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    Chapter 21   
 Right Ventricular Assist Devices 

                Lynn     R.     Punnoose      ,     Marc     A.     Simon      ,     Daniel     Burkhoff      , and     Evelyn     M.     Horn     

           Introduction 

 Acute decompensated right heart failure (ADRFH) often proves refractory to medi-
cal therapy that includes measures such as pulmonary vasodilators, systemic vaso-
pressors, and inotropes (see also Chap.   10    ) oxygen therapy and (where appropriate) 
balloon atrial septostomy. In this chapter, we will discuss the use of mechanical 
circulatory support devices (MCSD) to sustain the failing right ventricle (RV). We 
will focus in particular on the role of extracorporeal life support (ECLS) and inno-
vative device therapies in patients with pulmonary hypertension (PH), most of 
whom are candidates for bridge to transplant (and occasionally bridge to recovery) 
strategies.  
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    Mechanical Circulatory Support Options for the Failing Right 
Ventricle Vary by Clinical Scenario 

 Broadly defi ned as impaired RV fi lling or emptying in the absence of overt heart 
failure (HF) symptoms [ 1 ], RV dysfunction arises in the setting of concomitant left 
ventricular (LV) dysfunction, cardiomyopathies, lung disease, congenital heart dis-
ease, PH, and hepatic failure [ 2 ,  3 ]. RV failure is typically characterized by a com-
bination of low cardiac output and elevated central venous pressures (CVP) [ 4 ], and 
elevated RV end diastolic pressure (EDP) [ 3 ], underfi lling of the LV and variable 
LVEDP, which clinically can manifest with systemic hypotension, fatigue, organ 
hypoperfusion, peripheral edema, and ascites [ 5 ]. If left untreated, RV failure can 
lead to end-organ damage, including renal and/or hepatic failure and death. 

 The initial goals of management of the patient with RV failure are to optimize RV 
preload, contractility, and afterload [ 6 ]. Both hypervolemia and hypovolemia can 
challenge RV function and reduce cardiac output [ 6 ,  7 ]. Volume removal strategies 
include diuresis and ultrafi ltration [ 3 ,  6 ]. Vasopressors such as norepinephrine and 
vasopressin can be used to maintain systemic pressures above pulmonary arterial pres-
sures [ 6 ,  7 ]. Intravenous prostacyclins such as epoprostenol and treprostinil, as well as 
inhaled therapies such as nitric oxide (iNO), iloprost, treprostinil, and even inhaled 
milrinone can reduce pulmonary vascular resistance (PVR) and RV afterload [ 7 ]. 

 For RV dysfunction refractory to medical therapy including inotropes, RV assist 
devices (RVADs) may be considered [ 6 ]. RVADs have traditionally been used to 
support the RV after acute myocardial infarction (MI), myocarditis, or in the setting 
of post-cardiac surgery RV failure, such as after cardiotomy, in acute or chronic 
rejection after heart transplant, or after left ventricular assist device implantation 
(LVAD) [ 5 – 7 ]. Adverse events include thromboembolism, bleeding, and infection 
[ 3 ]. In select cases with appropriate therapy and support, RV dysfunction tends to 
be more reversible than left sided failure [ 2 ], permitting shorter duration of support. 
But while RV failure remains a long-term sequela of device therapy in a subset of 
patients with LVADs as “destination therapy,” there are currently no devices in the 
United States approved for long-term support for persistent RV failure [ 8 ]. 

 In patients with fulminant myocarditis, or after cardiotomy and LVAD implanta-
tion, biventricular support is associated with worse outcomes, in part related to 
increased severity of disease with manifestations of multiorgan system dysfunction 
[ 3 ]. In particular, the prevalence of RV failure after LVAD implantation is estimated 
at greater than 40 % [ 8 ,  9 ] and mortality is greater than 70 % [ 9 ]. RV volume and 
wall stress increase postoperatively, as the LV is decompressed and the septum 
shifts leftward [ 4 ,  8 ]. In select patients, preemptive RVAD at the time of LVAD 
implantation has been shown to lead to better outcomes in terms of survival to dis-
charge and 1 year survival [ 10 ]. 

 In general, although virtually all patients have echocardiographic manifestations 
of RV dysfunction after LVAD implantation, the incidence of frank acute RV failure 
requiring device therapy has diminished with increasing use of continuous-fl ow 
devices as compared to pulsatile devices and with more aggressive medical therapy. 
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While there are a multitude of risk profi les to predict the need for RVADs, some of 
the simplest preoperative characteristics include signs of hepatic congestion (aspar-
tate aminotransferase AST > 80 U/L and bilirubin > 2 mg/dL) creatinine > 2.3 mg/dL 
[ 11 ], blood urea nitrogen (BUN) > 39 [ 12 ], and a CVP/pulmonary capillary wedge 
pressure (PCWP) ratio > 0.63 [ 12 ]. 

 In those patients with PH and medically refractory RV failure, RVADs should be 
cautiously considered as there is at least a theoretical risk that the high fl ow and 
pressure generated in a remodeled pulmonary vascular bed may damage the pulmo-
nary microcirculation [ 6 ] and lead to pulmonary hemorrhage [ 13 ]. Newer 
continuous- fl ow pumps may be safer in this regard. ECLS, which incorporates an 
oxygenator blood pump, provides an alternative route to maintain cardiac output in 
a patient with a failing RV [ 7 ] while minimizing this risk [ 6 ]. This will be addressed 
in the ECLS section. Thus, approaches to device therapy in the setting of chronic 
RV failure need to be distinct from those in the biventricular heart failure population 
and must be individualized based on the pathology.  

    RVAD Design Innovations Focus on Miniaturization 
and Blood Compatibility 

 Compared to LVADs, RVADs face much lower hydraulic loads and require lower 
power [ 8 ]. On average, the devices must generate between 2 and 6 L/min of fl ow, 
with a pump pressure between 20 and 50 mmHg [ 8 ]. To meet these requirements, 
modifi cations to LVADs include outlet banding that increases resistance to fl ow [ 8 ], 
constrictors [ 14 ], lower pump speed [ 9 ], and the use of spacers to shorten infl ow 
cannulas that are placed in the RV [ 14 ]. Such adaptations minimize the risk of pul-
monary overcirculation, ventricular suction events, and thrombosis [ 8 ]. 

 Infl ow cannulas can be placed in either the right atrium (RA) or RV. RV cannula-
tion maximizes RV unloading and reduces thrombus risk in severe dysfunction 
when there is little expectation of recovery [ 15 ]. However, it has been associated 
with higher scar formation and suction events compared to LV cannulation [ 8 ]. If 
temporary support is required, RA cannulation [ 8 ] might allow for higher rates of 
pulmonary valve opening, lower RV stroke work, and eventual RV recovery [ 15 ]. 
However, RA cannulation has also been used in pulsatile devices for longer support 
as a bridge to transplantation [ 8 ]. 

 Both pulsatile and continuous-fl ow devices are currently used for RV support. 
Unlike pulsatile devices, continuous-fl ow assist devices empty the ventricle in both 
systolic and diastole [ 8 ]. They are smaller and contain fewer moving parts compared 
to pulsatile devices, with improved durability [ 8 ]. However, with decreased sensitiv-
ity to preload, continuous-fl ow devices are more susceptible to suction events [ 8 ]. 

 Concerns about infection risk, quality of life, hemolysis, and thrombosis have 
traditionally caused delays in referral for RV support [ 9 ] and are being addressed in 
more recent device designs. Solutions currently under evaluation include miniatur-
ization, percutaneous approaches, and contactless suspension that reduce the surface 
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area exposed to blood and a control system then enables long-term support and 
ambulation [ 9 ].  

    RVADs Vary in Terms of Implantation Technique, 
Flow Rates, and Complications 

 MCSD are available in confi gurations ranging from extracorporeal, in which the 
pumps are external to the body and connected via cannulas that are tunneled out of 
the body, to implantable, in which the pumps are internal with only a control cable 
tunneled out of the body. Technologies have evolved from pulsatile pumps that are 
either electrically or pneumatically driven to continuous-fl ow pumps that work via 
an inline turbine or a centrifugally oriented rotor. For support of the left ventricle, 
most pumps utilized today are continuous-fl ow pumps due to the smaller size and 
greater device longevity. However, many of these newer devices are not yet approved 
for RV or biventricular support. 

    Extracorporeal Support 

 Extracorporeal pumps are designed for short-term mechanical support. They have 
typically been used in critically ill patients who have developed RV failure after 
cardiac surgery (cardiotomy, transplantation, and/or LVAD). Outcomes are gener-
ally poor but better than would otherwise be expected in such cases of multiorgan 
failure and refl ects the inherent high risk in this population [ 16 – 19 ]. 

    Surgically Implanted Extracorporeal Devices 

 The centrifugal continuous-fl ow pump Centrimag ®  (Levitronix LLC, Waltham, MA, 
USA) is the only FDA-approved extracorporeal device for RV support [ 3 ]. It uses a 
magnetic suspended impeller [ 3 ,  9 ] (Fig.  21.1a ) and can be used for up to 30 days of 
support [ 3 ]. The lack of bearings and seals minimizes friction and wear over time, thus 
reducing thermal damage to blood cells and lowering rates of hemolysis and thrombo-
sis [ 16 ]. In a retrospective review of 29 patients, this pump was used for the treatment 
of RV failure after cardiotomy, transplantation, and LVAD implantation. The mean 
duration of support was 8.8 days, with 70 % of the transplant and 58 % of the LVAD 
patients successfully weaned off support. The 30-day mortality was 48 % [ 16 ].

   By contrast, the Biomedicus ®  (Medtronic Inc., Minneapolis, MN, USA) 
continuous- fl ow pump [ 9 ] (Fig.  21.1b ) has higher rates of hemolysis [ 4 ] and platelet 
damage [ 16 ]. Other adverse events include bleeding and thromboembolism [ 4 ]. 
In a retrospective review of 141 patients who required RV support after valve 
surgery, coronary artery bypass grafting (CABG) or aortic surgeries, the Biomedicus ®  
pump was used in eight patients for isolated RV support and 23 for biventricular 
support [ 17 ]. The duration of support ranged from 1 to 7 days for patients with 
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RVAD alone, and from 1 to 22 days for biventricular support. Only one RVAD 
patient was successfully weaned off support, and eight off biventricular support [ 17 ]. 

 A pulsatile device, the BVS 5000 ®  (Abiomed, Inc.) requires a sternotomy as 
the outfl ow graft must be anastamosed end to side to the main PA (Fig.  21.1c ) [ 9 ]. 
It is a large device that signifi cantly restricts mobility and requires re-operation to 
remove [ 9 ]. A retrospective review [ 18 ] of 71 patients who received this pump 

  Fig. 21.1    Extracorporeal RV assist devices. ( a ) Centrimag impeller and pump (video by Thoratec 
Corp.). ( b ) BioMedicus pump and circuits for RV support alone ( left ) and biventricular support 
( right ). Adapted with permission from Noon et al. [ 17 ]. ( c ) Abiomed BVS 5000 (video by Abiomed 
Inc.). ( d ) TandemHeart circuit. Two confi gurations, one with outfl ow cannula in jugular vein ( left ) 
and the other with cannulae in the right heart and PA ( right ). Adapted with permission from 
CardiacAssist Inc. ( e ) Impella RP (video by Abiomed Inc.)       
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showed that 22 received it for biventricular support and 30 for RVAD alone. Cases 
included RV failure after CABG and valve surgery, transplantation, LVAD implan-
tation, acute MI, myocarditis, and refractory ventricular arrhythmia. The mean 
duration of support was 5.3 ± 4.2 days for RVADs and 5.1 ± 44 days for biVADs. 
Fifty percent of patients receiving an RVAD and 36.4 % of those who received a 
biVAD died [ 18 ].  

    Percutaneously Implanted Extracorporeal Devices 

 Both devices that are currently available for percutaneous implantation are indi-
cated for short-term use, only. The TandemHeart™ (CardiacAssist Inc., Pittsburgh, 
PA, USA) percutaneous ventricular assist device (pVAD) is a centrifugal continuous- 
fl ow pump which can be adapted to provide RV support [ 2 ,  3 ]. The RA and pulmo-
nary artery (PA) [ 2 ] are cannulated (Fig.  21.1d ), with percutaneous access obtained 
via the femoral vein. A recent review [ 19 ] included 46 patients in whom the pVAD 
(percutaneous and surgical approach) was used for isolated RV as well as biven-
tricular support. Cases included acute MI, myocarditis, chronic LV dysfunction, and 
patients post valve and CABG surgery. The mean duration of support was 4.8 ± 6.1 
days for the percutaneous approach, and 6.5 ± 6.2 days for the surgical approach. 
Mean fl ow provided was 4.2 ± 1.3 L/min. Overall in-hospital mortality was 57 %, 
with cause of death being multiorgan failure [ 19 ]. 

 An axial continuous-fl ow pump, the Impella RP can also provide RV support [ 3 ] 
with fl ows up to 4.8 L/min [ 2 ]. It is a small device, with a diameter of 6.4 mm and 
weight of 17 g, which permits both percutaneous and central approaches for implan-
tation (Fig.  21.1e ) [ 9 ]. The inlet cannula is placed in the inferior vena cava (IVC) 
and outfl ow in the PA [ 2 ]. Advantages over the Centrimag and AB5000 include a 
much smaller surface area exposed to blood [ 2 ], but the device relies on mechanical 
bearings which increase the risk of hemolysis and thrombosis [ 9 ]. As a result, it is 
presently approved for only 10 days of support [ 9 ]. In fi rst-in-man trials in Canada 
and Europe, the device has been used in patients with RV failure after cardiac sur-
gery and after LVAD implantation. The duration of support has ranged from 1 to 7 
days, with >60 % of patients being supported for more than 4 days and having the 
device explanted upon recovery of the RV [ 2 ,  20 ].   

    Paracorporeal Support 

 The options for paracorporeal support are comprised of pneumatic pulsatile devices. 
Of these, only the Thoratec PVAD (Thoratec Corp., Pleasanton, CA, USA) has been 
approved by the FDA for RV support [ 3 ]. As a bridge to transplantation and recov-
ery [ 3 ,  9 ], it has been used for univentricular or biventricular support in over 4,000 
patients since 2010 (Fig.  21.2a ) [ 4 ]. In general, biventricular support has worse 
outcomes than LV support alone [ 21 ] and planned biventricular support is 

L.R. Punnoose et al.



445

associated with better outcomes than LVAD implantation followed by RV failure 
requiring a second operation for RVAD implantation [ 10 ]. Single center experience 
with biventricular support using the Thoratec PVAD has reported survival rates of 
75 % when excluding those supported for postcardiotomy or post-infarct shock 
which is known to have very poor outcomes [ 22 ].

   The AB5000 (Abiomed Inc.) requires a sternotomy to cannulate the RA and PA 
[ 16 ], but the device can be exchanged at the bedside without a re-operation [ 9 ]. 
Duration of support can last up to months [ 16 ]. It can generate fl ows of up to 
5–6.5 L/min, and has a fi xed drive pressure of 300 mmHg (Fig.  21.2b ) [ 4 ]. Introduced 
in 1988 [ 23 ], the BerlinHeart Excor (Berlin Heart GmbH) device can be used as a 

  Fig. 21.2    Paracorporeal RV assist devices. ( a ) Thoratec PVAD, biventricular support model 
(video by Thoratec Corp.). ( b ) Abiomed AB5000 ventricle (video by Abiomed Inc.). ( c ) 
BerlinHeart Excor in biventricular confi guration with driver allowing ambulatory support (video 
by BerlinHeart GmbH)       
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bridge to recovery or transplantation [ 4 ]. It can provide ambulatory support for up 
to 10 h [ 9 ], and has been demonstrated to provide biventricular support for up to 575 
days (Fig.  21.2c ) [ 23 ].  

    Implantable Devices 

 The pulsatile Thoratec IVAD™ (Thoratec Corp., Pleasanton, CA, USA) [ 3 ] can 
provide intermediate to long-term support and is indicated for biventricular support 
as a bridge to transplant or recovery (Fig.  21.3a ) [ 9 ]. In a multicenter clinical trial of 
29 patients, 15 received biventricular support using the IVAD. Of the 14 bridge to 
transplant candidates, eight patients survived: one was weaned off support, and the 
other seven were transplanted [ 24 ].

   Continuous-fl ow devices such as the HVAD ®  (HeartWare International Inc., MA, 
USA) and HeartMate II ®  (Thoratec Corp., Pleasanton, CA, USA) have been used to 
provide biventricular support [ 9 ] in cases such as giant cell myocarditis [ 25 ] and 
after cardiac arrest during non-cardiac surgery [ 26 ]. With dual controllers, the 
Heartware system has been increasingly used as an alternative to the total artifi cial 
heart. Such dual support can provide successful physiologic levels of support and 
can alter fl ows to respond to changes in preload and afterload [ 26 ]. The duration of 
support has ranged from 7 days [ 26 ] to 4 months [ 25 ]. Complications include suc-
tion events causing RA collapse [ 26 ]. Although these devices are not approved by 
the FDA for RV support, they have been used for RV support in Europe and in the 
United States (via individual appeals to the FDA for Humanitarian Device 
Exemption), utilizing separate controllers and certain adaptations by some centers. 
With such biventricular support, RVAD fl ows have been set lower than systemic 
output, to avoid overloading the LV [ 8 ]. 

 However, some investigators point out that adapting LVADs for RV support—
specifi cally by reducing pump speeds beyond design specifi cations—increases 
thrombosis risk [ 8 ]. A continuous-fl ow pump designed specifi cally for the RV, the 
Cleveland Clinic’s DexAide RVAD has been successfully implanted in calves and 
averaged 24 ± 21days of support, generating fl ows of 5.4 ± 1 L/min [ 8 ,  9 ]. In animal 
models of biventricular support using continuous-fl ow devices, these investigators 
have found that the circulatory loop is most stable when RVAD fl ows are lower than 
the LVAD’s [ 8 ]. Specifi cally, in a biventricular support model, RVAD speeds must 
ideally (1) adjust so that fl ows match 50–75 % of the LVAD output at any point in 
time and (2) have a maximum threshold so that, in the event of hypovolemia or LV 
failure, the system can avoid suction events and overdriving [ 8 ]. 

 The Circulite ®  Synergy ®  micropump has similarly been used for biventricular 
support in fi brillating sheep hearts [ 14 ]. This miniature pump, which weighs 25 g, 
has a pressure gradient of 70–80 mmHg and can generate fl ows up to 4.25 L/min. 
Lower fl ow rates of 3 L/min can be generated at the lowest speed of 20,000 rpm and 
a pressure gradient of 30 mmHg, which make it ideal for RV support (Fig.  21.3b ) 
[ 14 ]. In the fi brillating heart model, right and left sided fl ows always equilibrated, 
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with a proportional decrease in left atrial (LA)-aorta pressure gradient if the RA-PA 
gradient were increased with increasing RVAD speeds [ 14 ]. The Circulite system is 
currently undergoing revision.  

    Low Flow RVAD in PH Disease Models 

 There is potentially a great need for RV support in pulmonary arterial hypertension 
(PAH), as many patients die from RV failure (see Chap.   14    ). RV dysfunction in the 
setting of PAH or pulmonary veno-occlusive disease poses a signifi cant challenge 

  Fig. 21.3    Implantable RV 
assist devices. ( a ) Thoratec 
IVAD (video by Thoratec 
Corp). ( b ) Circulite device 
confi gured for RV support 
(video by Daniel Bukhoff)       
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for mechanical support, as the RV pump failure is also accompanied by signifi cant 
LV diastolic dysfunction [ 27 ]. Case reports of patients in fl orid cardiogenic shock 
have also described signifi cantly elevated pulmonary pressures with and without 
associated pulmonary hemorrhage after RVAD implantation [ 13 ,  28 ]. Indeed, a 
computer simulation of the cardiovascular system in PAH and RV dysfunction 
incorporating a continuous-fl ow micropump showed that, while left sided fi lling 
and cardiac output improved with mechanical support, pulmonary arterial pressures 
and PCWP rose signifi cantly [ 27 ]. However, the increase in pulmonary arterial pres-
sures could be mitigated by setting lower RVAD fl ow rates with continued improve-
ment of the systemic hemodynamics (Fig.  21.4 ) [ 27 ].

   Such a system has been shown to be feasible in animal models. One such device 
is the OxyRVAD, which generates fl ows of up to 3 L/min through the pulmonary 
vascular bed [ 29 ]. It includes both an axial fl ow pump and a low resistance gas 
exchanger, with the VAD cannula placed in the RA appendage and the outfl ow graft 
anastamosed to the PA. The device successfully provided hemodynamic support for 
14 days in healthy sheep [ 29 ]. The MC3 BioLung is a thoracic artifi cial lung (TAL) 

  Fig. 21.4    Simulated case of severe pulmonary arterial hypertension with incorporation of right 
sided mechanical support device. ( a ) Total output compared to RV and device fl ows. ( b ) PA sys-
tolic, diastolic, and mean pressures. ( c ) Aortic systolic, diastolic, and mean pressures. ( d ) Wedge 
and central venous pressures. (video by Punnoose et al. [ 27 ])       
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that has been studied in sheep models with chronic PH [ 30 ]. The circuit connects the 
PA and LA, and it does not (yet) incorporate a blood pump. The total impedance of 
the TAL in parallel with the native pulmonary circulation is less than the native 
system alone, thus decreasing pulmonary resistance and RV afterload. More blood 
can be diverted to the TAL when the PA is banded, but this is at the expense of 
increased overall impedance and afterload. The systemic output drops when >75 % 
of blood fl ow is diverted to the TAL [ 30 ]. 

 More recently, the successful use of a paracorporeal artifi cial lung (PAL) has 
been described in patients with PH and RV failure [ 31 ,  32 ]. The Novalung, which 
does not incorporate a blood pump, connects the PA and LA and has been 
 demonstrated to generate fl ows of 3.5 L/min, reduce PA pressures, and improve 
systemic hemodynamics [ 31 ]. In a retrospective review of patients with PAH who 
were listed for lung transplantation, the incorporation of ECLS strategy with select 
patients receiving the Novalung, was shown to reduce mortality and time on the 
waiting list for transplantation [ 33 ].  

    Extracorporeal Life Support (ECLS) 

 Similar to the initiation of support for the left heart as a bridge to transplant in 
INTERMACS 1 and/or 2 patients [ 34 ], several institutions have utilized the mark-
edly improved technology of ECLS in the PH patient population awaiting lung 
transplant as a bridge to transplant or less commonly, as a bridge to recovery as the 
best means of support for the ultimate failing RV [ 33 ,  35 – 37 ]. In a newer paradigm 
of RV support, whereas the RVAD may ultimately be considered in the chronically 
failing patient (Fig.  21.4 ), extracorporeal membrane oxygenation (ECMO) support 
is the choice for the “crash and burn” viable, transplantable, “PH INTERMAS 1 and 
2” equivalent in the setting of PH and RV failure. Timing is crucial—to intervene in 
the patient with imminent but not end-organ injury generally characterized by ino-
trope dependence or resistance, diuretic resistance, systemic hypotension with renal 
insuffi ciency and/or abnormal liver function tests. In particular, transfer of patients 
to centers where cardiac support device therapies have been established in a timely 
fashion is advisable. ECLS may include traditional femoral [ 38 ] vs. upper torso 
ambulatory “Sport Model” confi gurations [ 39 ] for VA or VAV ECMO circuits, sin-
gle catheter VV confi gurations across existing intracardiac shunts [ 39 ] for effective 
VA support, attempts at VV with larger natural or created PFO confi gurations and 
PA-LA Novalung confi gurations [ 33 ]. 

    Novalung 

 Extracorporeal AV removal of CO 2  can be accomplished with newer generations of 
low resistance membrane oxygenators (Avecor, Quadrox-D, Novalung) and smaller 
canulas [ 40 ]. The pumpless interventional lung assist Novalung has been used in this 
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setting most frequently in Hannover, Germany and Toronto, Canada. It is a low resis-
tance device which can be connected as an AV circuit and perfused by approximately 
20 % of the cardiac output [ 41 ]. Developments of the low resistance exchange mem-
brane and a biocompatible heparin/albumin coating has permitted prolonged pump-
less lung support which is driven by the patient’s cardiac output with maintained 
pulsatile fl ow. While the Novalung does not require a pump for CO 2  removal, a 
centrifugal pump is added into the circuit in hypoxic patients. In some a VV circuit 
with left atrial decompression (LAD) and centrifugal pump has been used to support 
BTT patients for several weeks. Support for PAH patients who are dying from RV 
failure necessitates both support of the heart and gas exchange with effective RV 
unloading. Furthermore, the Novalung pulmonary artery to left atrium pumpless 
confi guration effectively unloads the RV, bypasses the venous occlusion and may be 
the most effective support for the patient with PVOD. The underlying pulmonary 
hypertension allows for suffi cient generated force in the pulmonary artery to func-
tion as the driving force for the system [ 41 ] along with a canula size which is a 
determining factor of fl ow. The oxygenator circuit is placed in parallel to the native 
pulmonary circuit and overall PVR is thus decreased. There are institutions that pre-
fer this mechanical support to that of long-term ECMO confi gurations although 
most often a temporary peripheral ECMO is placed for hemodynamic stabilization 
prior to LAD central implantation. Earlier reports included parallel circuits to be 
assured of patency but device exchanges have been performed without problems for 
patients who are awaiting transplant for weeks.  

    Extracorporeal Cardiopulmonary Support (ECMO) 

 Traditional ECMO support began as early as 1930 with a roller pump in the setting 
of massive pulmonary embolic events. Countless contributions and collaborative 
efforts to deal with issues such as massive hemolysis, plasma leakage, artifi cial lung 
technology, membrane oxygenators, prolonged bypass support, and silicone mem-
brane oxygenator have paved the wave to our modern use of it. Dr. Robert Bartlett 
is responsible for bringing this technology to the neonates [ 42 ] and the onset of its 
burgeoning success in the neonatal ICU. The introduction of ECMO in adult patients 
has been much slower. Not until the CESAR UK trial as a regionalized ECMO 
approach and one that utilized a VV approach, was there any success in adult respi-
ratory failure patients. Coincident with its development was the worldwide H1N1 
pandemic and need for specialized centers which could provide ECMO support for 
primary respiratory failure in previously healthy patients. In the current era, innova-
tions in cannula design, next generation centrifugal pump technology, membrane 
construction, and now anticoagulation protocols have demonstrated the feasibility 
of prolonged support with a durable device. It was essential to eliminate the massive 
transfusion requirements and risks of hemorrhage previously inherent in adult 
ECMO support. Further developments of upper body ECMO, extubation, and phys-
ical therapy on support have markedly changed the outcomes of patients awaiting 
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lung transplantation on ECMO support [ 43 ]. ECMO may, in fact, improve the pre-
transplant patient’s status by allowing physical therapy, conditioning, nutrition, 
improvement of end-organ perfusion to allow for better post transplant outcomes. 
Cannulation techniques and ECMO confi gurations may vary with either peripheral 
or central cannulation, ECMO confi gurations with may be VV, VA, VAV, or pulmo-
nary artery to left atrium. Traditional concerns of femoral cannulation include both 
a decreased upper extremity and importantly cerebral oxygenation, for which we 
require monitoring of upper extremity arterial saturation and the need for antegrade 
superfi cial femoral perfusion catheter due to risk of limb ischemia and lack of mobi-
lization. Introduction of a Dacron graft as an end to side anastomosis into the distal 
subclavian artery and placement of a tunneled cannula into the graft protects the 
upper limb and avoids direct cannulation of the subclavian artery coupled with a 
right internal jugular venous drainage “Sport model” catheter allows for early 
ambulation on ECMO [ 43 ]. Unique confi gurations of the VV EMCO for congenital 
heart disease allow a bicaval dual lumen catheter to be placed under echocardio-
graphic guidance at the atrial septal defect level allowing oxygenated blood to be 
shunted to the left atrium, and allowing for an oxygenated right to left shunt. 

 Overall, there has been signifi cant progress in use of the mechanical support as a 
bridge to lung transplant with >80 % successful bridging and outcomes post lung 
transplant [ 36 ] making this now a viable option for a select number of patients 
already listed for lung transplant. Attempts at extending this approach to “bridge to 
recovery,” carrying patients over a period of RV pump failure to initiate more 
aggressive PH therapy have on occasion been successful.    

    Summary 

 RV failure arises in a variety of clinical scenarios, ranging from primary RV dys-
function after an acute MI to failure in the setting of endstage severe pulmonary 
hypertension. Rescue ECLS is a feasible option for bridging PH patients to lung 
transplant with ECMO or pumpless PA to LA support (Novalung). Options for 
RVAD mechanical support vary signifi cantly in terms of invasiveness, duration of 
support, complication profi le and durability, and include extracorporeal, paracorpo-
real, and implantable devices. Efforts at design improvement are now focused on 
device miniaturization, improved blood compatibility and combination with gas 
exchange devices for longer periods of time. More recent applications which have 
not yet been evaluated in larger trials include continuous-fl ow LVADs used in a 
biventricular confi guration, and low fl ow devices that combine a blood pump and 
oxygenator to treat patients with RV failure and pulmonary hypertension. New 
applications    of mechanical devices to provide respiratory support, overcome hemo-
dynamic instability and acute on chronic right ventricular failure, and devices 
which provide chronic right ventricular support and combined cardiopulmonary 
support will lead to a new era of support for the patient with the failing RV 
(Fig.  21.5 ) [ 44 ,  45 ].
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        Disclosure   Daniel Burkhoff is an employee of Heartware Inc., manufacturer of the Synergy 
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