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Abstract Stem cell therapy has emerged as a promising
approach to improve healing of the infarcted myocardium,
to treat or prevent cardiac failure, and to restore lost cardiac
function. Despite initial excitement, recent clinical trials
using nonhomogenous human stem cells preparations
showed variable results, raising concerns about the best
cell type to transplant. Selected CD133+ hematopoietic
stem cells are promising candidate cells with great
potential. COMPARE-acute myocardial infarction (AMI)
study is a phase II, randomized, double-blind, placebo-

controlled trial evaluating the safety and effectiveness
of intracoronary CD133+-enriched hematopoietic bone
marrow stem cells in patients with acute myocardial
infarction and persistent left ventricular dysfunction.
Patients who underwent successful percutaneous coronary
intervention and present a persistent left ventricular ejection
fraction <50% will be eligible to have bone marrow
aspiration and randomized for intracoronary injection of
selected CD 133+ bone marrow cells vs placebo. The
primary end point is a composite of a safety and efficacy
end points evaluating the change at 4 months in the
coronary atherosclerotic burden progression proximal and
distal to the coronary stent in the infarct related artery; and
the change in global left ventricular ejection fraction at
4 months relative to baseline as measured by magnetic
resonance imaging. The secondary end point will be the
occurrence of a major adverse cardiac event. To date, 14
patients were successfully randomized and treated without
any protocol-related complication. COMPARE-AMI trial
will help identify the effect of a selected population of the
bone marrow stem cells on cardiac recovery of infarcted
myocardium.
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Introduction

The development of postinfarction congestive heart failure
is caused by myocardial cell loss in the area supplied by the
infarct-related artery and the subsequent formation of a scar.
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In patients with large myocardial infarction (MI), and
especially when the necrotic zone is weakly supplied by
collaterals, the loss of cardiomyocytes results in the
formation of fibrous tissue and subsequently, in left
ventricular (LV) remodeling, aneurysm formation, and
progression of congestive heart failure, which remains
despite improved pharmacological therapy the leading
cause of cardiovascular mortality in North America and
Europe [1–3]. The ability to repair and regenerate ischemic
or damaged myocardium presents a major challenge in the
treatment of cardiovascular disease.

Cellular transplantation is now emerging as a potential
therapeutical approach to improve healing of infarcted
heart. Several cell candidates have been recently investi-
gated for cellular therapy such as embryonic stem cells,
cardiac resident stem cells, or skeletal myoblasts [4–8].
Alternative sources are the bone marrow stem cells
(BMSC) [9–11]. The ability of the latter cells to mobilize
from the bone marrow to the injured myocardium and to
participate in the healing process has encouraged several
groups to investigate the potential benefit of these stem
cells for the cardiac repair [12–15]. Although data support-
ing significant cardiomyocytic differentiation in the pre-
clinical studies have not been uniform [16, 17], other
mechanisms such as cellular fusion [18] or paracrine effect
[19, 20] have been suggested.

The concept of autologous bone marrow (BM)-derived
stem cell therapy for cardiac repair has been recently
extended to humans. Several clinical trials using autologous
bone marrow-derived mononuclear cells (BMMNCs)
demonstrated safety of the therapy and improvement
of cardiac performance ([21–28]). Meta-analyses of acute
myocardial infarction (AMI) stem cell trial [29–31] con-
firmed that BMMNCs administration is safe over several
years of follow-up and results in a small but statistically
significant improvement in LV ejection fraction (LVEF). In
addition, it appears that cell therapy may attenuate LV
remodeling providing hope that further improvements in
this therapy could eventually reduce the incidence of heart
failure. Recently, the BALANCE study showed that, in
addition to the improvement in the LV performance, BMSC
therapy leads to significant and longstanding improvements
of the quality of life and survival of patients after AMI
[32].

There is currently uncertainty as to the optimal stem cell
population to use clinically for cardiac repair. It appears that
not “one cell fits all” but that the selection of the cell type
should be tailored to the primary clinical indication and
expected outcome [33]. Despite recent significant progress,
answer to basic questions such as the best cell type has not
been addressed so far. Different cell type may compete for
the engraftment in the injured myocardium. Hematopoietic
progenitor stem cells have been shown to uniformly induce

neovascularization and cardiomyogenesis and to inhibit
apoptosis in acutely infarcted myocardium, which are
fundamentals for successful functional repair [12]. These
hematopoietic stem cells are characterized by the presence
of the surface marker CD34. In addition, CD133 has been
identified as a marker that is present on the stem cells that
coexpress not only CD34 but also other markers such as
c-kit. It may be hypothesized that CD133+ cells are a larger
or more primitive group of stem cells that the cells
expressing only CD34+ marker. As a matter of fact, the
hematopoietic CD133+ cells possess high engraftment,
pluripotent, and angiogenic capacity and appear to be
critical for cardiac repair in experimental myocardial
infarction [34–37]. In addition, a phase I pilot study
showed that the intracoronary administration of selected
autologous CD133+ bone marrow progenitors in patients
with recent myocardial infarction was safe and associated
with a significant increase of 7% in the LVEF of the treated
group as compared to 3% in controls at 4 months of follow-
up. They also showed that, in patients treated with
intracoronary CD133+ cells, the improvement of the global
and regional LV function was paralleled with increased
myocardial perfusion and viability [38].

Design and Objectives: COMPARE-AMI Study

COMPARE-AMI study is a single-center, randomized,
prospective, double-arm, double-blind, placebo-controlled
phase II clinical trial. In this study, we are investigating the
feasibility, safety, and efficacy of the intracoronary (IC)
administration of selected (CD133+) enriched hematopoietic
bone marrow stem cells versus placebo for the cardiac
repair following acute MI in patients with persistent
dysfunctional myocardium despite successful catheter
revascularization.

The Study End Points

The primary safety end point of the study is to determine
the change in the coronary atherosclerotic burden progres-
sion proximal and distal to the stented segment of the
culprit artery at 4 months as compared to baseline. The
primary efficacy endpoint is to determine the change in
LVEF at 4 months relative to baseline as measured by
magnetic resonance imaging (MRI).

Secondary end points include the occurrence of a major
adverse cardiac event defined as cardiac death, myocardial
infarction, coronary bypass grafting, or a repeat percutaneous
intervention (PCI) of the culprit lesion and the occurrence
of major arrhythmias defined as sustained ventricular
tachycardia or survived sudden death. Patients will be
followed up for 2 years.
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Hypothesis of the Trial

The primary hypotheses of the COMPARE-AMI study are
that, as compared with placebo therapy, (1) administration
of CD133+ bone marrow stem cell therapy will improve
global and regional LV function; and (2) this improvement
will not depend on modification of the coronary athero-
sclerotic burden in the infarct-related artery. The secondary
hypotheses are that, in comparison with control therapy, the
administration of cell therapy will result in a lower
incidence of the composite adverse events of death,
reinfarction, repeat revascularization, and hospitalization
for congestive heart failure.

Study Population

Inclusion criteria of our study are: age between 30 and
75 years, chest pain for more than 30 min and less than
24 h, electrocardiography ST segment elevation >1 mm in
two consecutive leads in the limb leads or >2 mm in the
precordial leads, and an increase in creatine kinase (CK) or
CK-muscle and brain types (CK-MB). Patients need to be
<7 days of admission for their acute ST elevation MI, to be
clinically and hemodynamically stable, to have successful
stenting of the culprit coronary stenosis, to have single
vessel disease, an LVEF <50 but >25%, and significant
regional wall motion abnormalities in at least two adjacent
segments on the resting echocardiography.

Patients with known previous MI, those who presented
with cardiogenic shock, chronic cardiomyopathy, liver
disease, renal failure, concomitant disease with a life
expectancy of less than 1 year, alcohol or drug dependency,
and contraindication for bone marrow aspiration are
excluded from our trial. Other exclusion criteria include:
blood transfusion in the previous 24 h, hematopoietic
disease, chronic inflammatory disease, malignancy, stroke
in the previous 3 months or transient ischemic attack in the
previous 24 h, or extended ongoing myocardial infarction
as evidenced by a new episode of chest pain with new ST
segment elevations and a new CK/CK-MB peak.

Bone Marrow Aspiration and Cell Processing

After a written informed consent has been obtained, a bone
marrow aspiration is performed between the third and the
seventh day after PCI from the posterior iliac crest by an
experienced operator under appropriate sedation and local
anesthesia. A total volume of 100 ml of the bone marrow is
obtained and transferred immediately to the cell processing
laboratory. Bone marrow-derived CD133+ autologous
progenitor cells for this trial are immunomagnetically

selected using the CliniMACS® system (Miltenyi Biotec
GmbH) at the HMR Cellular Therapy Laboratory. Briefly,
immunomagnetic particles composed of iron oxide and
dextran conjugated to monoclonal antibodies bind to target
cells expressing the CD133+ cell surface antigen. When
exposed to a magnetic field, labeled cells are retained
within the column and separated from unlabeled cells.
Removing the magnetic field from the separation column
releases CD133+ cells. Eluted cells are characterized using
flow cytometry analysis. All procedures are performed with
strict adherence to all applicable regulations regarding the
processing and use of human stem cells. Cellular prepara-
tions used in this study undergo endotoxin and sterility
evaluations. Subjects in the active group receive a maxi-
mum of 10 million autologous CD133+ cells or resuspen-
sion medium alone. The placebo solution consists of
normal saline containing 10% autologous plasma from
which the cells have been eliminated. The placebo solution
is prepared in a way that it is indistinguishable from a true
cellular suspension. The product is provided in 20-ml
syringes.

Randomization and Cell Injection

Patients are randomized either to the CD133+ cells
treatment or placebo group. With the exception of the
technicians at the Cellular Therapy Laboratory who
dispatched the cell products, neither the patients nor
treating physicians nor data managers have access to the
randomization code for the duration of the study. Intra-
coronary injection of either cells or placebo is performed
within 12 h of the bone marrow aspiration. Following
heparinization to an activated clotting time of >200 s, the
infusate is delivered via an over-the-wire percutaneous
transluminal coronary angioplasty catheter over 3 min of
balloon inflation within the previously placed intracoronary
stent. Three minutes of reperfusion are incorporated after
each cycle of cell infusion. Patients are routinely discharged
48 h following the infusion procedure with the usual post-
AMI care medications.

Statistical Analysis

Baseline demographic and clinical variables are collected
for each randomized arm of the study. All invasive and
noninvasive analyses will be performed by operators
blinded to all clinical and other functional data. Data are
presented as mean ± standard error of the mean. Analyses
of variance followed by paired Student's t test are used
for group comparisons. Statistical significance was set at
P<0.05.
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Preliminary Results

Herein, we are presenting the analysis of our ongoing
clinical trial of our first fourteen patients that were
successfully randomized and treated in the COMPARE-
AMI trial. The study will be unblinded only after
recruitment of the last patient with 12-month follow-up.
The clinical characteristics are showed in Table 1. The
mean age was 50.5±9.1 years with a predominance of
males (93%); culprit lesion was located on the left anterior
descending artery in 100%, and peak troponin and CK-
MB were 8.4±6.1 Ug/L and 322.6±225.6 U/L, respective-
ly. To date, there is no protocol-related complication to
report such as death, MI, stroke, or sustained ventricular
arrhythmia. Re-PCI was necessary at 4 months of follow-up
in two patients to treat bare-metal stent restenosis. These
two patients were asymptomatic; however, silent ischemia
was documented in the target territory. Baseline fractional
flow reserve (FFR) was significantly lower in the stented
culprit artery compared to the nonculprit artery at baseline:
0.88±0.03 vs 0.96±0.03, P<0.001. However, at 4 months
of follow-up (n=14), no significant difference was found in
the delta FFR compared to baseline in the culprit vs
nonculprit artery (−3.8%±7.4 vs −1.1%±4.4, respectively,
P=0.296), suggesting no acceleration of the atherosclerosis
by the treatment. Finally, at 4 months of follow-up, MRI
assessment of the LVEF (n=14 patients) showed a
significant improvement compared to baseline with LVEF
52.1%±7.1 vs 41.3%±5.3, respectively (P<0.001; Table 1

and Fig. 1). Finally, Figs. 2 and 3 illustrate a significant
improvement in the LV function and myocardial perfusion
of a 54-year-old man 4 months after his randomization in
COMPARE-AMI trial.

Discussion

Preclinical studies have demonstrated that stem cell therapy
can significantly reduce the development of LV dysfunction
after MI [12, 13] which has rapidly translated into clinical
trials using a variety of nonselected bone marrow stem cells
[23–25, 27, 28]. Importantly, these trials have demonstrated

Table 1 Clinical data of the first 14 randomized patients in the COMPARE-AMI trial

Age Sex Troponin max Ug/L CK max U/L CK-MB max U/L Culprit lesion LVEF %

Baseline 4months

1 49 M 13.36 3,742 497.4 LAD 40 51

2 41 M 2.96 2,503 295.8 LAD 45 65

3 64 M 10.97 3,090 347.0 LAD 35 40

4 43 M 19.5 8,346 941.7 LAD 40 43

5 53 M 10.73 2,914 273.2 LAD 40 48

6 50 M 3.28 802 104.4 LAD 47 55

7 65 M 17.96 4,452 452.1 LAD 40 48

8 65 M 7.89 3,270 294.4 LAD 31 44

9 44 M 1.85 385 59.6 LAD 48 55

10 48 M 0.74 580 58.4 LAD 48 60

11 53 M 13.3 3,064 438.1 LAD 40 55

12 53 M 7.83 2,858 339 LAD 42 50

13 37 M 3.73 1,278 202.6 LAD 35 60

14 42 F 3.27 1,767 212.5 LAD 47 55

Mean 50.5±9.1 M 93% 8.4±6.1 2,789±2,018 322±225 LAD 100% 41.3±5.3 52.1±7.1

Results are presented as mean ± standard deviation. Compared to baseline, we observed a significant improvement in LVEF at 4 months of follow
up of 10.8% (P<0.001). LAD left anterior descending artery, LVEF left ventricular ejection fraction at baseline and at 4 months of follow-up

Fig. 1 Left ventricular ejection fraction (% LVEF) of the first 14
randomized patients at baseline and at 4 months of follow-up. Wide
bar is the average for the group
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that cell delivery after AMI is safe over several years of
follow-up, and meta-analyses review of these trials have
found a small but significant improvement in LV function
[30, 31]. However, despite these encouraging findings on
infarct size reduction and improvement in contractile
function, many fundamental questions have not been
addressed, including the important questions of dose, the
timing of cell delivery, and optimal cell type delivered post-
AMI [39, 40]. Another issue is the very low rate of cell

retention by the recipient myocardial tissue [41]. The
mechanisms underlying cell survival, engraftment, and
ultimately their fate in the ischemic myocardium are
multifactorial and interrelated.

In the published randomized clinical trials [23–25,
27, 28], BMMNCs were administered between 1 and 7 days
post-AMI. In a subgroup analysis, the REPAIR-AMI trial
[27] suggested that cell administration between 5 and 7 days
was optimal in regard to recovery of LVEF. The number of
infused cells administered post-AMI has varied significant-
ly between the randomized trials, with differences up to
several orders of magnitude [23–25, 27, 28]. However, a
recent meta-analysis found no effect between the number of
cells infused and recovery of LVEF [30].

The COMPARE-AMI trial is addressing one of these
unresolved issues focusing on the important question
regarding the best cell to be delivered post-AMI. The
majority of clinical trials used nonhomogenous precursors
with several different fractions of mononuclear BMSC.
Different cell types may compete for the engraftment in the
injured myocardium, which could account for variable
results of previous studies. The group of Drexler showed
that selected bone marrow MNCs display a sevenfold
higher retention in the infarcted myocardium as compared
to unfractionated BMSC [42]. Furthermore, Stamm et al.
used CD133+ cells, a more specified subpopulation of BM-

Fig. 2 Representative left heart ventriculography. A 54-year-old man
presented acute anterior MI treated successfully with a proximal LAD
stenting. Following MI, his left ventricular ejection fraction (LEVF)
was 43.2% and his left ventriculography showed a significant
hypokinesia of the anterior wall and apex (left). Four months later,
we observed normalization of the LVEF (66.1%) with normal motion
of the anterior wall and apex (arrows, right)

Fig. 3 Technetium-99 m
Sestamibi single-photon
emission computed tomography
(MIBI SPECT) scintigraphy
looking at myocardial perfusion.
The same patient as in Fig. 1,
54-year-old man with acute
anterior MI, presented an
important perfusion defect
of the anteroseptal and apical
territories (top left). The MIBI
bull's eye image (bottom left)
combining the 17 segments
revealed an important ischemic
territory with summed stress
score (SSS) of 21 and a summed
rest score (SRS) of 8. The
summed difference (SDS=
SSS–SRS) was 13 (not shown),
indicating a significant
redistribution (reversible
perfusion defect). Four months
later (rights), perfusion defect
and ischemia were significantly
reduced as revealed by stress
and rest MIBI SPECT
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derived cells, for intramyocardial injections performed
during an open-chest procedure and observed increased
left ventricular ejection fraction and improved tissue
perfusion during follow-up [43]. Experimental studies
demonstrated that selected, well-defined hematopoietic
stem cells contribute to cardiac repair of the acutely
infarcted myocardium by inducing neovascularization,
inhibition of apoptosis, and cardiomyogenesis. Indeed,
CD133+ cells possess high engraftment, pluripotent, and
angiogenic capacity and appear to be critical for cardiac
repair in experimental myocardial infarction [34–37]. The
team of Menasche showed that in the setting of post-
infarction scars, the transplantation of bone marrow-derived
CD133+ progenitors improves cardiac function, and this
benefit was similar to that afforded by myogenic cells [44].

In a phase I pilot study, Bartunek et al. tested the
feasibility, safety, and functional effects of intracoronary
administration of selected autologous CD133+ bone mar-
row progenitors in patients with recent myocardial infarc-
tion. Compared to a matched nonrandomized control group,
they noted a significant increase of 7% in the LVEF of the
treated group as compared to 3% in controls at 4 months of
follow-up. We also showed that, in patients treated with
intracoronary CD133+ cells, the improvement of the global
and regional LV function was paralleled with increased
myocardial perfusion and viability [38].

In our COMPARE-AMI randomized trial, phase II,
double-blind, controlled study, a well-defined and translat-
able cell product and dose will be used in a relatively high-
risk population. The safety and functional effect of the IC
administration of selected CD133+ BMSCs after AMI will
be addressed using time frames that are consistent with
clinical applicability and emerging safety profile. To date,
14 patients were successfully randomized and treated
without any serious adverse event. In addition, the LVEF
of these patients showed a significant improvement higher
than what we observed in the control group in Bartunek et
al. trial [38] or in the placebo group of the REPAIR-AMI
[27] trial suggesting a potential effect on the LV recovery of
the CD133+ injected patients. We will remain blinded in
this study until the last patient has be randomized and
followed up for 12 months. The presented preliminary
results proved mainly the safety of our ongoing protocol
and may suggest a functional benefit. Additional human
investigation in this and other clinical studies will provide a
framework to complement ongoing basic science while
further clarifying the therapeutic potential of CD133+ cell
delivery for the treatment of ischemic cardiovascular
disease.
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