Clin. Cardiol. 29, 285-289 (2006)

Reviews
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Summary: Mechanical ventricular assist devicesarenow ap-
proved as destination therapy for termind heart failure. It
isthe purpose of thisreview to discussthe physiology of this
technology that isconsidered in outpatient care. Thecurrently
available pulsatile devices are solely dependent of preload
volume and, when placed in the automatic mode, can main-
tain physiologic cardiac outputs with exercise. However,
because of their dependence on preload volume, there are
unique physiol ogic consequences; device bradycardiarepre-
sents volume depletion, device tachycardia reflects volume
overload. The differential diagnosis of left ventricular assist
device dysfunction includes native right ventricular failure,
native |eft ventricular recovery, or other technical considera-
tions. The management of biventricular mechanical support
aswell asarrhythmiamanagement and therole of echocardio-
graphic assessment in this unique patient population will be
discussed. Expertise in outpatient management of such de-
vicesis now arequisite for subspeciadistsin heart failure. In
the future, technical innovations may simplify management
for professionals, patients, and their families.

Keywords: ventricular assist devices, destination therapy, left
ventricular assi st devices, right ventricular assist devices
Introduction

The past 5 years have witnessed substantial refinement in
the management of heart failure. Large randomized studies
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have defined the rol e of beta-adrenergic blocking agents, con-
verting enzyme inhibitors, aldosterone antagonists, and an-
giotension |l receptor blocking agents. In the same 5 years,
substantial progress hasbeen madein technologiesto ater the
natural history of heart failure. Implantable cardiac defibril-
latorsand biventricular pacing have been documented to have
an impact on prognosis and functional status. Yet, despite
these pharmaceutical and technical innovations, cardiactrans-
plantation continuesto be the only standard therapy for truly
“end-stage” heart failure, but it hasatrivia epidemiologicim-
pact. With 40,000-50,000 new cases of terminal end-stage
congestive heart failure each year inthe United States, cardiac
trangplantation will only be performed on 2,200 patients. Few-
er patients received transplants in 2005 than in 2000; xeno-
transplantation and stem cell therapy remain theoretical con-
siderationsthat will requireyearsof additional research.

Inthe same5 years, substantial progress hasbeen madein
theclinical usesof mechanica support. 2 Left ventricular as-
sist devices(LVAD) are proven bridgesto cardiac transplanta:
tion. More important, the recent Randomized Evaluation of
Mechanical Assistance Therapy asan dternativein Conges-
tive Heart Failure (REMATCH) study clearly favors device
implantation over maximum medical therapy for terminal
heart failure.> Because of this landmark trid, the Food and
Drug Adminigtration (FDA) hasrecently approved LVAD asa
permanent therapy for end-stage heart failure, that is, destina-
tiontherapy. Itisconservatively estimated that 5,000 to 10,000
patientsin thiscountry could be served with permanent device
implantation. It is the purpose of this review to introduce
unique management issues of thistechnology to the clinical
cardiologist, emphasizing the physi ol ogic aspects of the cur-
rent mechanical support devicesthat might beclinicdly rele-
vant inthe outpatient setting.

Current Ventricular Assist Technologies

There are four evolving ventricular assist device (VAD)
technol ogiesthat should be considered.6 Most relevant arethe
implantable pul satile devicesthat are pneumatical ly driven or
electrically powered. These devices are approved for outpa-
tient care, have widespread use, and arethe solefocus of this
review. Axia flow pumps provide a continuous flow output
as an experimental alternative to the pulsatile devices, and
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percutaneous continuous-flow devices can be used in acute
cardiogenic shock, obviating the need for emergency thora-
cotomy. Finally, intracorporeal orthotopic biventricular VAD
systemsarenow FDA approved asabridgeto transplantation.
The CardioWest™ Total Artificial Heart (TAH) (SynCardia
Systems, Inc., Tucson, Ariz., USA) isplaced inside the chest
after both ventricles are removed and is one of only two de-
vicesthat can provide simultaneous biventricular support.”

Indicationsfor Implantation of Ventricular
Assist Devices

Ventricular assist devices may be implanted as bridge to
trangplantation or, in specified and approved centers, asdesti-
nation therapy. Inthelatter instance, patientshave been exclud-
ed from transplant by conventiond criteria, yet remainwilling
to consider al optionsfor treatment of termina heart failure.
Thecriteriafor deviceimplantation areoutlined in Tablel, but
will vary from center to center because of clinical experience.

I mplantablePulsatile Devices

The pulsatile assist devices (PVADs) have generated the
largest clinical experience asbridgeto cardiac transplantation
and degtination therapy. The FDA-approved devicesare sum-
marized in Table I1. The Thoratec® VAD system (Thoratec
Corp., Pleasanton, Cdlif., USA) has externa paracorpored
pneumatic pumping chambersand can be used for either uni-
ventricular or biventricular support. Because of the paracorpo-
real position of thepumping chambers, itisaso utilizedinthe
smdller adult and the pediatric population. Newer drive units
now permit grester ambulation and hospitd discharge. Long-
term anticoagul ation isrequired since theinflow and outflow
valvesaremechanical &. Judevalves.

The WorldHeart's Novacor® LVAS (WorldHeart Corp.,
Oakland, Cdlif., USA) and Thoratec's HeartMate® are im-
plantable pul satileuniventricul ar assist devicesthat are el ectri-
caly driven and hencefully portable. The size of the Novacor
LVASandthe Thoratec HeartMate pumps precludesinsertion
inindividuaswhosebody surfacearea(BSA) is<1.5m2. The
HeartM ate devel opsan intrapump pseudointimawith only as-
pirin, obviating themandatory need for long-termwarfarinan-
ticoagulation. Theinflow and outflow cannulas have porcine

valves, and inflow valve durability has remained atechnica
challenge;® mechanical torqueand intrapump pressuremay be
partialy responsiblefor disruption of theinflow valvewithre-
sultant regurgitation.

Most large referra centers will have the paracorpored
Thoratec deviceand one of thedectricaly drivenimplantable
devices available for use. The paracorporeal device will be
considered in the smaller patient (BSA, 1.5 m?) or when bi-
ventricular support isbeing considered. Theeectric pulsatile
HeartMate deviceisapproved for destination therapy.

The major long-term complications of any of the devices
include device mafunction, infection, or thromboembolism.
Careful echocardiographic studiesmay identify potentia caus-
esof devicefailureand prompt surgical intervention.® Metic-
ulous attention must be given to avoid driveline infections or
seps's, and athergpeutic Internationd Normaized Ratio (INR)
of 2.5t0 3.5ismandatory for the Thoratec HeartMate and the
Novacor technology.

Variablesof Ventricular Assst Devices

The PVADshave mgjor variablesto their function. These
include mode of operation, devicerate, drive pressure, vacu-
um pressure, and duration of systole for the pneumatic
pump. The programmability of these variables does differ
between devices.

The single most important of these variables for eectric
devicesisthe mode of operation. Devices may be placed in
asynchronous mode, wherethe pumping rate of theLVAD is
fixed and asynchronous to the native heart rhythm. This
modeisgenerally usedintheinitiation of | ft ventricular sup-
port in the operating room. It may & so be considered when
wesaning patientsfrom thedevice, or whenthereissignificant
hemodynamicinstability and preload and afterl oad are rapid-
ly changing, that is, intheimmediate postoperative period. A
second mode of operation isthe volume or automatic mode.
In this instance, the LVAD continues to be asynchronous
from the native rhythm and triggers systole when the LVAD
isfilled to approximately 90-95% of capacity (65-80cc). In
thismode, devicerate and ultimately cardiac output depend

TaBLE |l Comparison of current left ventricular assist device
(LVAD) technology for outpatient care

HeatMate® WorldHeart Thoratec®

TaBLE | Indicationsfor placement of assst devices XVE Novacor® VAD system
Ispatient a“bridgeto trangplant” or candidatefor Position Internal Internal Externa

“destination therapy?’ Patientsize Large Large Medium/small
Cardiacindex <1.51/min/m? Power Electric Electric Pneumatic
Pulmonary capillary wedge > 25 mmHg oninotropic therapy Capability LVAD LVAD LVAD and/or
Systemic blood pressure <80 mmHg oninotropic therapy RVAD
Continuousinotropic support and multipleinotropic drugs Durtion Years Years Possibly years
Consideration of intra-aortic balloon counterpul sation Anticoagulation  ASA Coumadin Coumadin

Impending rena or hepatic dysfunction

Abbreviations: RVAD =right ventricular assist device, ASA = aspirin.
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upon passivefilling of the device chamber. Thismode of op-
eration isused routinely, permitting increase in cardiac out-
put through aphysiologic range. A third operational modeis
that of external asynchronous mode, in whichthe LVAD is
synchronized to the patient’s native rhythm. Thisisused in
the rare instance when attempts are made to wean patients
from mechanica support.

Device rate for mechanical support can also be pro-
grammed. A back-up device rate must be established if the
patient is placed in the volume or the external asynchronous
mode. Back-up ratesare usually 50to 60 bests/min. Thereare
additional unique considerations for the Thoratec PVADS;
duration of systolemust be adjusted to permit for proper dias-
tolicfilling; device systole should be 25 to 30% of anticipated
ratein order to keep the g ection duration constant, beitinthe
volume or asynchronous mode. Another variable will be
drive pressure, theinternal device pressurethat |eadsto blood
g ection. High drive pressureswill compensatefor variations
in systemic blood pressure, and inadequate drive pressurewill
not properly g ect blood, promoting stasisor thrombosis. The
drive pressureisusually set approximately 100 mmHg above
the systolic pressure; hence, a drive pressure of 230 to 245
mmHg for LVAD and 140 to 160 mmHg for right ventricul ar
assist devices (RVAD). The final physiologic variable for
pneumatic systemsisthevacuum pressure, which assistswith
filling of the VAD and helpsto overcometheintrinsicresis-
tance from the inflow tubing length. The vacuum is usually
adjustedto —25to —40 mmHg.

Physiology of Ventricular Assist Devices

Thereis unique physiology established with the insertion
of amechanica pump into the circulatory system. First, two
competing and pardld systemic pumps are crested. They
competefor the same blood volumerreturning through the left
atrium and facethe same systemic vascular resistance. Itisim-
perativetolong-term management to remember that an LVAD
issolely prel oad dependent. With complete LVAD filling, car-
diac output becomes defined by heart rate. If the LVAD isef-
fectively draining and decompressing the nativeleft ventricle
throughout the cardiac cycle, the native ventricle should act as
apassive conduit to filling of the mechanica pump and con-
tributelittleto systemic cardiac output through the native aor-
ticvalve. Infact, if the native left ventricle does contribute to
systemic cardiac output by providing astroke volumeto open
the eortic valve at rest, it suggestsinadequate decompression
of the native ventricleand device dysfunction.

The physiology of biventricular support is more complex
and providesnew insightsto common clinica assumptions. In
this instance, there are four ventricles that compete for the
same preload volume. The two right-sided pumps and two
|eft-sided pumps areindependent of each other. Conventional
clinical wisdom about theintegration of right and | eft ventric-
ular function overlooksthat fact that |eft atrid returnisgrester
that right atrial return. Thereisfree communication between
the bronchia circulation and the pulmonary capillary bed;

hence, bronchid arterid flow, part of |eft ventricular output,
returnsto the left atrium viathe pulmonary veins. Since me-
chanical devices are noncompliant without a physiologic
Starling curve and cannot change stroke volume, the rate of
preload filling determines output. If |eft atria returnisgrester
thanright atria return, mechanical |eft ventricular output must
be greater than mechanical right ventricular output. Thissim-
ple principle of mechanical support challenges decades of
hemodynamic assumptions that the right and left ventricular
outputsareequal.

UniqueClinical Consequencesof Ventricular
Assigt Physiology

Theabsolute dependence of LVAD function on prel oad vol-
ume and the passive conduit of the native left ventricle create
uniqueclinical scenarios. First, failure of the nativeright ven-
tricle will result in delivery of an inadequate preload to the
LVAD and a subsequent low output state. This may be the
purest clinica exampleof right ventriclefailure begetting left
ventricular failure, rather than vice versa. Second, recovery of
function of the native left ventricle can be perceived as dys-
function (inadequatefilling) of the mechanical ventriclesince
the native ventricle' scompetition for thesame prel oad may re-
ault in areduction in the mechanica pump’s output. Finally,
function of either native or mechanica ventricle provides
uniqueingghtsinto thefunction of the other competing cham-
ber and can be assessed by echocardiogram.8

Thecomplexity of biventricular support physiology engen-
ders separate concerns. First, native right ventricular recovery
can occur independent of native left ventricular recovery. In
thisinstance, it would beinappropriateto removethe RVAD if
the patient were till dependent on LVAD support. Second, if
right-sided (RVAD + nativeright ventricular) output equalsor
exceedstotal left-sided (LVAD + native left ventricular) out-
put, left atrid pressure precipitoudy risesand immediate pul-
monary edema may result. Finaly, the complexity (atria or
ventricular inflow cannulation) and number of insertions (two
in-flow and two outflow cannulae) compoundsthe number of
technica concernsthat can arisewith malfunction of either or
both mechanical ventricles.

Theabsol ute dependence on preload volumefor either me-
chanical ventricleraisesanother dimension totheir manage-
ment that i s counterintuitiveto conventional clinical wisdom.
When placed in the automatic (volume) mode, mechanical
ventricle systole will be triggered when the pumping cham-
ber isfull. Therefore, the mechanical pumping rateis deter-
mined by therate of filling. If thereis volume depletion, the
device will fill more dowly and cardiac output will fall. If
there is volume overload, the device will fill faster and be-
come “tachycardic,” resulting in agreater cardiac output. In
contrast to normal physiology, devicetachycardiameansvol-
ume overload, device bradycardia means volume depletion.
Inthe outpatient management of assist devices, patientscare-
fully monitor device ratesin the automatic mode and will of-
tenvary diuretic dosedepending on deviceratesand their im-
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plicationsfor preload volume; device rate of 75 to 80 beats/
min is optimal; slower rates often reflect excess diuresis,
higher ratesvolume overload.

Differential Diagnosisof Poor Device Function

Theidedl hemodynamic profile following left ventricular
assist deviceimplantation should includeacardiacindex > 2.2
[/min/m2, systemic blood pressure>90 mmHg, < 140 mmHg,
and |eft and right atrial pressure <10 mmHg, with adequate
urine output. Any significant variation to the expected norm
should raise a specter of pathophysiologic considerations
uniqueto thispatient population.

When malfunction of any ventricular device occurs, initia
attention will focus on the implanted technology, surgica
placement of the cannula, contralling circuitry, and adequacy
of darms.? If defectsin such are excluded, understanding the
principlesof ventricular assist physiology alowsoneto estab-
lishaninteresting differentia diagnosis. If thereisinadequate
filling of themechanica left ventricle, acutevolumedepletion
secondary to bleeding, tamponade, or diuresis must beimme-
diately excluded. Another common etiol ogy of reduced LVAD
output is nativeright ventricular failure; this scenario can pre-
sent a major clinical problem; it may be judtification for
parental inotrope support—inotropic support of anativeright
ventricleto permit normal function of amechanica left ventri-
cle. The presurgicd dilemmais, therefore, whether or not to
provide concomitant RVAD support to avoid thispost LVAD
implant situation. A third differentia diagnosisto decreased
output of amechanical |eft ventricleisrecovery of the native
left ventricle, for the native ventricle may compete with the
mechanica pump for agiven preload and provideasystemic
grokevolume. Finally, cliniciansmust dwaysquestion thead-
equacy of thevavesthat are part of amechanical heart. Regur-
gitation of either the inflow valve (the “mitral” valve) or the
outflow valve(the“ aortic” valve) will present asvolumeover-
load and devicetachycardia Inthisingtance, thepumpitsalfis
not dysfunctiona but is rather working to accommodate the
regurgitating volumesfrom dysfunctional valves.

Diagnosisand Management of Device
ValveDysfunction

TheLVAD rateinthevolumemodewill aso provideinsight
intothefunction of theinflow and outflow devicevaves. Inthe
case of the HeartM ate, these tissueval ves are proneto regurgi-
tation; inflow vaveregurgitationisfar morecommon than out-
flow valve regurgitation. Predisposing factorsin inflow valve
regurgitation include vave and conduit design, distortion of
the conduit, infection, and the devel opment of inappropriately
elevated intrapump isovolumic pressures. Thedifferential di-
agnosisto the devated LVAD rate seen with inflow vavere-
gurgitation includes any cause of volume overload, including
rend failure, aortic valve insufficiency, or shunting. Inflow
valve regurgitation should aways be suspected when thereis

sudden ingppropriate LVAD tachycardia (whenin thevolume
mode); dyspneaand hemolysismay follow. Thediagnosiscan
generaly be determined by echocardiography or by cardiac
catheterization with hemodynamic assessment and angiogra-
phy. Outflow valveregurgitationisfar lessfrequent andisusu-
ally secondary toinfectiousdestruction. Finally, increased re-
sistanceto outflow may occur asaresult of systemic hyperten-
sion, obstruction above the outflow valve et the site of anasta-
mosistotheaorta, kinking of theconduit, and outflow vavular
stenosisfrom fungal vegetation or thrombus.

Surgical therapy of device valve dysfunction must be con-
sdered oncethediagnosisismade. Whileoutflow vaveregur-
gitation requiresrepeat ternotomy with al theattendant com-
plications, inflow valve replacement can be accomplished by
anabdominal incision over theinflow conduit. Inflow vavere-
gurgitation can also be managed by severd uniquetherapeutic
strategies. First, the LVAD should be switched to the asyn-
chronous mode and heart rate reduced to approximately 75,
thereby reducing thetorqueontheinflow cannulaand preserv-
ing pump longevity. However, thischange must be done cau-
tioudy sincethe LVAD will not be adequately decompressing
the rapidly developing preload seen by the native heart. Asa
consequence, filling pressureswill riseand pulmonary edema
can result. Second, conventiona therapy for volume overload
should be maximized with conventional vasodilator and di-
uretic therapy. Finally, synchronizing the PVAD with any na-
tive QRS contractionsin the externa asynchronous modere-
ducesthe hemodynamic burden of inflow valveregurgitation
by establishing two competitive systoles. Thesemanipulations
may be sufficient for improving the functional status of pa-
tientswho are not candidatesfor inflow val ve replacement.

There can be other catastrophic technology failures. Motor
failure (primarily from ball bearing wear), ruptured dia-
phragms, and fractured power cables have been reported and
can be successfully approached with the proper surgica exper-
tise. Bal bearing wear, in particular, can befollowed to some
extent by examining the intake filter for particulate matter
uniqueto the bearings.10

ArrhythmiaManagement for Ventricular
Assist Devices

Arrhythmia management of VADSs also presents unique
clinical challenges. In fact, uncontrollable ventricular ar-
rhythmias can beanindication for LVAD support. Although
most dysrhythmiasarewdl| tolerated, they may compromise
thefilling and therefore the output of the pumps. In general,
rapid ventricular arrhythmiasmay beclinically well tolerated,
but the device output inevitably fallsto some degree, and na-
tive right ventricular function may become compromised.
Although not generally emergent, cardioversion and main-
tenanceof sinusrhythm isrecommended when ventricular ar-
rhythmias are present. The management of implantable car-
diac defibrillators (ICD) is variable, but the defibrillation
featureisfrequently inactivated while maintaining monitor-
ing capacity of thelCD. Findly, al dysrhythmiasmay predis-



G.H. Mudge et al.: Physiologic basis for the management of VADs 289

poseto thromboembolism and often necessitate theintroduc-
tion of warfarin anticoagulation.

Echocardiography and Ventricular Assist Devices

Echocardiography of the native heart and of the LVAD
becomes essentid in the evaluation of LVAD function and
understanding two competing ventricles.8 Thedeviceitsdlf is
impossible to visuaize, but significant inferences as to its
function can be made from echocardiography. If the native
ventricleisserving asapassve conduit, minima aortic valve
motion isseen; normal excursion of the aortic valve suggests
either malfunction of themechanica support system or return
of nativeleft ventricular function. Decompression of theleft
ventricle is aso anticipated with proper functioning of an
LVAD. If left ventricular size has not been reduced, it can be
inferred that there may beinadequate ventricular decompres-
sion. Finally, adetailed Doppler analysisof the LVAD inflow
cannula is required for the evaluation of suspected inflow
valveregurgitetion.

Criteriafor Device Explantation

The ultimate impact of this technology on failing native
ventriclesisunknown and the subject of current clinical inves-
tigations. There may be patients with long-term VADs who
will be considered for device explantation.11 12 Someinvesti-
gators hypothesize that full ventricular decompression will
promote myocyte regeneration and function,3 and otherssug-
gest that ventricular decompression with supplementd beta
agonist therapy (clenbuterol) will lead to ventricular recov-
ery.14 Patients with healed myocarditis or stunned but recov-
ered myocardium following reperfusion therapy for an acute
myocardia infarction might also be considered for device ex-
plantation.t> The clinical criteriafor device explantation are
till in evolution, and potentia suitability isbest initially ex-
plored by echocardiography and concomitant invasive hemo-
dynamic assessment. Those patientswho have opening of the
aorticvalveor only partia decompression of theleft ventricle,
with adiastolic diameter <6 cm, may have adequateleft ven-
tricular function to support device removal. Functions of the
right and left ventricle in the automatic mode and the asyn-
chronous/fixed rate mode must be compared. Theresponseto
dobutamine echocardiography while in the asynchronous
mode (rate of 50) provides additiond insight into myocardial
reserve and inducible mitral regurgitation. If noninvasive data
areencouraging, then more definite physiologic dataare man-
datory beforeanirrevocablesurgical decision. Thisshouldin-
clude exercise test with oxygen consumption while in the
asynchronous modeat arate of 50, and then full hemodynam-
ic assessment with right and | eft heart catheterization with the
LVAD turned off and only after full heparinization to prevent
thrombusformation. However, contemporary experiencesug-

geststhat device explantation and long-term survival are un-
common and are not routinely sought inmost centers.

Conclusion

Theuseof ventricular assist devicesfor destination therapy
of end-stage heart failure ushersin anew eraof clinical exper-
tise and knowledge about outpatient management. We antici-
pate rapidly expanding outpatient needsasthetechnology im-
proves and donor supply for cardiac transplantation remains
limited. Theprinciplesrevieved hereareaninitia insghtinto
the physiology of the technology and the inherent complexi-
tiesthat will inevitably evolve. One can a so hope that rapid
evolution of thetechnology will also simplify carefor the pa-
tients, their families, and al their hedlthcare providers.
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