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Introduction 

More than 7 years ago, an initial report on the clinical application of mononucleated bone 

marrow-derived cells (BMCs) in patients with acute myocardial infarction (AMI) opened up 

a new era of regenerative cardiology and brought with it great enthusiasm.1 Since then, 

numerous clinical trials have been carried out with the aim of assessing the efficacy and 

safety of stem cell therapy. Improvement of left ventricular ejection fraction (LVEF) was 

shown in REPAIR-AMI study2 but the benefit was transient in BOOST,3, 4 while other trials 

were unsuccessful.5-7 Although randomized trials reported mixed results, meta-analyses have 

shown a significant improvement in cardiac function assessed by LVEF after cell therapy.8 

Some of the discrepancies between these large trials could be explained by differences in 

criteria for patient selection. There is some evidence to suggest that BMC-based therapy is 

more effective at improving LVEF after AMI in patients with decreased LVEF and in 

patients whose treatment is delayed at least 5 days after AMI.2, 8 Lifestyle may also affect 

clinical outcome following cell therapy. Indeed, smoking habit is a major factor contributing 

to reduced number and function of circulating progenitor cells in patients with coronary 

artery disease.9 Most of clinical trials have focused on changes in ejection fraction to evaluate 

the efficiency of cell therapy. However, it has been shown that myocardial viability 

represents a reliable parameter for prediction of recovery of cardiac function after 

revascularization.10 We carried out a prospective randomized open label blinded endpoint 

evaluation (PROBE) study to assess the efficacy of mononucleated autologous BMC 

intracoronary injection in patients with AMI and low LVEF. Our primary objective was to 

evaluate the effect of BMC therapy on myocardial viability and to identify predictive factors 

for improvement of myocardial viability. 
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Methods 

Patient selection 

Patients admitted to the University Hospitals of Créteil, Grenoble, Lille, Montpellier, Nantes 

and Toulouse, between December 2004 and January 2007, with an ST-segment elevation 

myocardial infarction (STEMI) were screened for inclusion in the BONAMI trial. Screening 

criteria were: age 18−75 years, a successful percutaneous coronary intervention (PCI) with 

bare metal stent implantation performed on the culprit lesion during the 24 h after the onset of 

symptoms, and LVEF <50% assessed by echocardiography. The main exclusion criteria are 

listed in Supplementary material online. The ethics review board of Nantes University 

Hospital approved the protocol, and the study was conducted in accordance with the 

Declaration of Helsinki. All subjects gave informed consent. 

 

Study design and treatment randomization 

The study design is shown in Figure 1. Day 0 was defined as the day of occurrence of 

STEMI. Screened patients underwent radionuclide angiography (RNA) and resting 4 h 

thallium-201-gated-single-photon-emission computed tomography (SPECT) between day 1 

and day 4. Randomization criteria were defined as follows: LVEF ≤45% assessed by RNA 

and absence of myocardial viability in at least 2/17 contiguous segments by SPECT. The 

Center of Clinical Research University Hospital Nantes provided consecutively numbered 

sealed envelopes for all participant centers. Patients were randomly assigned in a 1:1 ratio to 

either the control group or BMC group using permuted-block randomization stratified 

according to center, diabetes status and time to PCI after the onset of AMI (≤12 or >12 h) on 

day 4−7. We used a stratified randomization model because diabetes is known to impact on 

BMC11 and late reperfusion influences the prognosis after AMI. In addition, baseline 



 5 

echocardiography and cardiac magnetic resonance imaging (MRI) were performed on day 

4−7 in both groups.  

Neither bone marrow aspiration nor sham injection was performed in the control group. In 

the BMC group, bone marrow aspiration and intracoronary BMC injection were performed 

from day 7−10. Three months after STEMI, echocardiography, SPECT, RNA, cardiac MRI 

and coronary angiography were repeated. 

 

Harvest and transfer of bone marrow cells 

Bone marrow harvest (50 mL) and cell preparation, flow cytometry analysis of BMCs, and 

cell administration were performed according to standard procedures and are described in 

Supplementary material online. 

 

Cardiac imaging 

Three independent core imaging laboratories, blinded to treatment assignment, performed all 

measurements (prime investigator of the RNA and SPECT core lab: D. Agostini, MD, Caen; 

echo: Th. Le Tourneau, MD, PhD, Lille; IRM: J.P. Beregi, MD, Lille, France). 

Doppler echocardiography 

Images were recorded prospectively and analyzed offline at the core echo laboratory of the 

study in a blinded fashion. Left ventricular (LV) volumes and LVEF were calculated using 

the Simpson’s biplane method in apical 4- and 2- chamber views. LV volumes were indexed 

to body surface area.  

Radionuclide angiography and single-photon-emission computed tomography 

RNA was carried out in all patients to determine LVEF at rest (measured by Multiple Gated 

Acquisition scan). Thallium-201 SPECT imaging was performed according to a rest-

redistribution protocol, using a standard camera to assess myocardial viability. Left 
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ventricular segmentation in 17 segments as defined by the American Heart Association was 

used for all analyses. The activity of each LV segment was expressed as the mean activity of 

all pixels belonging to this sector divided by the highest value of pixel activity in the 

myocardium. Each segment was defined as viable (uptake > 60%), non-viable (uptake 

<50%), or equivocal (uptake 50-60%)  (see Supplementary material online). 

Cardiac magnetic resonance imaging  

Cardiac MRI was performed for evaluating infarct size and the presence of microvascular 

obstruction using late contrast-enhanced images acquired 10 min after injection of 0.2 

mmol/kg Gd-DTPA (Dotarem, Guerbet, France). LV function, volumes and regional 

contractility were also assessed (see Supplementary material online).   

 

Coronary angiography 

Patients underwent coronary angiography to assess the degree of restenosis in the stented 

segment of the infarct-related artery (IRA) at 3 months follow-up (see Supplementary 

material online).  

 

Endpoints 

The primary endpoint - improvement of myocardial viability - was defined as a gain of at 

least 2/17 viable segments 3 months after STEMI, assessed by resting 4 h thallium-201-

gated-SPECT. As prespecified, major cardiovascular (CV) risk factors (age, gender, 

dyslipidemia, cigarette smoking, hypertension, diabetes), and post-MI prognostic factors 

(time to PCI, LVEF, infarct size, microvascular obstruction) were also tested for their 

association with improvement of myocardial viability 3 months after BMC administration. 

Secondary prespecified endpoints included changes in LVEF evaluated by RNA, MRI, and 

echocardiography; changes in LV end-diastolic and end-systolic volumes (EDV and ESV) at 
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the time of and 3 months after AMI; infarct size by MRI; and binary restenosis by coronary 

angiography. Improvement of myocardial viability was also assessed on a segment-by-

segment basis, counting the number of non-viable segment becoming viable. 

 

Statistical analysis 

The baseline characteristics were recorded for each treatment arm and compared using 

Student’s t test and Fisher’s exact test. Categorical variables were presented as count and 

percent, continuous variables as mean and standard deviation, median with interquartile 

ranges. Association of BMC injection with the primary endpoint was assessed by a Cochran-

Mantel-Haenszel test adjusted for stratification factors (diabetes status and time to PCI after 

the onset of STEMI (≤12 or >12 h)). Univariate analysis of major CV risk and post-MI 

prognosis factors was performed on the primary endpoint, except for diabetes and time to PCI 

as they were stratification randomization parameters. In a second step, CV risk factors (age, 

gender, tobacco status, hypertension, dyslipidemia, diabetes), time to PCI after the onset of 

AMI (≤12 or >12 h) and the presence of microvascular obstruction at MRI were introduced 

into a multivariate logistic regression analysis (odds ratio with 95% CI).  Mann-Whitney and 

Wilcoxon signed rank tests were used to assess secondary endpoints.  

Safety of BMC administration was analyzed using prespecified clinical endpoints and 

included major adverse cardiovascular events (MACEs) defined as death, re-hospitalization 

for heart failure, and ischemic events. Other clinical events were assessed as a post-hoc 

analysis. Only the first event for each patient was included in the analysis.  

All analyses were performed using SAS 9.1 statistical software. p value < 0.05 was 

considered statistically significant. This study was registered with clinicaltrials.gov: number 

NCT00200707. 
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Results 

Enrolment and baseline characteristics 

A total of 122 patients with successfully reperfused STEMI by PCI and stent implantation 

within 24 h of the onset of chest pain gave written informed consent and was enrolled in the 

study. Twenty-one patients were excluded before randomization (Figure 1) because they did 

not meet the randomization criteria. Forty-nine of the remaining patients were randomly 

assigned to the control group and 52 to the BMC group. Both groups were well matched with 

respect to baseline characteristics, procedural characteristics of reperfusion therapy, and 

concomitant pharmacological therapy during the study (Table 1). Baseline recordings were 

obtained 4 ± 2 days after myocardial infarction for RNA, 5.3 ± 2.6 days for SPECT, 7 ± 2.2 

days for echocardiography, and 7.1 ± 2.3 days for MRI. There were no significant differences 

in baseline parameters including EDV, ESV, LVEF, microvascular obstruction, and infarct 

size between the two groups (Table 1). Moreover, 71.8% of patients presented at least one 

segment with microvascular obstruction assessed by MRI after reperfusion therapy. The 

mean number of segments with microvascular obstruction was 2.4 ± 2.1 and was similar in 

both groups (p = 0.94). 

Forty-four patients completed the follow-up in the control group and 48 in the BMC group. In 

the control group, two patients were withdrawn from the study before day 7 (one patient 

required injections of steroids for angioneurotic edema and the other because of a post-MI 

ventricular septal defect that might have interfered with recovery of cardiac function). Three 

further patients refused to complete the 3-month follow-up. In the BMC group, two patients 

were excluded before bone marrow aspiration because of a transient ischemic attack and a 

randomization error; one patient did not have bone marrow aspiration because of 

thrombopenia induced by a GP2b3a inhibitor. Of the remaining 49 patients in the BMC 

group, one died 1-month post-MI and one refused to complete the 3-month follow-up.  
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Characterization of the cell therapy product 

Bone marrow aspiration and intracoronary cell injection were performed on the same day for 

each patient, at a mean of 9.3 ± 1.7 days after PCI. The mean delay between BMC 

preparation and intracoronary injection was 5 h 28 min ± 1 h 30 min. The injected cell 

number was 98.3 ± 8.7 x 106 autologous mononucleated BMCs, with a mean percentage of 

viable cells of 98.4 ± 1.1% (Table 2).  

 

Myocardial viability 

To analyze the primary end-point of improvement of myocardial viability (Figure 2A), 

SPECT images were obtained from 43 and 47 patients in the control and BMC groups, 

respectively.  

At 3 months after BMC infusion, 7/43 (16%) patients in the control group compared to 16/47 

(34%) patients in the BMC group improved their myocardial viability (p=0.06) (Figure 2B). 

The same trend was observed when improvement of viability was defined as a gain of at least 

three viable segments (3/43, 7% in the control group vs. 10/47, 21% in the BMC group, 

p=0.07). Univariate analysis of CV risk factors and major post-MI prognosis factors showed 

that smoking status at the time of AMI was the only significant factor related to viability 

(Table 3, p= 0.02). In a multivariate logistic regression analysis (Figure 3), including CV risk 

factors, time to PCI and the presence of microvascular obstruction on MRI, BMC infusion 

was significantly associated with improvement of myocardial viability (p=0.03). 

Improvement of myocardial viability was also more likely to occur among non-smokers 

(p=0.04) and a positive trend was observed in patients with microvascular obstruction 

(p=0.07). 

Changes in viability were also analyzed on a segment-by-segment basis. A mean of 0.8 ± 1.1 
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non-viable segments became viable in the control group and 1.2 ± 1.5 in the BMC group (p = 

0.13) (Figure 2C). The number of viable segments that worsened by becoming non-viable 

was low and similar in both groups (0.3 ± 0.7 in the control group vs. 0.2 ± 0.5 in the BMC 

group; p=0.90).  

 

LV function and remodeling 

Among the prespecified secondary endpoints, LVEF measured by RNA significantly 

increased from a mean of 37.0 ± 6.7% at baseline to 41.3 ± 9.0% at 3 months in the control 

group, compared to 35.6 ± 7.0% at baseline to 38.9 ± 10.3% at 3 months in the BMC group, 

with a mean increase of 4.3% (p = 0.001) in the control group and 3.3% (p = 0.009) in the 

BMC group (Figure 4A). At 3 months, LVEF did not differ significantly between BMC and 

control groups (p = 0.62). MRI observed a similar pattern with improvement of LVEF within 

groups (LVEF from baseline to 3 months: 38.7 ± 9.2% to 40.9 ± 10.2% in the control group, 

vs. 37 ± 9.8% to 38.9 ± 9.7% in the BMC group), albeit with no difference between groups (p 

= 0.9, Figure 4B). Global wall motion score index (WMSI) on MRI decreased significantly 

in both groups (from 1.74±0.37 to 1.33±0.34 in control group, p=0.001; from 1.79±0.40 to 

1.22±0.40 in BMC group, p<0.001), and there was no difference between groups (p=0.11). 

Regional WMSI also decreased significantly in both groups (from 2.62+0.34 to 2.29+0.50 in 

control group, p= 0.001; from 2.64+0.36 to 2.46+0.46 in BMC group, p=0.01) and there was 

no difference between groups (p=0.21, Figure 4C). Left ventricular volumes were similar 

between groups at 3 months (see Supplementary material online). 

 

Infarct size 

Infarct size measured as the scar extent on MRI did not significantly change in the control 

group and in the BMC group between baseline and 3 months follow up (from 39.1 ± 10% to 
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38.3 ± 10.5% in the control group, and from 40.1 ± 11.9% to 39.3 ± 13.4% in the BMC 

group). Changes were similar between control and BMC groups (p = 0.5, Figure 4D).  

 

Safety 

One patient in the BMC group died from sudden death one month after STEMI. An 

implantable cardioverter-defibrillator was inserted for primary prevention within the 3-month 

follow-up in one patient in the control group and four in the BMC group (p = 0.36, Fisher’s 

exact). There were no significant differences in MACEs between the groups (Table 4). The 

rate of coronary artery restenosis at 3 months follow-up was similar in both groups (p = 

0.88). 
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Discussion 

This multicenter, randomized, controlled trial addressed the effect of intracoronary injection 

of BMCs performed 9 days after AMI in addition to optimal "state-of-the-art" reperfusion 

and pharmacological therapy on myocardial viability at 3 months. BMC infusion was 

associated with significant improvement in myocardial viability 3 months after AMI in a 

multivariate analysis including major post-MI prognostic factors, whereas there was a strong 

trend towards improvement in univariate analysis. Importantly, non-smoking status was 

associated with greater improvement of myocardial viability and a trend was observed in 

patients with presence of microvascular obstruction. The statistical discordance between 

results of univariate and multivariate statistical analyses suggest that BMC infusion efficacy 

is modulated by patient risk factors such as smoking status and microvascular obstruction. 

Identification of those factors will be pivotal to better define a group of patients that will 

benefit from cardiac cell therapy. 

As improvement of systolic function might result from recovery of stunned myocardium, we 

used myocardial viability as primary endpoint to assess the efficacy of cell therapy. 

Myocardial viability is a cornerstone for preservation/improvement of LV function, or 

limitation of LV remodeling after PCI. Myocardial viability can be assessed by different 

methods namely echocardiography, SPECT/PET and MRI. These methods are often used in 

combination in daily practice as they provide complementary information. Rest-redistribution 

thallium 201-SPECT was chosen to evaluate changes in myocardial viability since it provides 

a good estimate of myocyte cellular membrane integrity. This technique is widely used and 

available in most centers, with a reproducible quantitative assessment of viability expressed 

as % of thallium intake for each myocardial segment. The commonly described mechanisms 

for cell therapy efficacy, including myocardial regeneration, salvage, and local perfusion 

should lead to improvement of myocardial viability as a primary event that would later 
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translate into improvement of LVEF and/or limitation of LV remodeling. Indeed, 34% 

(16/47) of patients treated with autologous BMC had improved myocardial viability 

compared to the control group (16%, 7/43), although this was only statistically significant in 

multivariate analysis. 

Interestingly, the patients included in our study corresponded to the subgroup of patients who 

demonstrated the best improvement of LVEF after BMC therapy in the post-hoc analysis of 

the REPAIR-AMI trial12: they had a marked alteration of LVEF (<45%) and were treated 

after the 5th day post-STEMI. The time of BMC administration (9.3 ± 1.7 days) was in 

accordance with clinical data on patients with acute MI showing maximum blood 

mobilization of endothelial progenitor cells from 7 to 10 days post-AMI.13 Despite a nearly 

two-fold greater increase in viable segments in the BMC group compared to control patients, 

no difference was observed in LVEF with any imaging method including RNA, 

echocardiography, and MRI. There is a complex relation between viability and contractility 

after STEMI, with contractile dysfunction related not only to the balance between necrosis 

and viability, but also to the extent of metabolic damage in viable myocytes,14 and the 

awakening of hibernating/stunned myocardium after coronary revascularization of the 

myocardial risk area. Hence, recovery of contractility in some but not all regions with 

preserved metabolic viability might be observed.15 Interestingly, the strong trend towards 

improvement in myocardial viability observed in this study may be placed alongside restoring 

microvascular function,16 as microvascular obstruction measured by MRI has been associated 

to worse clinical outcome.17, 18 

Although the mechanisms involved in improving myocardial viability after intracoronary 

infusion of BMC are not understood, risk factors such as smoking or microvascular 

obstruction may represent important modulators. Smoking is known to increase oxidative 

stress, a well-established stimulus for apoptotic cell death,19, 20 and CD34+endothelial 
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progenitor cells have been shown to be very sensitive to apoptosis induction,9 which may 

have interfered with recovery of myocardial viability in smokers. Moreover, analysis of 

individual risk factors indicates that smoking is a factor that contributes to reduced numbers 

of circulating progenitor cells.9  

Study limitations 

The design of our study did not include a placebo group, as the goal of the study was to 

evaluate the efficacy of the whole procedure, including intracoronary injection and BMC 

administration. Sham injection was not performed in the control group to compare the effect 

of BMC therapy to the “state-of-the-art” treatment of patients with STEMI. One could argue 

that the BMC group may have been influenced by the cell application method (e.g., post-

conditioning potentially influencing viability). Nevertheless, repeated brief episodes of 

inflation-deflation of the angioplasty balloon reduced infarct size only when performed 

immediately after re-opening of the culprit coronary artery.21 In our trial, the intracoronary 

cell therapy procedure was performed 9.3 ± 1.7 days after the IRA has been reopened. We 

also acknowledge our study has a short-term follow-up; however, long-term effects of BMC 

therapy are controversial4 and our aim was to investigate short-term effect on myocardial 

viability in an effort to better understand the underlying mechanisms of cardiac cell therapy 

after AMI. 

Conclusion 

Intracoronary autologous BMC administration to patients with decreased LVEF after AMI 

was associated with improvement of myocardial viability in multivariate –but not in 

univariate – analysis. The results of our multivariate analysis generate hypotheses about the 

potential role of active smoking and microvascular obstruction in cardiac cell therapy 

efficacy that should be taken into account for designing large international trials that will 

address the clinical relevance of BMC administration.  
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Supplementary material is available at European Heart Journal online. 
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Figure legends 

 
 

Figure 1.  Patient enrolment and outcomes. 

PCI: percutaneous coronary intervention; LVEF: left ventricular ejection fraction; SPECT: 

single-photon-emission computed tomography; RNA: radionuclide angiography; MRI: 

magnetic resonance imaging; FU: follow-up. 

 

Figure 2. SPECT myocardial viability at baseline and 3 months after myocardial infarction. 

(A) Cardiac polar map example of myocardial viability improvement using SPECT from 

baseline to 3 months. Baseline evaluation revealed a large viability defect in the ventricular 

septum from the apex to the base. Evaluation, after 3 months, showed an improvement in 

myocardial viability of the septum from the apex to the base segments. (B) percentage of 

patients in the control and BMC groups with an increase of >2/17 viable segments. (C) 

Increase in viable segment number/patient (median with interquartile ranges). *Adjusted for 

diabetes and time to revascularization (≤12 or >12 h). 

 

Figure 3. Multivariate logistic regression analysis for improvement of at least 2 non-viable 

segments becoming viable (n = 77). OR: Odds ratio; CI: Confidence interval; p: p-value. 

 

Figure 4. Evaluation of left ventricular ejection fraction (LVEF) and scar extent at baseline 

and 3 months. (A) LVEF evaluated by radionuclide angiography. (B) LVEF evaluated by 

MRI. (C) Regional wall motion score index (WMSI) on cardiac MRI. (D) Scar extent 

evaluated by MRI.  
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Abstract 

Aims: Intracoronary administration of autologous bone marrow cells (BMCs) leads to a 

modest improvement in cardiac function, but the effect on myocardial viability is unknown. 

The aim of this randomized multicenter study was to evaluate the effect of BMC therapy on 

myocardial viability in patients with decreased left ventricular ejection fraction (LVEF) after 

acute myocardial infarction (AMI) and to identify predictive factors for improvement of 

myocardial viability. 

Methods and Results: One-hundred one patients with AMI and successful reperfusion, 

LVEF ≤45%, and decreased myocardial viability (resting Tl201-SPECT) were randomized to 

either a control group (n=49) or a BMC group (n=52). Primary endpoint was improvement of 

myocardial viability 3 months after AMI. Baseline mean LVEF measured by radionuclide 

angiography was 36.3 ± 6.9%. BMC infusion was performed 9.3 ± 1.7 days after AMI. 

Myocardial viability improved in 16/47 (34%) patients in the BMC group compared to 7/43 

(16%) in the control group (p = 0.06). The number of non-viable segments becoming viable 

was 0.8 ± 1.1 in the control group and 1.2 ± 1.5 in the BMC group (p = 0.13). Multivariate 

analysis including major post-AMI prognostic factors showed a significant improvement of 

myocardial viability in BMC vs. control group (p=0.03). Moreover, a significant adverse role 

for active smoking (p=0.04) and a positive trend for microvascular obstruction (p=0.07) were 

observed. 

Conclusions: Intracoronary autologous BMC administration to patients with decreased 

LVEF after AMI was associated with improvement of myocardial viability in multivariate –

but not in univariate – analysis. A large multicenter international trial is warranted to further 

document the efficacy of cardiac cell therapy and better define a group of patients that will 

benefit from this therapy.  
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Clinical Trial Registration Information: URL: http://www.clinicaltrials.gov.  Unique 

identifier NCT00200707. 

Keywords: myocardial infarction, cells, smoking.  
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