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Background Recent studies report that intracoronary administration of autologous bone marrow mononucleated cells
(BM-MNCs) may improve remodeling of the left ventricle after acute myocardial infarction (AMI). Subgroup analysis suggest
that early treatment between days 4 and 7 after AMI is probably most effective; however, the optimal time point of
intracoronary cell administration has never been addressed in clinical trials. Furthermore, reliable clinical predictors are
lacking for identifying patients who are thought to have most benefit from cellular therapy.
Study Design In a multicenter trial, 192 patients with AMI successfully treated by percutaneous coronary intervention
(PCI) of the infarct-related artery will be randomized in a 1:1:1 pattern to 1 control and 2 BM-MNC treatment groups. The
control group will be treated with state-of-the-art medical management. The treatment groups will receive intracoronary
administration of autologous BM-MNC at 5 to 7 days or 3 to 4 weeks after the initial event, respectively. Left ventricular
function as well as scar size, transmural extension, and regional wall motion score will be assessed by cardiac magnetic
resonance (CMR) studies at baseline and after 4 and 12 months.
Methods

Fifty milliliters of bone marrow will be harvested by aspiration from the iliac crest and then carried by courier to
a centralized cell processing facility. The mononucleated cell fraction will be isolated by density gradient centrifugation,
washed, and resuspended in 10 mL of injection medium. The cells will be characterized by fluorescence-activated cell sorting
analysis and tested for sterility and potency both “in vitro” and “in vivo.” Bone marrow MNC will then be reinfused directly in
the infarct-related coronary artery.

End points The primary end point is the change in global left ventricular (LV) ejection fraction by CMR at 4 months as
compared to baseline. Comparisons will then be made between each of the prespecified therapy subgroups (early and late
after AMI) and the control group. Secondary end points include change in infarct size, change in regional myocardial
thickness, and wall motion at 4 and 12 months compared to baseline. Infarct extension (size and transmural extension), time
delay to PCI, and coronary flow characteristics after PCI will be assessed as potential predictors of LV remodeling and change
after cell therapy. Major adverse cardiac events (MACE) (death, myocardial infarction, coronary revascularization,
rehospitalization for heart failure) will be assessed at 4, 12, and 24 months and time to MACE will be estimated.
Discussion With the present study, we aim to determine the optimal time point of intracoronary administration of
autologous BM-MNC after AMI on LV remodeling. (Am Heart J 2010;160:58-64.)

From the aDepartment of Cardiology, University Hospital Zurich, Zurich, Switzerland,
b
Cardiology and Cell Therapy Unit, Cardiocentro Ticino, Lugano, Switzerland, cBiostatistics Unit, Institute for Social and Preventive Medicine, University of Zurich, Zurich,
d
Switzerland, Academic Unit of Cardiovascular Medicine, University of Leeds, Leeds,
United Kingdom, eDepartment of Cardiology, Bern University Hospital, Bern, Switzerland,
f
Cardiology, Cantonal Hospital Luzern, Luzern, Switzerland, and gInstitute for Biomedical

Registered at ClinicalTrials.gov Identifier: NCT00355186.
Submitted December 1, 2009; accepted March 27, 2010.
Reprint requests: Roberto Corti, MD, Andreas-Grüntzig-Catheterization Laboratory Cardiovascular Center, Cardiology University Hospital Zurich Raemistrasse 100 CH-8091 Zurich.
0002-8703/$ - see front matter
© 2010, Mosby, Inc. All rights reserved.

Engineering, University and ETH Zurich, Zurich, Switzerland.

doi:10.1016/j.ahj.2010.03.039

American Heart Journal
Volume 160, Number 1

Sürder et al 59

Table I. Randomized clinical trials of intracoronary BM-MNC treatment after AMI
BOOST
Wollert et al, Lancet 2004
Meyer et al, Circ 2006
Janssens et al
Lancet 2006
REPAIR AMI
Schächinger et al, NEJM 2006
ASTAMI
Lunde et al, NEJM 2006
FINCELL study
Huikuri et al, EHJ 2008
HEBE Trial
Nijveldt et al, Circ 2008
Regent Trial
Tendera et al, EHJ 2009

n = 60

n = 100

BM-MNC intracoronary, randomized
6-m results
18-m results
BM-MNC intracoronary, randomized, double blind
Placebo controlled
BM-MNC intracoronary, randomized, double blind
Placebo controlled
BM-MNC intracoronary, randomized

n = 80

BM-MNC intracoronary, randomized

n = 200

Endothelial progenitor cells/BM-MNC intracoronary, randomized

n = 200

BM-MNC/CD133+ intracoronary randomized

n = 67
n = 201

Despite continuous advances in the management of
acute myocardial infarction (AMI), congestive heart failure
secondary to ventricular remodeling after such an event
continues to be a major medical problem worldwide.1,2
Progenitor cells hold a great potential for regenerative
medicine, especially in replacing cells in tissues that
hardly have any intrinsic regenerative capacity, including
the heart. To date, 4 major questions remain still
unresolved: (1) which type of progenitor cells is the
most adequate for cellular therapy and how many cells
have to be administered, (2) how to administrate the
cells, (3) at what time point after AMI cell administration
should be performed, and (4) are there criteria for
patients qualifying most for cellular therapy?
Currently, the major source of different somatic cells
used for basic research and for clinical trials in patients
with acute or chronic cardiac ischemia is the bone
marrow. Interestingly, experimental studies suggest that
administration of progenitor cells deriving from bone
marrow mononucleated cells(BM-MNCs) may regenerate
infarcted myocardium and stimulate neovascularization
of ischemic myocardium.3,4 The safety and feasibility of
intramyocardial and intracoronary application respectively of BM-MNC was demonstrated in first-in-man studies,
with promising improvement of left ventricular (LV)
function shortly after AMI.5-8 Recently published doubleblind placebo-controlled randomized clinical trials, however, did not reveal consistent results on improvement of
LV function (Table I).9-14
The latter problem may be related to differences in cell
preparation, study population, and different time point of
treatment after AMI.
Perhaps the most promising data resulted from the
REPAIR-AMI trial.11 Injection of BM-MNC into the infarctrelated coronary artery (IRA) resulted in a significant
increase in left ventricular ejection fraction (LVEF) and
beneficial effects on ventricular remodeling with particularly pronounced effects—as suggested by a subgroup
analysis—in patients with reduced LVEF. Similar findings
were made by Tendera et al,14 who described a trend in

Safety+++
LVEF ⇑+
LVEF ⇑−
Safety+++
LVEF ⇑−
Safety+++
LVEF ⇑+
Safety+++
LVEF ⇑−
Safety+++
LVEF ⇑+
Safety+++
LVEF ⇑−
Safety+++
VEF ⇑−

favor of BM-MNC therapy in patients with most severely
impaired LVEF, whereas the study in general failed to
demonstrate a positive effect of cell therapy on
LV function.
In a subgroup analysis of a recent meta-analysis by AbelLatif et al,15 a more pronounced increase in LVEF was
noted in patients treated with progenitor cell administration 5 to 30 days after AMI compared to those treated
within the first 5 days. Especially in the REPAIR-AMI
trial,11 the beneficial effects of BM-MNC appeared to
depend on the time of administration, although this again
was apparent in a subgroup analysis only. Of note,
however, very early administration (within the first 4
days) did not reveal a benefit over placebo, whereas a
marked improvement of LVEF was seen if cells were
infused between 4 and 8 days after AMI. The results of
another randomized, double-blind, placebo-controlled
trial in patients treated within 24 hours after AMI by
Janssens et al10 somewhat confirmed these findings.
Likewise, despite significant reduction in infarct size and
improvement in regional wall motion, no difference in
LVEF was seen between patients treated with BM-MNC or
placebo. A potential explanation for the blunted effects of
BM-MNC in the acute setting of AMI might be related to a
prooxidant and inflammatory local environment in the
infarct area leading to local death of the injected cells or
reduced engraftment.
In the randomized studies by Lunde et al12 and in the
HEBE trial,16 no benefit of intracoronary BM-MNC
infusion within 4 to 7 days after AMI on LVEF could be
demonstrated. Interestingly, in both studies, the investigators used a different cell preparation technique that
could have an influence on cell potency as suggested also
by Seeger et al.17
Taken together, the clinical and preclinical trials
published today provide limited data on the optimal
time point of BM-MNC application and in turn for homing
into the damaged myocardium. Preliminary preclinical
data indicate that homing of BM-MNC is still increasing
after 7 days. Thus, it appears mandatory to test in a
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Table II. Inclusion criteria

Figure 1

ST-segment elevation myocardial infarction with visual LVEF at angiogram
or echocardiography ≤45% within 24 h after PCI of the IRA
Treatment by primary PCI within 24 h of the onset of chest pain or initial
treatment with thrombolysis within the 12 h followed by PCI within
24 h of the onset of chest pain
Significant regional LV wall motion dysfunction in the infarct-related
territory
Age N18 y

Table III. Exclusion criteria

Flowchart study design.

prospective manner that delayed treatment with BMMNC 3 to 4 weeks after AMI is still beneficial on LVEF as it
is expected for early administration 5 to 7 days after AMI.
Another issue is the characterization of patients who will
benefit the most from cellular therapy. Retrospective data
from the REPAIR-AMI11 and the REGENT study14 favor
patients with more severely impaired LV function.
Furthermore, more insight into the effects of BM-MNC on
transmural infarct extension and myocardial scar size
would be important. Cardiac magnetic resonance (CMR)
study using gadolinium delayed enhancement (DE) technique is considered as the gold standard in the assessment
of LV scar mass after AMI as well as for characterization of
its transmurality. Cardiac magnetic resonance study is
further well established as a very reliable and reproducible
diagnostic tool to assess LV volumes and function.
With the SWISS-AMI protocol, we hope to confirm the
therapeutical benefit of intracoronary administration of
autologous BM-MNC after AMI and aim to define the
optimal time of cell therapy as well as clinical criteria for
patients qualifying most for such therapy.

Methods
The study protocol was approved by the regional ethical
committee of each participating center as well as by the Federal
competent authorities.

Abnormal regional wall motion outside the infarct region
Known previous myocardial infarction in the same target vessel
Known preexisting LV dysfunction (ejection fraction b45% before
admission)
Need for revascularization in the non–infarct-related coronary within 4 m
Preexisting symptoms of heart failure or known cardiomyopathy
Known active infection or chronic infection with HIV, hepatitis B virus, or
hepatitis C virus
Chronic inflammatory disease
Serious concomitant disease with a life expectancy of b1 y
Follow-up unlikely (no fixed abode, and others)
Contraindication for CMR (ie, pacemaker, neurostimulator, severe
claustrophobia)
Severe renal failure (creatinine level N250 mmol/L)
Relevant liver disease (aspartate aminotransferase N2× norm or
spontaneous international normalized ratio N1.5)
Anemia (hemoglobin level b8.5 mg/dL), thrombocytopenia (b100,000/μL)
Pregnancy
Participation at a clinical trial in the last 30 d

The study is a multicenter, randomized, controlled evaluation of BM-MNC administration compared with standard
therapy in patients with AMI and decreased LV function (LVEF
b45%). The study design flowchart is summarized in Figure 1.
Patients treated by successful primary percutaneous coronary
intervention (PCI) of the IRA, fulfilling the inclusion criteria
(Table II), and none of the exclusion criteria (Table III) are
requested their informed consent to participate in the study.
They are then randomized using closed envelopes in a 1:1:1
pattern in 2 therapy groups and 1 control group. The
control group will receive best medical, whereas patients
randomized to the therapy groups will be treated 5 to 7 days
or 3 to 4 weeks, respectively, after AMI on top of standard
therapy with intracoronary administration of BM-MNC. All
3 groups will undergo serial CMR studies at baseline (days 5-7)
and at 4 and 12 months after AMI to assess the morphological
and functional effects of intracoronary injection of BM-MNC.

Aim of the study
The primary objective of the study is to determine the effect
of intracoronary administration of BM-MNC on LVEF in patients
successfully treated by primary PCI after AMI. The primary end
point is thus the change in global LVEF by CMR at 4 months
compared to baseline. Comparisons will then be made between
prespecified therapy subgroups and the control group to
provide information in a prospective matter on the optimal
time point for BM-MNC administration. To demonstrate
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durability of treatment a further CMR study will be performed at
12 months after myocardial infarction.
Special focus will be held also on the analysis of predictors,
which define the patients who will profit the most of cell
treatment using the following secondary end points:
• change in infarct size by DE-CMR technique;
• change in regional myocardial thickness and wall motion at
4 and 12 months;
• infarct size, scar transmurality, time delay to PCI, and
coronary flow characteristics after PCI will be analyzed as
potential predictors of LV remodeling and change after cell
therapy;
• major adverse cardiac events (MACE) (death, myocardial
infarction, coronary revascularization, rehospitalization for
heart failure) will be assessed as a combined end point at 4,
12, and 24 months; and
• time from randomization to first occurrence of a MACE.

Bone marrow aspiration and cell processing
Patients randomized to the treatment groups will undergo
bone marrow aspiration within 24 hours before cell administration. For the latter, 50 mL of BM will be collected from the iliac
crest under local anesthesia and then diluted in 1,000 IU/10 mL
of heparin delivered by courier to a centralized cell processing
facility (Cell Therapy Unit of the Cardiocentro Ticino, Lugano,
Switzerland). The mononucleated cell fraction will be isolated
according to a standard protocol deriving from previous studies
with slight modifications.18 Briefly, the bone marrow will be
prefiltered, subjected to density gradient centrifugation on Ficoll
Premium (GE Health care, Uppsala, Sweden). After several
washings, the cells will be resuspended in 10 mL of X-VIVO 10
medium (Lonza, Walkersville, MD) added with 20% vol/vol of
autologous serum and filled in syringes. An aliquot of cells will
be collected for fluorescence-activated cell sorting analysis using
directly conjugated antibodies against antihuman CD34, CD45,
and CD133. Cell viability will be assessed by 7-aad cell uptake
and product sterility by using BacT/ALERT PF bottles in the
BacT/ALERT 3D rapid method (bioMérieux, Crappone, France).
Mononucleated cells will be released only if cell number will be
comprised between 5 × 107 and 5 × 108 and cell viability is
≥80%. Serology must be negative for hepatitis B surface antigen
and for anti-HIV1/2 and antihepatitis C virus. The cells will be
then retransferred by courier to the corresponding center that
will administer the cells.

Intracoronary infusion of the BM-MNC
After puncture of the common femoral artery, patients will
receive 5,000 IE of heparin, and a guiding catheter will be placed
in the ostium of the former IRA. Cells will be infused via an overthe-wire balloon catheter advanced into the stent of the IRA and
inflated with low pressure (2-4 bars) to completely block blood
flow for 3 minutes to allow for adhesion and transmigration of
the infused cells through the endothelium. This maneuver will
be repeated 3 times to allow infusion of the total 9 mL of
progenitor cell suspension, interrupted by 5 minutes of reflow
by deflating the balloon to minimize extensive ischemia. After
completion of intracoronary cell reinfusion, coronary angiography will be repeated to ascertain vessel patency, absence of
embolization, and unimpeded flow of contrast material.
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Periprocedural safety of the BM-MNC infusion will be
monitored by assessment of serum cardiac enzymes including
troponin the day after the intervention. Periprocedural myocardial infarction is defined as previously described.19

Cardiac magnetic resonance studies
Patients will undergo CMR studies at baseline, that is, 5 to 7
days after the occurrence of the AMI, as well as after 4 and 12
months of follow-up using 1.5T systems and dedicated cardiac
coils in all centers. After localizer acquisitions, the CMR studies
will include functional imaging of the left ventricle by means of
standard electrocardiogram-triggered steady-state free precession acquisitions during repetitive breath holds in 3 long-axis
orientations and in contiguous short-axis orientation covering
the entire left ventricle. Viability/scar imaging by CMR is
currently recognized as one of the most accurate techniques to
quantify necrotic or fibrous tissue.20,21 Therefore, in the second
part of the CMR examination, contrast-enhanced inversionrecovery fast gradient echo imaging will be applied in
combination with conventional extracellular Gd-chelates at a
dose of 0.20 nmol/kg body weight (DE-CMR).22,23 After
determination of the inversion time nulling normal myocardium, scar imaging will be performed 20 minutes after
administration of contrast medium in identical locations as
functional data were acquired.
Cardiac magnetic resonance data analysis will be performed in
a core laboratory (University Hospital Zurich/CH, Switzerland)
using dedicated cardiac analysis software (GT-volume; Gyrotools
Ltd, Zurich/CH, Switzerland). The LV end-diastolic and endsystolic volumes, LVEF, and LV mass will be quantified for
assessment of the primary end point (change of LVEF) and for
assessment of ventricular remodeling over time in the 3 groups.
For functional analysis, systolic contraction will be graded in
each segment as normal (score 0), mildly hypokinetic (= 1),
severely hypokinetic (= 2), akinetic (= 3), or dyskinetic (= 4).
The summed score will be calculated and divided by the total
number of segments (which depends on the size of the heart).
On the DE images, myocardial infarct size will be quantified
using the full-width one half maximum method (Figure 2).24,25
Transmurality of the scar tissue will also be visualized in polar
map representations. The extent of microvascular obstruction
delineated as dark areas in the core of the necrotic zone in the
DE images will be quantified by contouring manually the dark
core areas. Scar mass and tissue with microvascular obstruction
will be expressed in grams and as a percentage of LV mass and of
scar mass, respectively.
Changes over time (baseline, 4 months, 12 months) of
volumetric, functional, and scar parameters will be compared
between the groups to assess the influence of treatment on global
and regional systolic function, LV remodeling, and scar mass.

Statistical analysis
Patients are considered entered in the trial and included in the
analysis of safety in an intention-to-treat analysis when informed
consent has been signed and the patient was randomized.
Descriptive statistics of continuous variables will be presented. Nominal variables are summarized in frequencies
and percentages.
The statistical comparisons of the treatment arms with respect
to the primary end point are performed using independent-
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Figure 2

Example of the analysis of a CMR study giving results for volumetric, functional, and scar parameters. On the top, epicardial, and endocardial
contours are shown including trabecular and papillary muscle mass. In this patients, LV parameters are LV end-diastolic volume, 119 mL; LV endsystolic volume, 48 mL; LV stroke volume, 71 mL; LVEF, 60.1%; and cardiac output, 4.6 L/min. Left ventricular mass measured at end-diastole was
142 g (at end-systole, 150 g). Functional score was 0.83 (49/59 segments) and is represented in the polar map on the right. On the bottom, the
viability study is shown on the left, whereas the cine loop demonstrates function of the corresponding slice on the bottom right (visualized as a
movie). Total scar mass of the left ventricle was 42 g, that is, 11.2 % of the necrotic mass.

samples t test. All P values are 2-sided. Patients with missing
CMR end point measurements, as defined in the previous
section, are left out (only) from the primary end point analyses.
We account for a 10% dropout rate (see below).
For the 2 primary end point comparisons, namely, of both
experimental arms to the standard, a P value of ≤.025 is
considered as significant. Suitable 97.5% CIs for both differences
of LVEF changes between treatment arms will be provided.
Supplementary analysis of covariance involving covariate
adjustment, especially for baseline LVEF, is performed. Key
baseline prognostic factors or confounding variables, that is,
those where an imbalance might exist between treatment arms,

are included in these analyses. The influence of the total number
and functionality of infused progenitor cells on LVEF changes
and clinical outcome is analyzed by means of regression analyses
with appropriate interpretative terms.
For the analysis of the secondary end points, all P values ≤.05
will be considered significant.
For the analysis of binary end points, comparisons will be
performed using χ2 or Fisher exact test, depending on the
expected cell frequencies. For continuous outcomes, independent-samples t or Wilcoxon test are used.
The occurrence of MACE will be assessed and compared
between groups at 4, 12, and 24 months. Because at time of

American Heart Journal
Volume 160, Number 1

analysis not all patients will have had a MACE, the secondary
end point time from randomization to MACE may be censored
for these patients. Kaplan-Meier estimates of survival curves
will be shown, and median time to MACE will be computed,
including 95% CIs according to the method of Brookmeyer.26
Estimated survival curves will be compared between groups
using log-rank test.

Sample size calculation
The study is powered for the primary end point of the change
in LVEF determined by CMR at 4 months compared to baseline.
We assumed an improvement in LVEF as assessed by
quantitative MRI of 1% to 3% in the standard group and of 6%
to 7% in 1 of the 2 treatment groups (according to recent
studies7,9,11). This implies that we want to detect a difference
between LVEF improvements from baseline to 4 months of δ =
3.5%. From the aforementioned previous studies, it is known
that the SD of the difference baseline at 4 months approximately
amounts to 6% to 7%. The primary question of the trial is the
comparison of both treatments to the standard. To maintain the
family wise error rate of α⁎ = .05, we therefore use the
Bonferroni test to correct the significance level of the 2 tests
each comparing a treatment arm to the control and compute a
sample size for α = .025. A sample size of n = 58 in each group
will have 80% power to detect a difference in LVEF changes
from baseline to 4 months between treatments of 3.5% assuming
that the common SD is 6% using a 2-group t test with a 0.025
two-sided significance level. To account for a dropout of 10%, 6
additional patients should be recruited in each arm yielding for a
sample size of n = 64 per arm and 192 for the entire trial.

“In vivo” and “in vitro” assessment of cell potency
To evaluate the cell functionality at the level of the myocardium,
assays should be performed to estimate the intended biologic
effect that should be related to the clinical response. The
importance of characterizing the functionality of injected cells
was recently pointed out by Dawn and Bolli27 who proposed in
vitro and in vivo assays. On the basis of the observation that the
migratory capacity of BM-MNC predicts the functional improvement after cell transplantation in a hind limb ischemia model28
and in humans,29 we chose cell migration and invasion assays (as
previously described30) as in vitro tests for cell potency.
Furthermore, in vivo tests will be performed by using a nude
mice model of myocardial infarction (as previously described31).
Two weeks post-AMI, the effect of cell administration will be
characterized by CMR, hemodynamic measurements, and histologic analyses. Furthermore, the capillary density and the amount
of apoptotic cells in the border infarct zone will be evaluated by
immunofluorescence. Myocyte cross sectional area and interstitial
fibrosis will be also evaluated. Cell homing will be addressed by
specific labeling for human antigens (such as anti-HLA).
The study is partially supported by a research grant by
Abbott Vascular (Baar, Switzerland), the Cardiocentro Ticino
Foundation (Lugano, Switzerland), and the Foundation for
Cardiovascular Research Zürich (Switzerland).

Discussion
Until present, most of the published clinical studies
focused on BM-MNC administration during the first week
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after AMI. Despite preliminary data, it is still not clear if
the time of administration plays an important role, and
therefore, the optimal time for administration remains
elusive and a matter of extensive discussion.32 It is likely
that the microenvironment within the infarct tissue and
the timing of cell delivery may be an important
determinant of cell incorporation and fate. The REPAIRAMI study11 disclosed that intracoronary BM-MNC
infusion within 4 days after reperfusion therapy for AMI
only had marginal effects on recovery of LV contractile
function. It is tempting to speculate that early after infarct
reperfusion therapy, the presence of tissue edema and
toxic reperfusion products may provide a “hostile”
environment, which may limit potential effects of
progenitor cells administered.
Here, we present and discuss the rationale and study
design of a multicenter, randomized, controlled protocol to evaluate the benefit of intracoronary BM-MNC
transplantation compared with standard therapy in
patients with AMI. The main goal of the study consists
in defining the optimal time point of cell administration as well as in the research of clinical predictors
for patients having the largest benefit of cell therapy.
We therefore designed a trial with 2 BM-MNC
treatment groups. One group will receive intracoronary administration of BM-MNC at 5 to 7 days after AMI,
and the other group will receive the BM-MNC at 3 to
4 weeks. This group will provide essential information
on the quality of BM-MNC and their homing potential
at late administration.
The use of CMR to evaluate the effect of the treatment
will allow the definition of predictors for ventricular
remodeling and for a beneficial effect of progenitor cellbased therapy. We expect that patients with complete
transmural extension of the myocardial infarction be at
high risk for negative remodeling (mostly resulting in
dilatation of the left ventricle leading to the clinical
entity of heart failure): those patients should, in our
opinion, have the great benefits from a cell-based
therapy. The results will hopefully have important
clinical impact and provide essential information to
improve the design of future regenerative medicine
protocols in cardiology.
As a potential limitation of the study, it has to be
pointed out that the tested treatment regimen consists
in unselected mononuclear cells and therefore reflects
only one aspect of a growing variety of different cell
therapy modalities. Future studies have to show if
stimulation or “treatment” of the bone marrow may
enhance function or density of the BM-MNC or if other
cell types such as induced pluripotent stem cells will
have stronger effects on myocardial regeneration. Other
important questions such as the influence of or
whether allogenic stem cells could be used for the
same purpose33 cannot not be addressed in the
presented study.
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