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Background: The mortality of cardiogenic shock (CGS) remains high despite currently
available pharmacological and mechanical treatment options. The standard of care in
medically refractory situations has been the insertion of an intra-aortic balloon pump.
The purpose of this study was to investigate the feasibility, safety, and hemodynamic
impact of the TandemHeart1 percutaneous left ventricular assist device (pVAD) in CGS.
Methods: Thirteen patients from five centers in the US with the diagnosis of CGS were
enrolled in the study. Hemodynamic measurements, including cardiac index (CI), mean
arterial pressure (MAP), pulmonary capillary wedge pressure (PCWP), and central ve-
nous pressure (CVP) were performed presupport, during support and after device re-
moval. Patients were monitored for 6 months. Results: The pVAD was successfully
implanted in all 13 patients, with duration of support averaging 60 6 44 hr. During sup-
port, CI increased from 2.09 6 0.64 at baseline to 2.53 6 0.65 (P 5 0.02), MAP
increased from 70.6 6 11.1 to 81.7 6 14.6 (P 5 0.01), PCWP decreased from 27.2 6

12.2 to 16.5 6 4.8 (P 5 0.01), and CVP from 12.9 6 3.7 to 12.6 6 3.6 (P 5 NS). Ten
patients survived to device explant, 6 of whom were bridged to another therapy. Seven
patients survived to hospital discharge and were all alive at 6 months. The two most
common adverse events were distal leg ischemia (n 5 3) and bleeding from the cannula-
tion site (n 5 4). Conclusion: The TandemHeart1 PTVA System may be a useful comple-
mentary treatment for patients with CGS, especially as a bridge to another treatment.
Further study is needed to definitively establish safety and efficacy. ' 2006 Wiley-Liss, Inc.
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INTRODUCTION

Cardiogenic shock (CGS) results in inadequate end
organ perfusion and is associated with high mortality
despite a variety of new pharmacological and mechani-
cal treatment options for heart failure [1–9]. For
patients presenting with CGS following myocardial in-
farction, reported rates of mortality range between 55
and 80% despite aggressive pharmacological therapy
and use of the intra-aortic balloon pumping (IABP)
[10–14]. Patients with CGS due to ventricular rupture
and acute mitral valve rupture following myocardial
infarction have mortality rates approaching 100% [15–
19]. Accordingly, a minimally invasive therapeutic
intervention capable of enhancing cardiac output and
blood pressure is needed for treating CGS patients re-
fractory to conventional therapies.
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The TandemHeart1 percutaneous left ventricular
assist device (pVAD, CardiacAssist, Pittsburgh) is a
circulatory support device intended for short term cir-
culatory support of patients with CGS. This device is
placed under fluoroscopic and hemodynamic guidance
in a cardiac catheterization laboratory, and is designed
to unload the left ventricle while improving cardiac
output and blood pressure. Recent reports by Thiele
et al. describe the initial, single center clinical experi-
ence with this device in patients with CGS following
revascularization in the setting of an acute myocardial
infarction (MI) [20–22]. These publications document
improved hemodynamics and end-organ perfusion dur-
ing pVAD support [20].
The potential role of the TandemHeart1 pVAD in

stabilizing patients presenting with CGS prior to thera-
peutic intervention, however, has not been explored.
Accordingly, the purpose of this multicenter feasibility
study was to test the safety and hemodynamic effects
of the TandemHeart1 pVAD as a bridge to recovery
and/or a bridge to next therapy in patients with CGS.

METHODS

Patient Selection

Thirteen patients were enrolled from five centers in
the United States. Patients were required to have cardi-
ogenic shock (CGS), defined as systolic blood pressure
�90 mm Hg (or require high dose pressors to maintain
systolic blood pressure >90 mm Hg), cardiac index
(CI) �2.2 l/min/m2, pulmonary capillary wedge pres-
sure (PCWP) �15 mm Hg, and evidence of end organ
hypoperfusion (e.g. urine output < 30 ml, cold extrem-
ities or altered mental status). The major exclusion cri-
teria were cardiac arrest requiring resuscitation for
�30 min, anoxic brain damage, coagulopathy, allergy
to heparin, sepsis, isolated right heart failure, significant
peripheral vascular disease (PVD), creatinine > 5 mg/
dl, or total bilirubin > 5 mg/dl.

System Description

The TandemHeart1 System consists of four major
components: (1) a 21 Fr. left atrial drainage cannula,
(2) a centrifugal pump that can deliver 3.5–4.0 l/min
at 7,500 rpm, (3) a femoral artery cannula (15–17 Fr.)
that extends into the iliac artery and (4) a microproces-
sor-based pump controller [20,22]. The atrial drainage
cannula is positioned in the left atrium using standard
transseptal techniques. Oxygenated blood is withdrawn
from the left atrium and is pumped into the femoral
artery. Bilateral femoral artery access can also be used
in patients with small arteries or PVD, using 12–14 Fr.
arterial cannulae. Heparin is administered through the
pump head and systemically to maintain an activated

clotting time (ACT) level of 200 sec. The system was
inserted in the cardiac catheterization laboratory under
fluoroscopic and hemodynamic guidance.
Patients were either weaned from TandemHeart1

support, transferred to another therapy (e.g., PCI or
cardiac surgery), or expired during support. Patients
were weaned from the device when they remained
clinically stable and able to maintain CI > 2.2 l/min/
m2, mean arterial pressure (MAP) > 70 mm Hg, and
PCWP < 24 mm Hg without inotropic support during
stepwise decreases of pump speed to a minimum of
0.5 l/min for 1–2 hr.

Hemodynamic Monitoring

Hemodynamic indices such as CI, MAP, PCWP, and
central venous pressure (CVP) were monitored presup-
port and at �8 hr intervals during support. An addi-
tional set of measurements was made after device re-
moval in surviving patients.

Statistical Analysis

Data are presented as the mean 6 SD, and results
were compared using Student’s paired t test. P < 0.05
was considered statistically significant.

RESULTS

Patients Characteristics

The device was successfully implanted in all of the
13 enrolled subjects. Subjects’ age ranged from 48 to
78 years and averaged 66.3 6 9.4 years. There were 4
women and 9 men. Baseline hemodynamic conditions
were indicative of CGS with a low CI (2.10 6 0.61 l/min/
m2), a high wedge pressure (27.2 6 12.3 mm Hg), and
a systolic blood pressure of 108 6 22 mm Hg
achieved with significant pressor support. CGS was
secondary to acute myocardial infarct (n ¼ 8), decom-
pensated idiopathic cardiomyopathy (n ¼ 1), decom-
pensated ischemic cardiomyopathy (n ¼ 1), and post-
cardiotomy syndrome (n ¼ 2). The system was used
on a prophylactic basis in one patient to perform high
risk (left main coronary artery) angioplasty following
an acute myocardial infarction. Nine of the patients
had persistent CGS despite being supported with an
intraaortic balloon pump at the time of enrollment into
the study.

Clinical Outcomes (Table I)

The duration of device support averaged 60 6 44 hr
(range 8–143, median of 47 hr). Three patients died
during TandemHeart1 support. Six of the patients
were bridged to another therapy that included cardiac
surgery (n ¼ 4) or PCI (n ¼ 2). Ten patients survived
to device explant, including the 6 patients bridged to
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another therapy. Seven of these patients survived to
hospital discharge; all of these patients were alive at
the 6 months final follow-up visit.

Hemodynamic Effectiveness

Key hemodynamic parameters measured prior to,
during and after TandemHeart1 support are summar-
ized in Figure 1. The values shown in these graphs
during support are the mean (6SD) of the individual
subject mean values during support; the N’s are the
number of patients from whom data were available.
Average CI increased to over 2.5 l/min/m2, MAP
increased to greater than 80 mm Hg, and PCWP
decreased markedly from more than 27 mm Hg to an
average of less than 17 mm Hg. CVP trended lower,
but was not significantly affected. The relationship
between pump flow and cardiac output from all avail-
able measurements during TandemHeart1 support from
all subjects are shown in Figure 2A. The points fall
above the line of identity indicating that the Tandem-
Heart1 enhances output of the native heart. As shown
in Figure 2B, a majority of CI measurements are
greater than 2.2 l/min/m2 (horizontal line, the cutoff
for the hemodynamic definition of CGS).

End Organ Perfusion

End organ perfusion was assessed by determining
the serum levels of creatinine and total bilirubin. Base-
line serum creatinine level averaged 1.6 6 0.8 mg/dl
prior to support (available from 11 subjects) and did
not change significantly, averaging 1.3 6 0.4 mg/dl
during support (available from 11 subjects; P ¼ 0.14).
There was no change in the total bilirubin values for
these subjects, which averaged 1.0 6 0.8 mg/dl at
baseline (available from 11 subjects) and 1.2 6 1.2 mg/dl
during support (available from 12 subjects, P ¼ 0.5).

Effect on Blood Elements

An assessment of hemolysis was made by measuring
plasma free hemoglobin prior to and during Tandem-
Heart1 support. Baseline measurements were available
from 7 patients, and there were 18 measurements made
during TandemHeart1 Support.. Plasma free hemoglo-
bin as a measure of hemolysis did not change signifi-
cantly from pre- to postinsertion of the TandemHeartTM

(7.0 6 9.9 mgm/dl vs 5.5 6 3.8 mg/dl, P ¼ 0.7).
These data show that there was no statistically signifi-
cant difference in plasma free hemoglobin during sup-
port suggesting that there is no significant hemolysis.
Similarly, there was no significant difference in platelet
count before or during support (255 6 201 vs 186 6
92 P ¼ 0.1) with baseline measurements available from
11 subjects and 33 measurements made during Tandem
Heart1 support. Although information on hemoglobinT
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and hematocrit before and after device support is not

available on all patients, eight patients required trans-

fusion (range 1–11 units PRBC’s, mean 4 units,

median 3 units) with transfusion being more common

in those patients with bleeding complications as noted

in Table II.

Adverse Events

Device-related adverse events and their frequencies
are summarized in Table II. The two most common
events were distal leg ischemia (n ¼ 3) and bleeding
from the cannulation site (n ¼ 4). All the device
related events resolved except for RV failure (n ¼ 1) a

Fig. 1. Summary of hemodynamic data.

Fig. 2. Cardiac output (A) and cardiac index (B) as a function of pump flow for all data avail-
able from all subjects. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com]
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relative contraindication to the use of the device and
cannulation site infection (n ¼ 1). These two events
were unresolved at the time of patient death. There
were three transient, nonfocal neurological adverse
events noted in two of the subjects that were classified
as being unrelated to the device, according the Data
and Safety Monitoring Board (DSMB) of the study.
There were no fixed or focal neurological defects that
were noted in any of the patients that were classified
as stroke by the DSMB.
The following case report (patient no. 8 Table I)

exemplifies how the pVAD can reverse CGS and may
be used as a bridge to a next therapy.
A 74-year-old male with a remote history of coro-

nary artery bypass surgery presented to a community
emergency department with progressively severe dysp-
nea. The patient was known to have aortic stenosis
that was judged to be mild on last echocardiographic
determination. The patient had been seen by his pri-
mary physician because of dyspnea. The patient was
thought to have progession of his aortic stenosis and
follow-up echocardiography and cardiac catheterization
were suggested but the patient refused. The patient
then presented to the emergency department with chest
pain and progressively severe dyspnea, and he was
hospitalized.
The initial chest X-ray revealed cardiomegaly and

pulmonary edema. The ECG revealed sinus tachycardia
and left bundle-branch block. Initial troponin I was
increased slightly beyond the normal range. An emer-
gency echocardiogram revealed critical aortic stenosis
with a calculated aortic valve area of 0.6 cm2. The
patient was intubated and started on intravenous vaso-
pressors because of respiratory failure and severe hy-
potension. The patient was then referred to a tertiary
care center for continued care.
Immediately following arrival, an emergency trans-

esophageal echocardiogram confirmed severe aortic
stenosis with aortic valve area of 0.6 cm2, unsuspected
severe mitral regurgitation and severe left ventricular
dysfunction with an ejection fraction of 20% and pos-

terior hypokinesis. The patient was maintained on in-
travenous vasopressors and was treated with high dose
intravenous diuretics without improvement.. Emer-
gency cardiac catheterization and angiography revealed
elevated right heart pressures with a pulmonary pres-
sure of 70/45, a PCW pressure of 45 (mean) with V
waves to 80 mm Hg. The CI was 2.0 l/min/m2 with a
PA saturation of 52%. The mean aortic valve gradient
was 25 mm Hg with a calculated aortic valve area of
0.51 cm2. Coronary angiography revealed a 70% left
main coronary artery stenosis and a patent LIMA graft.
The circumflex coronary artery was totally occluded
with an occluded SVBG to the acute marginal vessel
that filled via right-to-left collaterals. The right coro-
nary artery had no hemodynamically significant sten-
oses. Surgical consult was obtained, and the patient
was felt to be too high risk for emergency surgical
repair or even placement of an implantable left ventric-
ular assist device. An intra-aortic balloon pump was
thought to be of no use in view of the severe aortic
stenosis and the severe mitral regurgitation.
After informed consent had been obtained from the

patient’s family, a pVAD (TandemHeart1, CardiacAs-
sist, Pittsburgh, PA) was inserted under fluoroscopic
and hemodynamic guidance in the cardiac catheteriza-
tion laboratory. The patient’s hemodynamics improved
immediately as follows:

The patient was transferred to the coronary unit for
further monitoring where he remained for the next 4
days on the pVAD. His blood chemistries improved,
and the patient was then taken to the operating room
where he underwent aortic valve replacement, mitral
valve repair, and coronary artery bypass grafting to the
circumflex marginal artery. The TandemHeart1 was
used to successfully wean the patient from cardiopul-
monary bypass and was removed on the third postoper-
ative day. The patient was ambulatory and discharged
home on the 7th postoperative day.

DISCUSSION

The results of the present study demonstrate that the
TandemHeart1 pVAD improves hemodynamic effec-
tiveness with an increased average CI from 2.1 to 2.5
l/min/m2, an increased average MAP from 71 to

TABLE II. Device-Related Adverse Events

Frequency Event

3 Leg ischemia

4 Bleeding from cannulation site

1 Dislocation of arterial cannula

1 Infection

1 Worsening of RV failure

1 Kinked arterial cannula

1 Complete heart block with ventricular

asystole during transseptal procedure

1 Bleeding (increased) from chest tube, post-CABG

1 Asymptomatic ventricular tachycardia and

rapid atrial fibrillation

CO/CI HR SBP PA PCWP PAsat (%)

PRE 4.2/2.0 130 80 75/45 v ¼ 80 45 52

POST 5.2/2.5 70 110 45/19 19 72

Pre, before pVAD insertion; POST, after pVAD insertion; CO, cardiac

output; CI, cardiac index; HR, heart rate; SBP, systolic blood pressure;

PA, pulmonary artery pressure; PCWP, pulmonary capillary wedge pres-

sure; PAsat, pulmonary artery saturation.
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82 mm Hg and a decreased average pulmonary wedge
pressure from 27 to 17 mm Hg. These data suggest
that on average the device is able to reverse CGS and
maintain patients out of shock while simultaneously
reducing PCWP (thus reducing pulmonary congestion
and unloading the heart) for the duration of support.
Analysis of device flow throughout the duration of
support in each subject indicates that the device oper-
ated as intended.
In a prior study, 18 CGS patients were supported with

the TandemHeart1 pVAD system [20]. Four of five
(80%) patients with post MI ventricular septal defect
(VSD) did not survive for 1 month after presentation,
consistent with the previously documented high mortality
rate, which is not improved by any known treatment
modalities for post-MI VSD. An increased duration of
support on the pVAD with the patient maintained out of
CGS may possibly enhance survival in these very high
risk surgical patients. Of the remaining 13 patients (no
post MI VSD), 9 (69.6%) survived 1 month or more. The
overall 30 day mortality, including post MI VSD’s, was
44%. In this study by Thiele et al, the device was primar-
ily used to treat hemodynamic instability after successful
percutaneous revascularization in 15 of 18 (83%)
patients. In contrast, the TandemHeart1 pVAD system
was used in the present study to support patients present-
ing with CGS prior to therapeutic intervention. In the
patients described in this report 6 of 13 (46%) were
bridged to another therapy (4 to cardiac surgery and 2 to
percutaneous coronary intervention). Five of these 6
(83%) patients survived to the 6 week follow-up visit. In
contrast, of 7 patients receiving TandemHeart1 support
who were not bridged to another therapy (e.g., idiopathic
cardiomyopathy, post cardiotomy shock) only 2 (29%)
survived. These two patients survived to hospital dis-
charge and to the 6-week study end-point. These prelimi-
nary data are consistent with the known high rate of mor-
tality in CGS. The fact that 9 of our 13 (69%) patients
were refractory to IABP (i.e., CGS persisted despite
IABP support) indicates the severity of the hemodynamic
compromise in this group, and further suggests that the
degree of hemodynamic support provided by the Tan-
demHeart1 pVAD is clinically meaningful.
In addition, the data of the present study suggest that

the TandemHeart1 pVAD system is reasonably safe as
evidenced by successful implantation of device in all sub-
jects enrolled, lack of device related adverse events, no
reports of major device malfunction, no suggestion of he-
molysis or adverse effect on platelet count, and no device
related thromboembolic events. Three events of distal leg
ischemia occurred, however, in three patients in this
study. Two events were resolved by removing the device,
and one event was resolved by the insertion of a perfu-
sion cannula distally into the lower extremity artery. Two

of these patients were female with BSA < 1.7 m2, and
one had diabetes mellitus. More careful selection of
patients and the use of distal perfusion when necessary
may obviate these peripheral vascular complications. The
large cannulae do require some special considerations.
Arterial compromise with the large cannulae can be
avoided by performing preinsertion angiography and by
picking the largest and least diseased artery for the can-
nula. In addition, the cannula can be down-sized to allow
for a smaller artery with the understanding that this will
result in decreased flow from the pump. If patients with
arterial disease require a larger cannula, arterial insuffi-
ciency can be avoided by performing an antegrade cannu-
lation of the superficial femoral artery and by placing a
small catheter (4F) antegrade. The antegrade catheter is
then perfused using a side-port from the arterial cannula.
A kinked arterial cannula was noted in one patient by a
decrease in flow through the pump with examination of
the cannula revealing that it was kinked where it was
sutured to the patient. This can be avoided by avoiding
excessive tightening of the sutures and by using the
grommets provided by the manufacturer that prevent this
problem. The 21F venous cannula resulted in no signifi-
cant problems and was inserted easily over the Inoue wire
once the septum had been dilated with the progressive di-
lator. Correct positioning of the trans-septal cannula
within the left atrium, however, is of critical importance.
The cannula must be advanced far enough so that all of
the side holes reside within the left atrium to avoid right-
to-left shunting and arterial desaturation, but not too far
to avoid contact with the left atrial wall. Left atrial pres-
sure should be monitored and maintained at high normal
levels to assure adequate filling and function of the assist
device. The cannulae must be securely connected to the
pump and to the patient as even temporary inadvertent
disconnection could result in prompt exsanguination. The
cannulae were secured to the patient with Hollister chest-
tube patches and to the pump with plastic cinches similar
to those that are used in the cardiothoracic operating
room to secure cannulae when patients are on the heart-
lung machine. Because of the large size of the cannulae,
there is the potential for considerable blood loss at the
time of insertion. Once experience is obtained; however,
blood loss can be kept to a minimum.

Limitations

This study is limited by the small number of
patients enrolled and absence of a control group.
Therefore, no statistical analysis on survival can be
made. The data do suggest, however, that the Tandem-
Heart1 is capable of reversing CGS even where an
IABP has been unsuccessful. Recent data suggest that
CGS is associated with an abnormal neuro-hormonal
and inflammatory milieu and that a high percentage of
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patients who survive CGS are functionally NYHA I
[23]. If patients can be supported until the neuro-hor-
monal and inflammatory abnormalities resolve, there is
a hope that these patients may have an improvement
in survival, but this remains to be proven.

Conclusions

The data from this study suggest that the Tandem-
Heart1 pVAD system is potentially useful for treatment
of CGS patients with a likely important role for bridging
to another definite therapy. Blood pressure and cardiac
output increased significantly, while PCWP was signifi-
cantly decreased in these patients. Larger scale studies
are required to clarify the safety and effectiveness of this
device in various clinical scenarios.
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