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ardioWest (Jarvik) Total Artificial Heart:
Single-Center Experience With 42 Patients
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Background. When implanted in patients with biven-
ricular failure, the CardioWest total artificial heart has
sserted itself over time as a reliable bridge-to-transplant
evice that as yet is used by only a few international

eams. The aim of this single-center retrospective study is
o assess both the comorbidity and survival of patients
waiting heart transplants while receiving circulatory
upport with a CardioWest total artificial heart.

Methods. From 1990 to December 2006, 42 patients
eceived a CardioWest total artificial heart at our center.

ean age at the time of implantation was 45.7 � 9.5
ears, and 40 patients (95%) were men. Idiopathic or
ilated cardiomyopathy was diagnosed in 45.2% (n � 19)
f the patients and ischemic cardiomyopathy in 42.8%
n � 18). Average body surface area was 1.9 � 0.22 m2.

Results. Duration of support was 1 to 292 days (mean,
01 � 86 days). Twelve patients died (28.5%) while

eceiving device support, and 30 patients (71.5%) under-
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ent transplantation. Actuarial survival rates for the
ransplanted patients were 90% (n � 25), 81% (n � 14),
nd 76% (n � 10) at 1, 5, and 10 years, respectively.
auses of death during device support included multi-
rgan failure in 6 (50%), sepsis in 2, acute respiratory
istress syndrome in 2, alveolar hemorrhage in 1, and
ther cause in 1. There were no device malfunctions that
ed to patient death. Adverse events included stroke in 3
atients (7%) and infections in 35 patients (85%) during
upport.

Conclusions. The CardioWest total artificial heart is an
xcellent bridge-to-transplant device for patients with
iventricular failure. Our study demonstrates excellent
afety, reliability, and efficiency. Exceptional outcome
fter transplantation underlines its capacity to aid in
nd-organ recovery.

(Ann Thorac Surg 2009;87:124–30)

© 2009 by The Society of Thoracic Surgeons
he CardioWest C-70 (formerly known as the Jarvik-
70) is a pneumatically driven, orthotopic total

rtificial heart (TAH) implanted as a permanent device
y DeVries and colleagues [1] in 1982 in a patient who
urvived 112 days. Three years later, Copeland and
ssociates [2] reported on the use of a Jarvik as the first
uccessful bridge to transplantation. The CardioWest
s unique among bridge-to-transplant devices because
t replaces all four valves and both ventricles of the
ative heart. Implanted in patients with biventricular

ailure, the CardioWest has over time asserted itself as
reliable bridge-to transplant device but as yet is used
y only a few international teams [3, 4]. The Cardio-
est TAH is a mechanical circulatory support device

apable of saving very sick patients in severe conges-
ive heart failure [5].

ccepted for publication Sept 23, 2008.

resented at the Forty-fourth Annual Meeting of The Society of Thoracic
urgeons, Fort Lauderdale, FL, Jan 28–30, 2008.

ddress correspondence to Dr Roussel, Chirurgie Thoracique et Cardio-
asculaire, Institut du Thorax, Boulevard Jacques Monod–Saint Herblain,
The aim of this single-center retrospective study is to
ssess both the comorbidity and survival of patients
waiting heart transplants while receiving circulatory
upport with a CardioWest TAH.

atients and Methods

he Device
he CardioWest C-70 (SynCardia Systems Inc, Tucson,
Z) is a pneumatically driven TAH that totally replaces

he failing ventricles. The prosthetic ventricles are
ade of polyurethane and Medtronic-Hall mechanical

alves that provide unidirectional flow. Blood and air
re separated by a four-layer polyurethane diaphragm
hat moves back and forth by air pressure pulses
ontrolled by an external pneumatic driver (Cardio-

est drive console). The console regulates the rate,
ystolic duration, and driving pressures for each of the two
entricles. A pneumotachometer provides information
bout the device output. Thanks to the short filling path-
ays, the CardioWest can lower filling pressure and im-
rove end-organ perfusion. The TAH can provide flows up

o 9.5 L/min, but it is usually used to provide flows at 5 to 7

/min.

0003-4975/09/$36.00
doi:10.1016/j.athoracsur.2008.09.048
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election Criteria
his study was reviewed and approved by the Institutional
eview Board of the University of Nantes Health System,
nd a waiver of consent was granted. Inclusion criteria for
ardioWest implantation were body surface area between
.7 and 2.5 m2, evidence of hemodynamic decompensation
ncluding cardiac index less than 2.0 L · min�1 · m�2, central
enous pressure greater than 18 mm Hg, high dose of
notropic agents (minimum of two) or difficulty weaning
rom cardiopulmonary bypass or extracorporeal membrane
xygenation support, or severe and repetitive ventricular
rrhythmia. In addition, indication for CardioWest support
as extended to patients with massive myocardial infarc-

ion in whom a left ventricular or biventricular device
annot be implanted for technical reasons or patients with
ntracardiac shunt or left ventricular thrombi. All patients
ncluded in this study were found to not be candidates for
eft ventricle assistance device therapy before consideration
or TAH implantation. We documented adverse events
ased on previously published definitions [6].

atients
etween October 1988 and December 2006, 42 patients

40 men, 2 women; mean age, 45.7 � 9.5 years; range, 24
o 62 years) of a total of 82 patients (28 of them with
horatec and 12 with Novacor) underwent mechanical
irculatory support with a CardioWest TAH in our cen-
er. Patients’ weight ranged from 50 to 115 kg (mean,
5.5 � 14.5 kg), height from 160 to 198 cm (mean, 175 � 7
m). Body surface area was 1.5 to 2.51 m2 (mean, 1.90 �
.21 m2). The cause of heart failure was ischemic cardio-
yopathy in 18 patients (43%), dilated cardiomyopathy

n 19 (45%), postcardiotomy heart failure in 2 patients
4.8%), fulminant myocarditis in 2 patients (4.8%), and
rimary graft failure-rejection in 1 patient (2.4%).

able 1. Preimplant Hemodynamic Variables and Treatment

reimplantation Characteristics Results

eft ventricular ejection fraction 0.22 � 0.08 (0.10–0.30)
ardiac index (L · min�1 · m�2) 1.8 � 0.5
ystolic pulmonary artery
pressure (mm Hg)

50 � 12 (26–70)

entral venous pressure (mm Hg) 20 � 11 (4–33)
ulmonary capillary wedge pressure
(mm Hg)

28 (11–40)

eceiving dobutamine 62%
eceiving dopamine 31%
eceiving adrenaline 10%
eceiving Perfan 45%
eceiving noradrenaline 12%
reimplant cardiac arrest 14% (n � 6)
reimplant intraaortic balloon pump 33% (n � 14)
reimplant ECMO/ECLS or
Bio-Medicus

9.5% (n � 4)
i
CLS � extracorporeal life support; ECMO � extracorporeal mem-
rane oxygenation.
reimplantation Hemodynamic and Biologic
haracteristics
efore being assisted by a CardioWest TAH, all patients
ere in cardiogenic shock despite maximum inotropic

upport (Table 1). Fourteen patients (33%) were receiving
ntraaortic balloon pumping, 6 patients (14%) were re-
eiving mechanical ventilation, and 6 patients (14%) had
ndergone cardiopulmonary resuscitation within the
revious 24 hours. Four patients (9.5%) were receiving
echanical support with extracorporeal membrane oxy-

enation (ECMO/ECLS) or Bio-Medicus. Thirty-eight
ercent of the patients (n � 16) had concomitant ventric-
lar arrhythmia. Preoperative laboratory data are sum-
arized in Table 2.

ntibiotic and Anticoagulation Protocols
rophylactic antibiotic therapy with a second-generation
ephalosporin was administered before surgery and until
hest tubes were removed. In case of allergy, cephalo-
porin was replaced by vancomycin. Other antibiotic
herapy was administered only for culture-positive infec-
ions. Antimycotic prophylaxis was not performed. Hep-
rin, fluindione (a vitamin K antagonist), and aspirin
ere used consistently for the 42 patients. Dipyridamole
as used until 1999. After bleeding was controlled, anti-

oagulation with heparin was started 6 hours after sur-
ery. The activated partial thromboplastin time (aPTT)
as used to monitor unfractionated heparin. Target lev-

ls of aPTT were 60 to 70 seconds. Other tests were
rothrombin time (PT), fibrinogen, and anti-thrombin III.
ibrinolysis was antagonized with high doses of aproti-
in during and after cardiopulmonary bypass and also
uring the first few days. We did not monitor platelet
ggregation. Aspirin was started at day 1 to 3 at a mean
ose of 160 mg/day. When patients were stabilized,
eparin was replaced by fluindione. Target levels of

able 2. Preimplant Biologic Variables

reimplant Laboratory Data Mean � SD Range

erum urea (mmol/L) 15 � 11 3–50
erum creatinine (�mol/L) 175 � 94 85–489
reatinine clearance (mL/h) 57 � 25 16–117
erum total bilirubin
(�mol/L)

46 � 44 4–235

erum conjugated bilirubin
(�mol/L)

19 � 17 3–71

lanine aminotransferase
(IU)

191 � 425 7–1831

spartate aminotransferase
(IU)

246 � 490 5–2209

GT (IU) 126 � 97 30–291
rothrombin time (%) 61 25–100
lood lactate level (mmol/L) 3.8 � 3 1–13
actor V 65 � 31 43–87
latelet count (per mm3) 175,900 � 150,900 68,000–578,000

GT � �-glutamyltransferase.
nternational normalized ratio were 2.5 to 3.5.
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tatistical Analysis
ontinuous data were expressed as mean � standard
eviation, and categorical variables were expressed by
ercentage. For univariate analysis, continuous variables
ere analyzed using a Mann-Whitney U test, and the �2

r Fisher’s exact test were used for categorical variables
s appropriate. Probability less than 0.05 was considered
ignificant. Univariate analysis of preimplant risk factors
ffecting survival during device support included various
emographic, hemodynamic, biologic preimplant vari-
bles, and adverse events during circulatory support. We
lso tried to identify risk factors leading to multiorgan
ailure while receiving mechanical support.

esults

atient Data
ean implant times included aortic cross-clamp time of

08 � 17 minutes (range, 64 to 155 minutes) and cardio-
ulmonary bypass time of 137 � 41 minutes (range, 80 to
80 minutes). For 2 patients chest closure was delayed to
ostoperative days 2 and 5. There was no death during

mplantation, but 1 patient died a few hours after surgery
f acute massive pulmonary edema. Two other patients
equired a venovenous ECMO after CardioWest implan-
ation for severe hypoxemia related to acute pulmonary
dema or acute respiratory distress syndrome.
Hemodynamics returned to near normal immediately

fter TAH implantation. Mean cardiac output of the device
t the end of the first postoperative week was 5.5 � 0.7
/min for the right ventricle and 5.3 � 0.8 L/min for the left
entricle. Inotropic support was weaned rapidly after TAH
mplantation in all patients except in cases of sepsis or

ultiple organ failure (n � 6). Vacuum and percent systole
ettings were 8 mm Hg and 54%, respectively. Patients were
xtubated within 20.4 � 31 days and were discharged from
he intensive care unit within 49 � 46 days.

All patients with a CardioWest TAH stayed in the
ospital. All patients walked once or twice a day and
xercised using stationary bicycles. Mean time on
ardioWest TAH support was 101 � 86 days (range, 1

o 292 days). Total days and years of support were 4,226
nd 11.7, respectively. Twelve patients (28.5%) died
hile receiving support. Multiorgan failure was the
ain cause of death (n � 6), followed by infection (n � 2)

nd acute respiratory distress syndrome (n � 2; Table 3).

able 3. Causes of Death During Device Support

Causes of Death % (n)

Multiple organ failure 50 (6)
Sepsis 17 (2)
ARDS 17 (2)
Alveolar hemorrhage 8 (1)
Other 8 (1)
Total 100 (12)

RDS � acute respiratory distress syndrome.
ne patient died of alveolar hemorrhage on postopera- t
ive day 37. One patient had a pulmonary cancer diag-
osis 1 month after TAH implantation. He died of pul-
onary cancer-related complication on postoperative

ay 55. Another patient with a preimplant cardiac arrest
ad an irreversible neurologic lesion assessed on com-
uter tomographic scan during the first postoperative
ays. He had tetraplegia with a state of akinetic mutism
nd died of infection 5 months after TAH implantation.
ean time on CardioWest support for deceased patients
as 44 � 60 days (range, 1 to 200 days). Thirty patients

71.5%) survived to transplantation, and 27 (64.3% of the
otal, 88.8% of those undergoing transplantation) lived
ntil discharge from the hospital. After transplantation, 3
atients died during the first postoperative month.
auses of death were sepsis (n � 1), graft failure (n � 1),
nd multiple organ failure (n � 1). Actuarial survival
ates were 90% (n � 25), 81% (n � 14), and 76% (n � 10)
t 1, 5, and 10 years, respectively, for the transplanted
atients (Fig 1). Actuarial survival rates for the entire
ohort (n � 42) were 64% at 1 year, 58% at 5 years, and
4% at 10 years. Univariate analysis did not reveal any
reimplant risk factors of mortality while receiving de-
ice support or of developing multiorgan failure.

dverse Events
IT COMPLICATION. Two patients had fit problems, and chest
losure was only possible on postoperative days 2 and 5
fter treatment of acute pulmonary edema. One patient
equired reoperation on postoperative day 3 for
epositioning.
EVICE MALFUNCTION. There was no device malfunction

eading to patient death, but some severe events oc-
urred in 4 patients (9.5%). An air leak caused by a tear at
he driveline to the right ventricle junction was discov-
red during repeat surgery for hemodynamic collapse.
his tear was a weakness point further to the driveline

raction onto the left rib when repositioning the right
entricle. It was closed manually by banding the driv-
line with a silicone tube. A valve dysfunction attribut-
ble to mitral valve thrombosis was detected in 1 patient
n postoperative day 69 and was treated on three occa-
ions with fibrinolytic therapy resulting in an incomplete
uccess but without bleeding or neurologic adverse

ig 1. Actuarial survival of the patients who reached transplanta-

ion and patients who died during device support.
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vent. Fortunately, a suitable donor organ made imme-
iate cardiac transplantation possible on postoperative
ay 72. He is currently doing well 12 years after trans-
lantation. One malfunction of the control system (alarm
nd computer monitoring system) has necessitated a
onsole change. The fourth patient had a central venous
ine blocking the CardioWest right ventricle tricuspid
alve causing hemodynamic collapse. Fortunately, this
alfunction was diagnosed in time and dealt with before

enous line rupture and prosthetic valve fatal entrap-
ent could occur.

NFECTIONS. Thirty-five patients (83%) had documented
nfection while receiving support. Mean infection per
atient was 2.1. Two infections were lethal. Bacterial
neumonias were the most frequent infections during
upport with an incidence of 45% (n � 19). We recorded
1 (26%) positive blood cultures and 14 (33%) catheter
nfections. There were six (14%) driveline infections and
wo (4%) superficial sternal infections. Two cases of

ediastinitis occurred; 1 patient required repeat surgery
or drainage and irrigation on postoperative day 48. He
nderwent heart transplantation on postoperative day
59 with no major infection problem and is still alive at 7
ears of follow-up. For the second patient, mediastinitis
as discovered at transplantation on postoperative day

16, and this patient died of sepsis 14 days after heart
ransplantation. One patient exhibited ascites infection
n postoperative day 33. He benefited from heart trans-
lantation on day 141 and is still alive.
EUROLOGIC EVENTS. During support, 3 patients (8%) had a
troke with neurologic sequelae. Among them, 1 patient
ad cardiac arrest and was transferred to our department

or implantation. It was performed as an emergency with
o previous neurologic function assessment. After TAH

mplantation, he had tetraplegia with a state of akinetic
utism. The second patient experienced a stroke during

evice implantation with symptoms immediately noted
fter surgery. For the third patient, the stroke happened
n postoperative day 102. One transient ischemic attack
2%) occurred on postoperative day 265.
EPEAT SURGERIES. Mediastinal repeat surgeries for atrial
amponade or bleeding were performed in 22 patients
52%) and for mediastinitis in 1 patient. One patient
equired reoperation for device malfunction (closure of
ir leak). Device repositioning was necessary in 1 patient
n day 3. One patient had an abdominal surgery for
pontaneous splenic rupture on day 14. The cause of this
upture was not determined. The patient survived and
nderwent heart transplantation on postoperative day
40 and was eventually discharged home.
LEEDING. Twenty-two patients (52%) returned to undergo
total of 28 repeat surgeries subsequent to bleeding or

amponade. Six cases of extramediastinal bleeding oc-
urred in 6 patients (14%): hematemesis owing to pectic
lcer (n � 3), hemoperitoneum owing to splenic rupture

n � 1), hemoptysis owing to alveolar hemorrhage (n �
), and epistaxis (n � 1).
ENAL DYSFUNCTION. Twenty-seven patients (64%) with a

ean pretransplant creatinine concentration of 190 � 103 a
mol/L required temporary dialysis or continuous hemo-
ltration during support.
ESPIRATORY DYSFUNCTION. Three cases of acute respiratory
istress syndrome occurred immediately after TAH im-
lantation, 2 of them requiring venovenous ECMO. The

emoral vein and right auricular appendage vein were
annulated. One short femoral cannula was used for
lood draining from the lower body, and an atrial can-
ula was used for blood return. An ECMO flow of 2 to 3
/min was enough to reverse hypoxemia. One patient
ied a few hours after weaning from ECMO, and the
econd one survived to transplantation and was dis-
harged home from the hospital.

Tracheotomy was necessary in 8 patients (19%) for
rolonged mechanical ventilation. Pulmonary infection

ncidence was 45%.
EMOLYSIS. Severe hemolytic events were identified in 3
atients (7.1%). All of them survived to transplantation
nd were discharged home after 74, 130, and 168 days of
ardioWest support.
ASTROINTESTINAL TRACT PROBLEMS. Three cases of pectic
lcer were diagnosed in a context of gastrointestinal
leeding. One case of pancreatitis occurred on postoper-
tive day 2. Two patients had ascites during support.

omment

he CardioWest is currently the only TAH to have
btained both European and American approval. Its

eadership position is well justified by the results pub-
ished for several years by Copeland and associates [6–8]
ith more than 80% of implant patients alive at trans-
lantation. These excellent results, also obtained in our
xperience with 71% of transplanted patients receiving
ardioWest support, are validated in the long term

nasmuch as in our series transplanted patients’ survival
ate, subsequent to support, reaches 76% at 10 years.

The exceptional hemodynamic performances of the
ardioWest allow optimal pulsatile cardiac output, re-

toring tissue perfusion that is adapted to vital functions.
ll our patients have been rapidly weaned from their

notropic support, thus avoiding any deleterious vaso-
onstrictor effect, using high pump outputs without ex-
essive vacuum so as to reduce hemolytic events. Even
hough in our series multiple organ failure is the main

ortality cause (50%; n � 6) during CardioWest, its
ncidence is relatively low for patients with severe heart
ailure. Other causes of death include infections (17%;
� 2) and acute respiratory distress syndrome (17%; n �

) despite a venovenous ECMO in 1 patient. Pulmonary
nfection associated with pulmonary edema appears to
e the factor favoring this pulmonary complication in our
eries, but polytransfusion, an ARDS risk factor after
eart surgery according to Milot and coworkers [9] had
lso probably increased its incidence.
Our series has been characterized by a total absence of

evice dysfunction-related death. The classic blocking of
he central venous line into the tricuspid valve prosthesis

s described in several publications [3, 5] causing a fatal
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ump output drop could be avoided in one of our
atients thanks to a prompt diagnosis and immediate
xplantation of the venous line. Our series has not yet
een published, and therefore we here report the first
ase of a CardioWest severe dysfunction secondary to an
ir leak at the artificial right ventricle junction, which was
anually repaired by circling the driveline with a sili-

one tube. This was not a manufacturing defect but a
eak point caused by the right ventricle traction owing

o a thread used to reposition the artificial heart. Lastly,
itral valvular dysfunction caused by thrombosis and

artially treated through fibrinolysis proved it was
ossible to normalize fibrin status of patients during
ardioWest TAH providing they were 1 month away

rom surgery.
According to our statistical analysis, there is no preop-

rative factor related to a potential increase of the mor-
ality risk during CardioWest TAH. Our small cohort of
atients probably explains these results, but we were
urprised, noticing that patients with severe modifica-
ions of their biologic checkup (hepatic or renal) before
mplantation did not have a statistically worse prognosis
han other patients. Thus, patients who died of multior-
an failure while receiving CardioWest did not have a
reoperative biologic condition more deleterious than
thers. This tends to show that multiorgan failure recov-
ry, especially hepatic injuries, is possible with the
ardioWest and makes it difficult to select patients for

irculatory support solely on biologic criteria. This prob-
bly explains the difficulty in identifying mortality risk
actors in studies with the CardioWest TAH. Neverthe-
ess, Leprince and colleagues [4] have found a signifi-
antly higher preimplantation bilirubin level in patients
ith multiorgan failure during support.
Our mortality rate during circulatory support (28.5%)

ompares with published results [3, 5, 10] with, however,
ome noticeable differences according to the centers.
hus, the 4% mortality reported by Copeland and col-

eagues [7] during a national trial could not be repro-
uced by El-Banayosy and associates [5], whose mortality

able 4. Preimplantation Characteristics of Various
ardioWest Published Series

haracteristic
El-Banayosy

et al [5]
Copeland
et al [6]

Present
Study

ntraaortic balloon
pumping

67% 17% 33%

echanical ventilation 74% 30% 14%
enovenous hemofiltration 52% NA 7%
revious cardiac surgery 50% 32% 7%
ardiopulmonary
resuscitation (24 h
before implantation)

45% 27% 14%

echanical circulatory
support (before
implantation)

35% 8% 9.5%

reatinine level (�mol/L) 184 � 167 150 � 56 175 � 94
ate reaches 50% during support. Although all studies on N
irculatory support underline that their cohort is made
p of patients with severe heart failure, the various
ortality rates are probably related to a different severity

evel according to the series. Thus, the Bad Oeynhausen
ohort [5] showed higher preimplantation incidences of
echanical ventilation, intraaortic balloon counterpulsa-

ion, cardiocirculatory arrest, and first circulatory support
han patients from the Arizona team [6] (Table 4). The use
f a severity scoring could be applied not necessarily to
redict mortality during support but to allow comparison
mong series of supported patients as well as to analyze
ach series’ morbidity and mortality.
In our series, adverse events during support have been

requent, but none of them led to a significant mortality
ncrease. This analysis of complications shows that the
ncidence of repeat surgeries for bleeding or tamponade
s well as the incidence of temporary dialysis were twice
o three times higher in our series than in the series by
opeland and colleagues [6] and El-Banayosi and asso-

iates [5] (Table 5). Several factors led us to believe that
ur anticoagulation protocol was probably too aggressive
nd worsened these bleeding complications. In fact,
eparin was started on postoperative hour 6 and aspirin
or 2 days later. This prescription appears to be too early
ecause for the past few years we have been initiating
eparin from postoperative hour 24 and aspirin after the
rst week of circulatory support if postoperative bleeding
as important. Our fear of thromboembolic risk, which
ad motivated this early anticoagulation, showed itself as
eing unjustified because of the low thromboembolic
omplications with the CardioWest. Of second impor-
ance is monitoring of anticoagulation variables. Con-
rary to some teams with a sophisticated monitoring
rotocol of anticoagulation [6, 11], we do not have any
eliable means to assess platelet activation with func-
ional tests, and using thromboelastography was not
ossible in our department. Therefore, unfractionated
eparin monitoring was essentially measured with the
PTT. However, this test reliability has been questioned
n recent years because it is poorly standardized in the
aboratory and can be affected by many factors other than
eparin concentration [12]. Consequently, each labora-

ory should determine its own therapeutic aPTT range
nd regularly verify it. Furthermore, aPTT undergoes
ircadian variations up to 50% of its value between
ighttime and morning during continuous heparin per-

usion [13], and its measurement is falsely lowered in

able 5. Adverse Events of Different Series of CardioWest

dverse Event
Copeland
et al [6]

El-Banayosy
et al [5]

Present
Study

epeat surgery for
bleeding

19.6% 18% 54.7%

nfections 77% NA 83%
ialysis 19% 15% 62%
ean time TAH support
(days)

92 � 91 86 � 89 101 � 86
A � not available; TAH � total artificial heart.



c
h
v
a
a
a
f
h
p
s
m
p
5

h
q
r
c
i
C

l
t
m
a
i
b
s
t
p
t
p
o
t
r
w
t
p
p
d
r
c
w
C

p
t
t
w
7
C
c
r
t
4
d
r
o
h

l
l
p
m
s
c
a
1
i
t

R

1

1

1

1

1

1

1

1

1

129Ann Thorac Surg ROUSSEL ET AL
2009;87:124–30 CARDIOWEST TOTAL ARTIFICIAL HEART

A
D

U
LT

C
A

R
D

IA
C

ase of hyperfibrinogenemia [14]. Several clinical studies
ave thus shown the difficulty in obtaining reliable aPTT
alues in patients receiving heparin [15] compared with
n anticoagulation measurement of an antifactor Xa
ctivity. According to Baker and coworkers [16], 68% of
PTT measurements below the therapeutic range have in
act an effective anti-Xa activity. Thus, the anti-Xa activity
as become our reference test since 2000, and the thera-
eutic range applied to our patients during TAH is
ituated between 0.2 and 0.3 IU/mL. Finally, as both these
odifications have been made to the anticoagulation

rotocol, the rate of repeat surgery has decreased from
8% to 38% (p � 0.16).

Hemodynamic instability during repeat surgeries for
emorrhage and increased hemodialysis risk [17] subse-
uent to the use of aprotinin have irreparably damaged a
enal function already altered by the cardiac insuffi-
iency. Indeed, the mean preimplantation level of creat-
nine among patients who underwent dialysis during
ardioWest support was 190 � 103 �mol/L.
Although 80% of patients presented with septic prob-

ems, infectious complications associated with the assis-
ance device were low (14% drive infection and 4.7%

ediastinitis) despite repeat surgeries for hemorrhage
nd a mean support duration of 101 � 86 days. The high
ncidence of pulmonary infections reflects the long intu-
ation period of these patients who stayed in the inten-
ive care unit for a mean duration of 49 days. Concerning
he 3 patients with neurologic events, only 1 patient
resented a true neurologic deficiency at postimplanta-

ion day 102. The other two cases were related to a
reimplantation cardiocirculatory arrest or to a per-
perative event with no direct connection to the assis-
ance. Nevertheless, for transparency of the results, we
elated them to the artificial heart. No brain hemorrhage
as diagnosed during follow-up. Although anecdotal,

he spontaneous spleen rupture complicated by a hemo-
eritoneum could be operated on emergently, and the
atient underwent transplantation 3 months after ab-
ominal surgery in satisfactory conditions. He is cur-
ently asymptomatic with a 2-year-follow-up. This clini-
al case proves that even severe digestive hemorrhage
ith hemoperitoneum can be correctly dealt with during
ardioWest circulatory support.
Despite all these adverse events while receiving sup-

ort, greater than 70% of patients have reached heart
ransplantation in good conditions, and posttransplanta-
ion hospital mortality was 10%. At late follow-up, results
ere exceptional with a survival rate of 90%, 81%, and

6% at 1, 5, and 10 years, respectively, for these patients.
oncerning survival, these results confirm the fact that

irculatory support as a bridge-to-transplant does not
epresent a mortality risk factor after heart transplanta-
ion as shown by Baron and associates [18] in a series of
04 patients. Despite the high proportion of hemodialysis
uring CardioWest support in our study, renal function
ecovery was almost complete after transplantation as
nly 1 patient was still undergoing dialysis 1 year after
eart transplantation (data not shown).

In conclusion, we believe CardioWest TAH is an excel-
ent device for decompensating patients with biventricu-
ar failure. It restores optimal hemodynamic function and
romotes end-organ recovery. Our experience docu-
ents its safety, reliability, and efficacy even in cases of

erious adverse events like bleeding or renal insuffi-
iency. With a rate of survival to transplantation of 71.5%
nd a long-term survival after transplantation of 76% at
0 years, the CardioWest confirms its excellent position
n the field of bridge-to-transplantation device for pa-
ients with irreversible biventricular failure.
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R MARC MOON (St. Louis, MO): Oftentimes when we are
oing to put an assist device into a patient as a bridge to
ransplant, we will put an LVAD (left ventricular assist device) in
rst, and if the right ventricle then fails, we will put in an RVAD

right ventricular assist device). It is not necessarily determined
head of time what we are going to do. Obviously in these
atients it has to be determined ahead of time. What kind of
riteria do you use to determine a patient who is going to need
his device as opposed to an LVAD or LVAD/RVAD?

R ROUSSEL: First of all, according to our policy, we think the
ardioWest total artificial heart is the device of choice in an
cute situation. Because we had such good results with the
ardioWest, our team was feeling more confident with this
evice. It wasn’t our policy to try to assist the patient with an
VAD and then bridge to a BVAD (biventricular assist device).

R EVGENIJ POTAPOV (Berlin, Germany): I have a question
bout the size of the Jarvik, because in Berlin we sometimes have
problem with shrinking of the pericardium after long-term
ardioWest assistance and some problems in implanting a
onor heart into this shrinking pericardium. Do you have this
roblem and how do you solve this problem?

R ROUSSEL: Absolutely, it is often the case. Unfortunately we
ost 1 patient a few months ago. After a few months of device
upport, the pericardial cavity was shrinking. He was a big man
ith a large body surface area, and it was really difficult to put in

he graft, and I think we had cardiogenic shock after the heart
ransplantation due to the compression of the graft. But it is a
rue problem.

R POTAPOV: And do you know the solution for this?

R ROUSSEL: We try to open as much as possible the pleural
avity.

R POTAPOV: We tried putting some breast implants into the
ericardial cavity at the time of CardioWest implantation to
eep the cavity, to preserve it from shrinking, but we have no
uch large experience. That may be one of the solutions.

R ROUSSEL: It is a clever solution.

R POTAPOV: Thanks. It is not mine. It is Professor Hetzer’s.

R PEI H. TSAU (Tucson, AZ): Just a comment on the shrunken
ericardial space. What we have done with that is we actually
pen up the left pericardium, just take the whole thing down,
own to the phrenic nerve. That way we allow a space for the
onor heart to basically go in. If that is not enough, we will take
own the right side pericardial space to allow the donor heart.

R MOON: You mean when you are doing the transplant?
R TSAU: When we are doing the transplant, yes. h
Now, as far as the comment about selecting whether or not the
ardioWest versus BVAD versus just uni-VAD preoperatively,
e actually have this algorithm at the University of Arizona that
e go through that looks at, whether or not just by echo[cardi-
graphy], Mvo2 (mixed venous oxygen), and MUGA (multiple
ated acquisition) scan, any evidence of right ventricular failure.
f the patient has evidence of right ventricular failure with
ight-sided but very dilated high CVP (central venous pressure),
e will go ahead and be more aggressive about just going in and
referably putting in a BVAD instead of just an LVAD.

R MOON: Do you have data on that published?

R TSAU: Yes.

R MOON: Are you one of the coauthors?

R TSAU: Yes.

R MOON: Okay.

R O. H. FRAZIER (Houston, TX): This pump is, and always has
een, a great technology for just what you described. Except for

he group in Utah, the total artificial heart program was aban-
oned in the US in 1969. We believed that an electrically
owered, untethered, implantable left ventricular assist device
ould allow patients to receive enough support for hospital
ischarge even to be considered. It simply did not seem feasible
r practical that the tethered TAH would allow patients to return
o productive, outpatient lives. Doctors Kolff, Jarvik, DeVries,
nd many others did a great job in keeping this research going.
his important work to develop a TAH has continued with Dr
opeland’s and your groups.
Clearly, for the mortally ill patient with a heart that has been

estroyed by disease it is best to remove the native heart and
apture both right and left ventricular function simultaneously,
specially since RVAD/LVAD combinations have historically
een associated with a poor prognosis.
One approach to the problem of pump size when the heart is

eplaced by a large pulsatile pump is to separate the atria. Have
ou tried this approach? You can sew the pumps on after
eparating the atria, which makes a little more room by allowing
or greater flexibility for displacing the pumps into the right and
eft chest. The foramen ovale is the only tissue the two atria have
n common and must be allocated to the right or left side. I
refer to leave it on the left side.
Have you discharged any of these patients? Discharge re-
ains the greatest barrier to use of the technology in the US,

lthough the barrier is artificial. Because we can’t discharge
hese patients, we have problems with excessive costs that must
e borne by the hospital.

R ROUSSEL: For your first question, we didn’t try to separate
oth atria, mainly because we didn’t know this technique.
And for your second question, unfortunately it was impossible

o discharge patients on support because we didn’t have the
onsole to allow them to go back home, but in the next future I

ope we will have this console.


	CardioWest (Jarvik) Total Artificial Heart: A Single-Center Experience With 42 Patients
	Patients and Methods
	The Device
	Selection Criteria
	Patients
	Preimplantation Hemodynamic and Biologic Characteristics
	Antibiotic and Anticoagulation Protocols
	Statistical Analysis

	Results
	Patient Data
	Adverse Events
	FIT COMPLICATION
	DEVICE MALFUNCTION
	INFECTIONS
	NEUROLOGIC EVENTS
	REPEAT SURGERIES
	BLEEDING
	RENAL DYSFUNCTION
	RESPIRATORY DYSFUNCTION
	HEMOLYSIS
	GASTROINTESTINAL TRACT PROBLEMS


	Comment
	References
	DISCUSSION


