29 � 1.07* 3.04 � 2.61*
ESPVR; V0 19.3 � 41.6 41.4 � 27.9 47.3 � 17.7�
ESPVR; V30 54.4 � 15.3 58.4 � 18.1 62.3 � 11.9�

Compliance
EDPVR; V20 104.5 � 9.7 99.8 � 10.4* 99.4 � 10.0*
ln (EDPVR); � 6.11 � 0.20 6.11 � 0.20 6.00 � 0.10�
ln (EDPVR); V0 4.2 � 0.1 4.1 � 0.1* 4.1 � 0.1*�

Ventriculo-arterial coupling
Ea 1.88 � 0.41 2.91 � 0.29* 3.41 � 0.46*�
Ees/Ea 0.65 � 0.33 0.80 � 0.40 0.92 � 0.77

Banding � ischemia 5
Contractility

ESPVR; Ees /0.71 � 0.50/ 1.79 � 1.11 2.35 � 1.77*
ESPVR; V0 �12.3 � 109.9 50.6 � 36.5 57.7 � 31.6*
ESPVR; V30 69.9 � 29.7 73.5 � 24.3 76.6 � 22.2

Compliance
EDPVR; V20 101.6 � 14.1 98.2 � 16.0 97.9 � 15.2
ln (EDPVR); � 6.56 � 0.97 6.38 � 0.79 6.21 � 0.39
ln (EDPVR); V0 4.2 � 0.1 4.1 � 0.2* 4.1 � 0.1*

Ventriculo-arterial coupling
Ea 1.86 � 0.71 3.82 � 2.16 5.02 � 3.42*�
Ees/Ea 0.39 � 0.31 0.57 � 0.33 0.56 � 0.32

Values are means � SE. ESPVR, end-systolic pressure-volume relationship; Ees, end-systolic elastance; EDPVR, end-diastolic pressure-volume relationship;
Vx, volume intercept for a given pressure of 	 mmHg; Ea, arterial elastance; Ees/Ea, ventriculo-arterial coupling; ln, a logarithmic transformation. Underlined
values are statistical significant difference with baseline. /.../Statistical significant difference with banding; *statistical significant difference with no support;
�statistical significant difference with low flow.

H619MECHANICAL SUPPORT OF A PRESSURE OVERLOADED RIGHT VENTRICLE

AJP-Heart Circ Physiol • doi:10.1152/ajpheart.00246.2015 • www.ajpheart.org



Mechanical support augmented native CO by 57 � 14% at
low flows and by 69 � 13% at high flows (P 
 0.01). It caused
an increased ESP, a decreased EDV (only significant at high
flows), and a significant and flow-dependent increased PAP.
This was reflected in flow-dependent decreases of SV and EF,
only significant at low flows. The increases of ABP, LAP, total
CO, and power were significant and flow dependent. Contrac-
tility was not modified. The EDPVR slightly shifted leftward
with a nonsignificant decrease of the slope (�) and a signifi-
cantly decreased V0 of the linearized EDPVR. RV capacitance
(V20) decreased significantly.

DISCUSSION

We aimed to test the feasibility and hemodynamic effects of
low flow mechanical support of the pressure overloaded RV.
The Synergy Micro-pump drove blood from the right atrium to
the PA in seven sheep under three different conditions. In all
conditions a flow-dependent improvement of CO and CVP was
noticed, but also a flow-dependent increase in pulmonary
pressures. Intrinsic RV contractility was not significantly im-

pacted, even under ischemic conditions. But RV capacitance
successfully decreased.

RVF due to an increased afterload occurs in two populations
of adults: 1) patients with pre-existing chronic pulmonary
hypertension in whom the RV went through phases of adaptive
hypertrophy and dilatation before clinical failure emerged and
2) patients with a sudden increase in afterload immediately
leading to RVF. Examples of the second group are transplant
recipients and patients with acute lung injury or acute respira-
tory distress syndrome (ARDS) (24). Our animal model mostly
mimics the population in this second group.

When RV continuous flow pumps developed for LV support
are used, two important issues need to be addressed. First, both
these pumps and the RV itself demonstrate a high afterload
sensitivity (5, 19). Because the RV normally ejects blood into
a low-resistance and high-compliance system, the lower pres-
sure gradient across right-sided VADs could increase flow
rates compared with the same devices placed on the left. Such
elevated flow rates could lead to elevated PAPs and pulmonary
edema or hemorrhage. For the afterload sensitive RV, elevated

Fig. 2. Top left: pressure-volume (PV)-loops of the unsupported right ventricle (RV) in the 3 conditions. Top right: PV-loops in the baseline condition. Bottom
left: PV-loops in the banding condition. Bottom right: PV-loops in the banding � ischemia condition. �, end-systolic point on the PV-loop and maximum pressure
point (Pmax) through which the end-systolic PV relation (ESPVR) is drawn; �, end-diastolic point on the PV-loop through which the end-diastolic PV relation
(EDPVR) is drawn and the point on this EDPVR is at a pressure of 20 mmHg.
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PAPs might cause further dilatation and failure. Banding the
outflow graft to increase the pressure gradient across the pump
has been proposed as a solution (8, 11, 27). Nevertheless, with
proper patient selection, e.g., RVF due to an increased after-
load, the pressure gradient across right-sided pumps becomes
less of a concern. Second, RVADs most probably will be used
to support the pressure overloaded RV when the PVR cannot
be reduced medically. Therefore, the fear of increasing PAP
remains, since increasing total CO in these circumstances will
increase PAP as well. To minimize this PAP increase caused
by RVADs, and in analogy with the partial support concept for
LVADs, we presumed that smaller assist devices with lower
flow capacities would be more appropriate for RV support.

The goals of mechanically supporting the pressure over-
loaded RV are twofold: improving end-organ perfusion (re-
flected by total CO and ABP) (Fig. 3) and unloading the RV
(decreasing peak RV pressure, CVP, PVA, and EDV) (Fig. 4)
to improve coronary perfusion and prevent (or even reverse)
any maladaptive ventricular remodeling that has occurred.

In the baseline condition, mechanical support induced a
flow-dependent RV unloading but no improvement in total CO
and ABP. Native RVCO mainly lowered due to decreased

heart rates. However, unsupported total CO and ABP in this
condition is considered normal. Physiology allows the normal,
not fixed, PVR to decrease in response to increased flows.
Therefore, PAPs did not increase so extensively compared with
the other conditions.

PA-banding has been described to increase RV contractility,
whereas intrinsic RV diastolic compliance was not affected
(23–25). In our banding condition, intrinsic RV contractility
was not affected, whereas RV capacitance increased. However,
major differences between these studies as well as with our
study exist. In particular, hearts of lambs operate at much
higher contractile states. They also have thicker, less compliant
walls that are less prone to diastolic dilatation. When compared
with closed chest preparations, the absence of pericardial
constrain in our study may have led to more extensive diastolic
dilatations. Moreover, we reached peak RV pressures of 51
mmHg, which is considerably higher than � 40 mmHg, re-
ported by others. This indicates a stronger banding, which
causes more profound increases of EDV and EDP. Also LV
contribution to RV systolic function (ventricular interdepen-
dence) diminished by the missing pericardium. Higher RV
peak systolic pressures causing higher EDPs have been de-

Fig. 3. Parameters of end-organ perfusion. A: unsupported RV in the 3 conditions. B: baseline condition. C: banding condition. D: banding � ischemia condition.
Underlined values represent statistical significant difference with baseline; double underlined values represent statistical significant difference with baseline and
banding. *Statistical significant difference with no support; “statistical significant difference with low flow. mABP, mean arterial blood pressure; tCO, total
cardiac output.
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scribed before (25). Together with higher EDVs these indicate
a true rightward and downward shift of the EDPVR in our
study.

By blood being pumped in the PA, mechanical support
induced an increase of RV afterload (indexed by Ea). This
reduced native SV. Concomitantly, however, the RV mechan-
ical support used derived blood from the right atrium, thereby
reducing RV preload volume and pressure, evidenced by a
significantly reduced CVP. This reduced preload causes the SV
(and the native RVCO) to decrease further. This had a major
influence on the energy expenditure of the RV since both SW
and RV power decreased significantly. However, the total
delivered right-sided power (RV power � pump power) in-
creased significantly, which is manifested by a significant
increase in right-sided total CO. As a consequence, LV filling
improved, and this increased total LV CO and LV SV. All
these changes were flow dependent. The significantly increased
RV peak pressures were caused by the RVAD continuously
pumping blood from the right atrium to the PA during diastole,
manifested by predominantly increased diastolic PAPs and
little increased systolic PAPs (Table 1). This is a potential
concern, but increased PAPs were flow dependent as well.

Importantly, total CO and ABP at low flows were similar to
values measured in the baseline, unsupported condition, and
are thus considered sufficient. The significantly leftward shift-
ing EDPVR with its decreased EDP, EDV, and ventricular
capacitance indicates a successful diastolic unloading. Because
the concomitant increase of systolic pressure afterload was
flow dependent and because total CO and ABP at low flow
support were considered to be sufficient, we advocate the use
of low flow devices to support the pressure overloaded RV.

The nature of our experimental model and of the Synergy
Micro-pump imply an imperative opening of the pericardium
to band the PA, and to implant the device, respectively.
Opening the pericardium will greatly reduce the compressive
effect of a dilating RV (and RA) on the LV and left atrium.
This will reduce the left-sided filling pressures and per se will
already cause better LV CO. However, this will also allow the
RV and RA to dilate (and fail) even more than before, causing
RV capacitance to further increase and making an RVAD even
more beneficial. The difference with catheter-based RVADs
that leave the pericardium intact and whether the pericardium
should be closed after the device implantation remain the
subject for further research.

Fig. 4. Parameters of RV unloading. A: unsupported RV in the 3 conditions. B: baseline condition. C: banding condition. D: banding � ischemia condition.
Underlined values represent statistical significant difference with baseline; double underlined values represent statistical significant difference with baseline and
banding. *Statistical significant difference with no support; “statistical significant difference with low flow. EDV, end-diastolic volume; PVA, pressure-volume
area; CVP, central venous pressure.
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In heart transplant recipients, preexistent or perioperative
pulmonary hypertension and donor organ ischemia contribute
to the development of acute refractory RVF (7). Therefore,
adding RV ischemia to pressure overload was considered to be
clinically relevant. In the banding � ischemia condition, RV
support improved ABP and CO, but RV unloading was less
convincing. Higher flow rates seemed to be safe and more
advantageous. In the clinical situation, ischemic RVs with
increased afterload most often have open coronary arteries. In
that setting, mechanical support increases ABP and might
decrease wall tension, which could improve coronary perfusion
(Gregg effect), allowing improvement in contractility and pro-
moting recovery (13). But in our model ischemia is induced by
totally occluding the coronary artery. However, the still sig-
nificant increased CO implies that RVADs might also be
beneficial in cases of RV infarction in settings of increased RV
afterload. In these circumstances total CO could improve and
RVADs might serve as bridge to heart transplantation.

Limitations. First, only a small number of animals was
studied. Second, our animal model is not completely clinically
representative. The banding is fixed, but PVR is only fixed in
end-stage disease. We occluded the coronary artery, while in
clinic, ischemia is less absolute and potentially reversible.
Finally, we always followed the same sequence: baseline,
banding, banding � ischemia. As a result the banding �
ischemia group was always studied later and was likely studied
from a significantly deteriorated state than the banding alone
group.

Conclusions

Mechanical support of the acute pressure overloaded RV
improves ABP and CO and provides diastolic unloading of the
RV, but with a concomitant and RVAD flow-dependent in-
crease of systolic afterload.

The low flow strategy is potentially beneficial for the after-
load sensitive RV and has the advantage of avoiding excessive
increases in PAP when pulmonary hypertension exists. This
might protect against the development of pulmonary hemor-
rhage and pulmonary edema. Our data support further research
on the use of partial RV support in the chronically pressure-
overloaded RV. They also confirm the utility of partial RV
mechanical support for RVF in heart transplant patients and in
cases of acute lung injury or ARDS.
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