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otal Artificial Heart—Concepts and Clinical Use
ohinton J. Morris, MD

End-stage congestive heart failure remains the leading cause of death in the United States.
Despite advances in medical treatment, it also remains the most common reason for
admission to the hospital. The gold standard of treatment for the failing heart, orthotopic
heart transplantation, is limited by a shortage of donor hearts. There are also a significant
number of patients who are not transplant candidates due to comorbid conditions and/or
inability to tolerate immunosuppressive therapy. To meet the need for this latter group, the
medical field has embraced ventricular assist device (VAD) therapy to extend survival and
improve quality-of-life for the end-stage cardiac patient. This therapy, however, has been
currently limited to the failing left ventricle and is still fraught with complications that limit
long-term and widespread use. The total artificial heart, as currently available with two
devices, is rapidly becoming the treatment of choice for biventricular failure.
Semin Thorac Cardiovasc Surg 20:247-254 © 2008 Elsevier Inc. All rights reserved.
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otal replacement of the failing heart with a mechanical
pump has been the Holy Grail for cardiac surgeons for

ecades. The U.S. Artificial Heart Program was begun in
964 under President Johnson. This was at the behest of
urgeons such as William DeBakey and Willem Kolff who,
ith others, visualized and pioneered early work to create a

otal artificial heart (TAH).1 A number of iterations of com-
lete replacement of the failing heart have been developed
nd tested clinically. These include the Liotta heart,2 the
kutsu TAH,3 and the trailblazing Jarvik-7.4

In the 21st century, this goal is on the horizon, as the total
rtificial heart (TAH), in two differing conceptualizations,
as been tested in feasibility trials. The two devices that are
ow commercially available are the CardioWest TAH (Syn-
ardia Systems, Inc., Tucson, AZ), and the AbioCor TAH
Abiomed, Inc., Danvers, MA). The CardioWest TAH (here-
nafter referred to as the TAH-t) has reached significant clin-
cal use and, thus, full FDA approval in 2004 as a bridge to
ransplant. The AbioCor implantable replacement heart (re-
erred to as the TAH-irh) received FDA approval in 2006,
nder the Humanitarian Use Device (HUD) provision of the
ood, Drug, and Cosmetic Act, for destination therapy. Their
oncepts of design, indications for their use, methods of im-
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lantation, patient management regimens, and clinical expe-
iences are presented below.

evices—Concept of Design
ardioWest TAH

he CardioWest TAH is an iteration of the original Jarvik-7.
pair of prosthetic ventricles, made of polyurethane, is

neumatically driven and provides pulsatile flow (Fig. 1).
The prosthetic ventricles, made of biocompatible polyure-

hane, have a capacity of 70 mL. The ventricles are pneumat-
cally driven and there are four flexible polyurethane dia-
hragms between the blood surface and the air sac. When
ompressed air is forced into the air sacs simultaneously,
ompression is effected onto the blood sac and ejection oc-
urs in simulation of cardiac systole. Cardiac ejection in the
AH-t thus occurs in parallel from the left and right side. As

he air sac is deflated, the blood sac is filled passively from the
trial connection. This can be altered slightly by adding a
mall amount of vacuum to the prosthetic ventricle. Two
echanical valves are situated along the prosthetic ventricle

o provide unidirectional inflow and outflow. These are sin-
le-leaflet Medtronic-Hall valves, respectively sized 27 mm
for inflow to the ventricle) and 25 mm (for outflow from the
entricle). The large valves and short outflow blood path are
dvantageous in decreasing stasis and thrombosis (Fig. 2).

The ventricles are also configured slightly differently.
he left-sided ventricle has inflow and outflow valves

lightly closer together to match the proximity of the mi-
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248 R.J. Morris
ral annulus to the aorta. The right-sided ventricle is far-
her apart to not only reflect the slightly greater distance
etween the tricuspid annulus and the pulmonary artery
ut also to allow the pulmonary outflow graft to override
he aortic outflow graft.

The prosthetic ventricles are connected via quick-connect
ilicone cuffs to two atrial connectors on the cuffs and two
onnectors on the end of the grafts sewn to the aorta and
ulmonary artery. Of high importance, in the process of
ardiectomy, great care must be maintained to preserve the
trial annuli. This not only gives needed strength to the con-
ection but is a hemostatic boon to suturing to atrial tissue.
he device atrial cuffs are trimmed to approximately 3 to 5
m to minimize thrombotic surface area.
The compressed air is delivered via an external console

hrough two separate air tubes connected to the right and left
rosthetic ventricles. The console has two independent con-
rollers that allow redundancy for emergency backup. Com-
ressed air cylinders inside the console can be used to mobi-

ize the patient. Maximum stroke volume is 70 mL but,
deally, partial fill and full ejection is the goal. Generally this
s about 50 to 55 mL. Partial fill allows for stroke volume
lteration as the patient’s volume status changes. Full ejection

igure 1 TAH-t components. (Courtesy of Syncardia Systems, Inc.)

igure 2 Inflow comparison of VAD/TAH. (Courtesy of Richard

mith, MSEE, CCE.)
aximizes cardiac output and ventricular washing with min-
mal changes to the controller settings. A diagnostic unit (lap-
op on the console) from the console presents parameters of
he TAH-t, stores data, and configures the system. Pressure
aveforms are displayed beat-to-beat for each cardiac cycle,

s well as for the continuum of support. Of note, if the laptop
nit malfunctions or loses power, the TAH-t will continue to
unction. The pressure waveforms displayed confirm full
jection of the ventricles. The drive flow waveforms, also
isplayed concurrently, mark the beginning and end of dias-
ole and calculate fill volumes. These drive flow waveforms
elp determine the partial fill and volume status.
The large console, although mobile, does not allow for

ischarge from the hospital. Newer portable drivers, which
ave been tested in Europe, are undergoing trial currently in
he United States.

bioCor TAH
he AbioCor TAH (Fig. 3) consists mainly of a thoracic unit,
hich houses two blood pumps in one housing, separated by

n energy converter. Each blood pump is a hard-shelled
hamber containing a blood sac, which has inflow and out-
ow valves. The inner lining of this chamber, including the
rileaflet valves, are made and lined seamlessly from a propri-
tary membrane termed Angioflex. Hydraulic fluid fills the
pace between the blood sacs and the energy converter.

hen the hydraulic fluid is moved from one side to the other,
he blood is squeezed in one chamber, thus effecting systole.
uring this part of the cycle, blood is actively drawn into the
ther pump, filling it for the next cycle, thus effecting systole.
he left and right blood pumps alternately eject blood. A true

nnovation, this engenders that the left and right “hearts” are
jecting in series, and not in parallel (Fig. 4). Furthermore,
he thoracic unit is an actively filled device, rather than al-
owing passive filling. Low atrial, or filling, pressures can
herefore limit inflow and decreased pump output.

The energy converter consists of a unidirectional hydraulic
ump that spins at 3,000 to 10,000 rpm to pressurize the
ydraulic fluid. A bidirectional switching flow control valve
irects flow of the hydraulic fluid toward either side of the
nergy converter, or simply toward each of the ventricles.
hese components, including pressure transducers that mea-
ure the hydraulic fluid pressure on each side, are mounted
n a metal artificial septum.

igure 3 TAH-t design. (Courtesy of Abiomed, Inc.)
The pumping chambers contain one-way inflow and out-
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TAH— concepts and clinical use 249
ow valves. They are seamlessly joined with the pump sac,
he inner face of which is flexible. This inner flexible double
embrane allows hydraulic pressure from the converter to

ause ejection but prevents any mixing of blood and hydrau-
ic fluid. The thoracic unit is connected to the circulatory
ystem using two cuffs and grafts. The thoracic unit has four
ey settings. Beat rate and balance are set manually and left
nd right motor speeds are automatic in nature. By control-
ing the beat rate, the user can increase cardiac output and
ecrease right atrial pressure.
Of particular note in the AbioCor design is a balance sys-

em that produces lower flow from the right blood pump
han the left blood pump. This is to compensate for the left
ide of the heart receiving flow from the bronchial arteries
nd is idealized to keep the left atrial pressure (LAP) within
n appropriate range of 10 to 15 mm Hg. The left/right flow
alance is set manually on the console, from a range of 0
occluder valve fully open, low LAP) to 400 (occluder valve
ully closed, high LAP).

A controller is implanted in the abdomen, preperitoneally,
hich switches the bidirectional flow control valve according

o the beat rate setting. It opens and closes the occluder valve
ccording to the balance setting and sets the hydraulic pump
otor speeds for the left and right strokes.
A battery is also implanted preperitoneally that allows the

atient freedom from external power sources for 25 to 30
inutes. The power is transmitted from an external source

etween an external and internally implanted unique energy
ransfer system. This is termed transcutaneous energy trans-
ission (TET) and is achieved by electromagnetic coils that

eceive radio waves and convert it into DC power. The im-
lanted TET coil is usually placed in a subclavicular position
nd improper placement or positioning can cause thermal
njury and/or patient discomfort (Fig. 5).

linical Indications for Use
ummary of Clinical
tudies for FDA Approval
he CardioWest temporary Total Artificial Heart (hereinafter

Figure 4 TAH-t flow schematic. (Courtesy of Abiomed
www.semthorcardiovascsurg.com.)
eferred to as the TAH-t) underwent a multi-center (five) F
linical study with the intent to bridge transplant eligible
atients at risk of imminent death from biventricular failure.
f the total 95 patients implanted with the TAH-t, 81 (70
ales) were designated the core implant group. All patients
ere in NYHA class IV at time of enrollment. There were 35
atients that met the inclusion criteria but did not receive a
AH and therefore served as controls. Of note, 15 patients
ere on heart-lung machine/ECMO support, 25 patients had

efractory malignant arrhythmias, 13 patients had aortic re-
urgitation, stenosis, or prosthesis and three patients had
entricular septal defects.

Trial success, defined at 30 days of being (1) alive, (2)
YHA class I or II, (3) ambulatory, (4) not ventilator depen-
ent, and (5) not on dialysis, was achieved in 56 (69%) of the
1 core patients. Sixty-four of the 81 core patients (79%)
eached transplant after a mean time of 79 days. In compar-
son, the control group of 35 patients survived a mean of 8.5
ays. Fifty-eight (72%) survived to 30 days post-transplant
nd the 1 year survival post-transplant was 85%. Device fail-
re occurred in only one patient, where a tear in the dia-
hragm after 4 months resulted in the patient’s demise.6

(Color version of figure is available online at http://
, Inc.)
igure 5 AbioCor component design. (Courtesy of Abiomed, Inc.)

http://www.semthorcardiovascsurg.com
http://www.semthorcardiovascsurg.com
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250 R.J. Morris
The CardoWest TAH-t is FDA approved and indicated for
se as a bridge to transplant in cardiac transplant-eligible
andidates at risk of imminent death from biventricular fail-
re. It is currently intended for use inside the hospital, al-
hough U.S. trials are underway for discharge with a portable
river. Contraindication of use of the TAH-t include patients
ho are not cardiac transplant eligible, who cannot be ade-
uately anticoagulated while on the device, and patients who
re not anatomically suitable for implantation in the chest
avity. This generally includes patients with body surface
reas � 1.7 m2 or who have a distance between the sternum
nd the tent anterior vertebral body measure �10 cm.

The AbioCor TAH has obtained conditional FDA approval
s a destination device with humanitarian device exemption.
nclusion and exclusion criteria from the AbioCor multi-
enter initial feasibility trial are listed in Table 1.

Biventricular failure is the sine qua non for which the TAH
as designed. As right ventricular (RV) failure is most com-
only due to primary left ventricular (LV) and the ensuing
ulmonary hypertension, efforts over the past decade have
mphasized left ventricular assist devices (LVAD) for me-
hanical support. However 10% to 20% of LVADs will re-
uire RV support, either at the time of the implant or soon
hereafter.9 Survival of patients placed on BiVADs, whether
one preemptively or in a sequentially divided manner after

nitial LVAD placement, has a worse prognosis.10 There is
lso a restriction for chronic RVAD support, as only LVADs
ave been designed for chronic long-term support. Most pa-
ients who are identified preoperatively with severe biven-
ricular failure are relegated to short-term, paracorporeal de-
ices. Historically, the most common of these are the
horatec pVAD, iVAD, the Abiomed BVS 5000, and ABS
000. Our group and others have also employed a hybrid
pproach in which long-term, intracorporeal devices are
sed for LV support and a short-term device is placed for
ight-sided support. This is done with the intention of recov-

able 1 TAH Inclusion/Exclusion Criteria

Inclusion criteria
Age > 18 years
Ineligibility for heart transplantation
Acceptable device fitting evaluation
Biventricular failure
Optimized medical management
Inability to be weaned if on a temporary mechanical
circulatory support system

Exclusion criteria
<70% probability of death within 30 days
Significant potential for reversibility of heart failure
Chronic dialysis
Recent cerebrovascular accident
Irreversible liver failure
Blood dyscrasia
Suspected or active systemic infection
Positive serum pregnancy test results
Severe peripheral vascular disease
No adequate social support system
ring the RV, as pulmonary hypertension decreases with L
hronic LV unloading. Regardless, when comparing TAH to
iVAD support, survival is markedly improved. BiVADs have
enerally shown survival in multiple publications to be in the
0% to 50% range.11,12 This is in contrast to the 79% reported
y Copeland and coworkers in the trial study.5

At the University of Pennsylvania, we employ the guide-
ines found in Table 2 for use of the TAH.

ethod of Implantation
ardioWest TAH-t

mplantation of the TAH-t involves three major components
fter ventriculectomies are performed.7 They include the
trial cuffs, the outflow grafts, and the ventricles with at-
ached drivelines. Before surgery is initiated, the atrial cuffs
re trimmed to leave a 3 to 5 mm edge to which the reinforced
itral and tricuspid annuli are sewn. The outflow grafts are

tretched and preclotted. In the early experience, this was
one with the patient’s blood but has now been replaced by
praying with Coseal to coat the interstices of the graft. Fi-
ally, the drivelines are brought through two subcostal inci-
ions. This was also initially described as being done before
eparinization but can be done after the atrial cuffs and out-
ow grafts are sewn in as well.
The partial cardiectomy, i.e., left and right ventriculecto-
ies, are key to a successful implantation. Standard cannu-

ation of the aorta and both superior and inferior vena cavae
re performed. Caval snares are used to isolate venous drain-
ge and the aorta and pulmonary artery are freed proximally,
eaving full length for subsequent transplantation. After by-
ass is initiated, aortic crossclamp is applied, the cavae are
nared and excision of the heart is begun. Of paramount
mportance, and significantly different from orthotopic heart
ransplantation, is the preservation of the annuli of the tri-
uspid and mitral valves. Thus, an incision is begun on the
entricular side of the AV groove. Anteriorly, it is extended
cross the right ventricular outflow tract, and posteriorly,
cross the interventricular septum. The leaflets and chordae
f the tricuspid and mitral valves are excised, leaving a safety
im of 2 to 3 mm valve tissue to ensure annular integrity. The
orta and pulmonary artery (PA) are incised circumferen-
ially just above their respective valves. Finally, the excess
uscle remaining on the ventricular side of each annuli is

rimmed away (Fig. 6).
At this time, the coronary sinus is first oversewn to prevent

ackflow of blood through the sinus to the cut vessels along
he AV groove. The left atrial appendage is tied off. The annuli
re then buttressed with Teflon felt strips along the entire

able 2 TAH Clinical Indications

. Biventricular failure

. LV failure with intractable malignant arrhythmias

. LV failure with prior mechanical heart valve
replacement

. LV failure with severe anatomical damage (e.g.,
ventricular septal defect, ventricular rupture)
V, left ventricular.
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TAH— concepts and clinical use 251
uter walls of the right and left atrial cuffs. The strips are cut
o a width of approximately 10 to 12 mm and sewn into place
ith 3-0 polypropylene (Fig. 7).
The atrial cuffs, after being inverted and inserted into the

tria, are then sewn to these buttressed suture lines with a
econd layer of 3-0 polypropylene. The cuffs are everted and
onnected to quick-fit testers to test the suture line. Any gaps
r leaks should be repaired at this time as access to the suture
ine is highly limited once the prosthetic ventricles are con-
ected.
The outflow grafts are then anastomosed to the great ves-

els. One of the outflow grafts is measured to approximately
cm (for the PA) and 1 to 3 cm (for the aorta). This is to

ompensate for the shortened distance between the left-sided
entricle outflow valve and the aorta and for the PA outflow
hat will override the aortic outflow graft. The pulmonary
rtery anastomosis is constructed first for purposes of access
nd is constructed with running 4-0 polypropylene in an
nd-to-end fashion. The aortic outflow graft is anastomosed
n a similar manner. Specific testers for the outflow grafts are
hen connected and the suture lines tested for any leaks.

When surgical hemostasis of all suture lines is achieved,
he ventricles are brought into the wound. The left-sided
riveline is exited through the left midclavicular line, 5 to 10
m below the costal margin. The right-sided driveline is ex-
ted 4 to 5 cm medial to the left drive line. The ventricles are
nally connected, first to the atrial cuff and then to the re-
pective outflow graft. The left side, lying posteriorly, is con-
ected first and then the right side is connected sequentially.
uring the time of connection, the ventricles should be filled
ith saline through the outflow valve to minimize large
ockets of air. Care must be taken to orient the inflow
onnection so that twisting of the outflow grafts does not
ccur. A de-airing vent should be placed in the ascending

igure 6 Excisional view for TAH. (Courtesy of Jack Copeland, MD.)
orta and the patient placed in steep Trendelenburg, before M
aking the crossclamp off. After adequate positioning and
e-airing, the patient is weaned from CPB and pumping is
egun with the device.

bioCor TAH
ue to the multiple components of the totally implantable
AH, some components should be placed and/or their pock-
ts created before heparinization and cannulation.8 First, an
nfraclavicular incision is made and the internal TET coil is
laced anterior to the pectoral muscle fascia. The cable from
his coil is passed to the lower part of the sternotomy incision.
reperitoneal, or subrectus, pockets are created for the inter-
al battery and controller.
Cannulation is then performed in a similar manner as

bove. After the crossclamp is applied, biventriculectomy is
erformed in a careful fashion to maintain good annular tis-
ue. Both atrial cuffs are trimmed to size and anastomosed
ith two running layers of polypropylene. This is reinforced
ith felt strips and leak testing is performed in a similar
anner. A cast model of the AbioCor thoracic unit is posi-

ioned in the chest to determine appropriate length and ori-
ntation of the outflow grafts. The outflow grafts are then
nastomosed in an end-to-end fashion to the great vessels. Of
articular note with this device, the aortic outflow graft is
ositioned anterior to the pulmonary artery graft because of
he configuration of the thoracic unit.

The AbioCor thoracic unit is brought into the field and the
ppropriate electrical connections are made. After connect-
ng to the atrial cuffs and outflow grafts, caval tapes are re-
eased. The device is filled and air is evacuated by unique side
orts arising from the outflow grafts. The device is actuated to
ow with the crossclamp on until all demonstrable air is
jected from the side ports. After the crossclamp is released,
he patient is weaned from cardiopulmonary bypass and the

igure 7 Atrial cuff technique for TAH. (Courtesy of Jack Copeland,

D.)
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252 R.J. Morris
evice rate is increased to fully supply an adequate cardiac
utput.

atient Management of the TAH
hree major facets of management deserve special consider-
tion for patients with a TAH. These include patient moni-
oring, volume/hemodynamic management, and anticoagu-
ation. This is in addition to the routine “care” that these
nd-stage heart failure patients demand: supporting and re-
overing end-organ function, respiratory and ventilator man-
gement, infection control, maintenance of nutrition, pain
ontrol, and gradual mobilization.

atient Monitoring
f note, there is no need for ECG monitoring and leads or
acemakers are not necessary. There is no need for cardio-
ropic medications. Extensive attention must be paid to cen-
ral line placement and positioning. Migration of central lines
nto the TAH can markedly interfere with the function, and in
he case of the TAH-t, can cause marked valvular dysfunc-
ion. For the TAH-t, care must be maintained to keep the
rivelines from kinking or tearing. In the case of the TAH-irh,
lthough there are no external drivelines, area of coverage
etween the external and internal TET coils must be cared for
eticulously.
Both systems require specialized personnel trained in and

nderstanding of system parameters. This point must be em-
hasized, as multiple personnel who come in contact with
he TAH patient must have an on-site referral for monitoring
nd trouble-shooting (Table 3).

Normal parameters for each device are delineated in device
linical regimens and are maintained by the VAD coordina-
ors in conjunction with the bedside caretakers. For each
evice, care must be maintained that power from the battery
nd external sources is routinely examined.

In addition, normal parameters for postop cardiac surgical
atients should be followed. These include arterial blood
ressure (ABP), central venous pressure (CVP), pulse oxim-
try, and left atrial pressure (LAP) if desired. Of note, there is
o ability to measure with a Swan-Ganz catheter and central

ines must be closely monitored to keep from migrating into
he devices.

olume/Hemodynamics
ypovolemia in both TAH systems manifest as inflow limi-

ations. This can be right sided, left sided, or bilateral but all

able 3 Postoperative TAH Parameters

AbioCor Parameters CardioWest Parameters

eft and right hydraulic
pressures

Beat rate

eat rate Systolic duration (% systole)
alance Right and left drive

pressures
eft and right motor speeds Vacuum
bioCor estimated cardiac
ooutput
esult in decreased output. The usual causes of hypovolemia
n these patients are blood loss, diuretic therapy, and “third
pace” fluid losses. Diagnosis is usually made by low filling
ressures, manifested by low CVP or LAP.
A second type of “TAH” hypovolemia can occur from in-

ow limitation secondary to tamponade or mechanical
auses. Tamponade, and even localized clots, can impair fill-
ng of the atria and result in decreased filling of the chambers.

echanical obstruction, i.e., device malpositioning, kinking
f the cavae, may also cause a similar scenario. Diagnosis is
ade by increased CVP or LAP in the face of decreased filling.
lthough CXR or echocardiograms are helpful, a high index
f suspicion is necessary for early diagnosis.
The aim of blood pressure management is to maintain

tandard physiologic ranges, with the thought of increasing
nd-organ perfusion. Standard medications used to control
lood pressure fall into the categories of vasoconstrictors and
asodilators. In the former category, the most common drugs
se are Vasopressin, Levophed (norepinephrine), and Neo-
ynephrine (phenylephrine). Commonly used vasodilators
nclude Nipride (sodium nitroprusside), nitroglycerin, and
itric oxide. At our institution, inhaled prostacyclin is also
sed for patients with underlying pulmonary hypertension.

nticoagulation
oth versions of the TAH require a strong adherence to full
nticoagulation and must be monitored closely. The goal is to
chieve and maintain normal hemostasis so that appropriate
lot formation occurs without inappropriate thrombosis. The
alance is to maintain this hematological state without caus-

ng excessive bleeding.

ardioWest TAH-t
anagement of the CardioWest TAH-t mandates multidrug

herapy for anticoagulation. This consists of (1) an anticoag-
lant (usually intravenously administered heparin postoper-
tively and conversion to warfarin when tolerated), (2) a
latelet antiaggregant (aspirin), (3) a “platelet-stabilizing”
gent (dipyridamole), and (4) an “antiinflammatory” agent
pentoxifylline).

Heparin is begun when chest tube output is sufficiently
iminished, indicating surgical hemostasis. It is continued
ill adequate recovery of renal and hepatic function occurs.

arfarin is begun at this time, with the caveat that the pa-
ient’s nutritional status is improving and an anabolic state
s achieved. Dosing of warfarin and down-titration of hep-
rin is guided by thromboelastography (TEG). The TEG test-
ng is critical to maintaining normocoagulability, while min-
mizing thrombosis. They are conducted daily in the first 2 to
weeks and then twice weekly as necessary. Aspirin is used

s the principal antiaggregant. It is generally started at an 81
g/d dose when chest tube drainage is satisfactorily dimin-

shed and the platelet count is adequate (�50,000). The ef-
ectiveness is monitored by measuring platelet counts, plate-
et aggregation studies (to ADP, collagen, epinephrine, and
rachidonic acid), and bleeding times. The level of inhibition

f aggregation is targeted to a value at least 50% to 75% below
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TAH— concepts and clinical use 253
he lower limit of the normal range of platelet aggregation for
he individual institutions laboratory. Dipyridamole is ad-
inistered concomitantly with aspirin to stabilize the plate-

ets, allowing greater resistance to activation by the compo-
ents of the TAH-t. Dosing begins at 75 to 100 mg every 6 to
hours and is empirically increased for every 100,000 in-

rease in platelet count. The same monitoring measures are
sed as for aspirin. Patients should be clinically watched for
eadache, flushing, and dropping blood pressure, as a reflec-
ion of the vasodilating properties of dipyridamole. Pentoxi-
ylline, which possesses nonselective phosphodiesterase
sozyme-inhibiting properties, is a significant antiinflamma-
ory agent that allows stabilization of red blood cells. It is
tarted immediately after surgery in doses of 200 to 400 mg
very 8 hours. Using this regimen, the group at the University
f Arizona achieved a linearized yearly stroke rate of 0.068
or patient-year of implantation.6

bioCor TAH
anagement of the AbioCor TAH also demands a similar

nticoagulation regimen. Anticoagulation is effected by hep-
rin, followed by warfarin therapy. Platelet aggregation and
tabilization is regulated by the use of aspirin and dipyridam-
le. For patients that cannot tolerate aspirin, Ticlid (ticlopi-
ine) or Plavix (clopidogrel) is recommended. For attenuat-

ng inflammation and fibrinolysis, Amicar (aminocaproic
cid) or Trasylol (aprotinin) is recommended.

Similarly, tests to monitor coagulation systems include the
artial thromboplastin time (PTT), international normalized
atio (INR), thromboelastography (TEG), and platelet aggre-
ation studies.

linical Experience
ardioWest TAH
ore than 700 TAH-t have been implanted worldwide. In the
.S., the feasibility study was conducted in five centers from
993 to 2002.5 Mean support time was 79.1 days and 79% of
he implanted patients survived to transplantation. As a cor-
llary to the maintenance of end-organ function while on
AH support, the survival to 1 year after transplantation was
5.9%. A number of studies have verified the safety and
fficacy of the TAH-t as a bridge-to-transplant.13-15 Leprince
nd a group of European investigators reported on 127
atients over a 15 year experience. Their longest implanta-
ion was to 602 days and 6 patients were longer than 4
onths. Still, there was only one device malfunction. The

argest users of this device have attained survival to transplant
n excess of 80%. A number of patients in the Bad Oeyn-
ausen experience have also been discharged from the hos-
ital (personal communication). This has been the impetus
or the newer U.S. trial with the portable device. A multi-
nstitutional risk factor analysis of the TAH-t was recently
eported.16 Of note from previous studies, patients who re-
eived extracorporeal BiVAD support exhibited increase risk
ith increased age, previous mediastinal operation, elevated

lood urea nitrogen, elevated bilirubin, and mechanical ven- r
ilation before implantation. Furthermore, elevated risk fac-
or profiles for LVAD patients alone have included right heart
ailure, high CVP and other markers of end-organ damage,
uch as elevated liver enzymes, respiratory failure, etc. In this
ultivariate analysis, none of the above-mentioned factors

nfluenced survival of patients bridged with the TAH-t. A
ajor factor for this can be ascribed to the markedly in-

reased flow that the TAH provides, as opposed to standard
ingle VADs (Fig. 8).

bioCor TAH-irh
he AbioCor TAH was first implanted in a human in 2001 as
art of a destination therapy trial for end-stage heart failure
atients.17 Fourteen patients received the device before FDA
eview. Patients were only offered the device if their life ex-
ectancy was �30 days. The 30-day survival rate in these
atients was 71% as opposed to the predicted survival rate of
3%. Although all 14 patients in the initial group have died,
he longest survival was �1 year and a number of patients
ere able to be discharged home. There was increased inci-
ence of thromboembolism, found on autopsy to be due to
hrombus on the support struts, in the early group. Thus,
uring the remainder of the feasibility trial, this necessitated
hanges in the design of inflow sewing cuff of the device and
n the postimplantation anticoagulation protocol.18 Of par-
icular importance is that no serious device malfunction was
eported in this trial. Most encouraging has been the success
f the TET system, with little to no interruption in power
upplied to the device. This was a crucial factor in the design
f the AbioCor TAH from its onset, to allow full implantation
ithout interruption of skin barriers.

onclusion
he improvement in survival for the TAH is causally multi-

actorial. Primarily, the offending organ is removed. With the

igure 8 Flow comparison of VAD/TAH. (Courtesy of Richard
mith, MSEE, CCE.)
emoval of the heart, thrombus formation and propagation,
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rrhythmias, bleeding points, and such become a moot point.
lthough the device itself can form thrombus as well, pre-
umably the nonthrombogenic materials and anticoagulation
an mitigate this circumstance. Without doubt, future stud-
es for device support will have to regard the thorn of throm-
osis as a key element to ensuring long-term survival. Sec-
ndarily, the devices produce massive flow from the onset of
peration, engendering rapid end-organ recovery. The
EMATCH trial has taught us that multisystem organ failure,
hether on medication or device, is the end result of dimin-

shed cardiac output.19 Preserving end-organs, from preop-
rative management to immediate postoperative watchful-
ess, is paramount in increasing meaningful survival. Finally,
he dearth of medication to support the failing heart is a boon
o the postoperative management of these patients. The me-
hanical ability to increase flow with just volume and beat
ate minimized the physiologic side effects of many cardiac
rugs on other organ systems.
The AbioCor TAH, with its full implantability, has a
arked advantage. In the REMATCH trial, 40% of patients

n device support died of infectious causes.20 Continued
assive efforts by many groups point to the importance of

his complication in VAD and TAH therapy.21

The clinical application for the TAH, either as a bridge to
ransplant or destination therapy, is on our horizon. After
ecades of research, trials, experimentation, and testing, the
arly pioneers have been validated for their vision of replac-
ng the human heart. The mechanical performances of these
wo devices have been “validated” clinically in human im-
lants. The ingenuity of radically different designs points to
ossible multiple pathways toward cardiac replacement. Im-
rovements in materials, drug support, electronics, and en-
rgy sources will ensure a continuing viability for this ther-
py.
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