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Abstract

Rationale—Notwithstanding the uncertainties regarding the outcomes of BMC therapy for heart 

repair, further insights are critically needed to improve this promising approach.

Objective—To delineate the true impact of BMC therapy for cardiac repair and gain insights for 

future trials through systematic review and meta-analysis of data from eligible randomized 

controlled trials (RCTs).

Methods and Results—Database searches through August 2014 identified forty-eight eligible 

RCTs (enrolling 2602 patients). Weighted mean differences for changes in left ventricular (LV) 

ejection fraction (EF), infarct size, LV end-systolic volume (LVESV), and LV end-diastolic 

volume (LVEDV) were analyzed with random-effects meta-analysis. Compared with standard 

therapy, BMC transplantation improved LVEF (2.92%; 95% confidence interval [CI], 1.91 to 

3.92; P<0.00001), reduced infarct size (−2.25%; 95% CI, −3.55 to −0.95; P=0.0007) and LVESV 

(−6.37 ml; 95% CI, −8.95 to −3.80; P<0.00001), and tended to reduce LVEDV (−2.26 ml; 95% 

CI, −4.59 to 0.07; P=0.06). Similar effects were noted when data were analyzed after excluding 

studies with discrepancies in outcomes reporting. The benefits also persisted when cardiac 

catheterization was performed in control patients as well. Although imaging modalities partly 

influenced the outcomes, LVEF improved in BMC-treated patients when assessed by MRI. Early 

(<48h) BMC injection after MI was more effective in reducing infarct size, while BMC injection 

between 3 and 10 days proved superior toward improving systolic function. A minimum of 50 

million BMCs seemed to be necessary, with limited additional benefits seen with increasing cell 

numbers. BMC therapy was safe and improved clinical outcomes, including all-cause mortality, 

recurrent MI, ventricular arrhythmia, and cerebrovascular accident (CVA) during follow-up, albeit 

with differences between acute MI and chronic IHD subgroups.
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Conclusions—Transplantation of adult BMCs improves LVEF, reduces infarct size and 

ameliorates remodeling in patients with IHD. These effects are upheld in analyses of studies 

employing MRI, and also after excluding studies with discrepant outcomes reporting. BMC 

transplantation may also reduce the incidence of death, recurrent MI, ventricular arrhythmia, and 

CVA during follow-up.
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INTRODUCTION

Acute myocardial infarction (MI) and chronic ischemic heart disease (IHD) cause significant 

mortality, morbidity, and economic burden. A significant number of these patients develop 

heart failure due to progressive myocardial remodeling and left ventricular (LV) 

dysfunction. The existing pharmacological modalities have been able to slow the 

progression, but not reverse this deleterious process. This acute need for new therapies, 

coupled with early positive results, have led to quick embracing of adult bone marrow cell 

(BMC) therapy for heart repair by scientists and clinicians alike. Although results from 

individual trials have been discordant,1 emerging evidence from several large meta-analyses 

of pooled data suggest that therapy with bone marrow cells (BMCs) may exert multi-faceted 

salubrious effects in patients with acute MI as well as chronic IHD, enhancing LV function 

and remodeling and improving outcomes.2–4

Despite this wide appreciation of cell therapy as a viable yet experimental option, several 

trials have been unable to document benefits of BMC therapy,5,6 and the overall effects of 

cell therapy have remained controversial. The lack of benefit has been attributed to 

differences in trial design, and variability in imaging modalities used for assessment of 

efficacy endpoints. However, meta-analytic approaches have also failed to identify 

significant survival benefits of BMC therapy,7 thereby raising questions about the 

therapeutic efficacy of BMC injection. Moreover, a recent review of BMC therapy trials has 

raised concerns regarding the presence of significant inconsistencies in the reporting of 

several cohort studies and even a few RCTs.8

Notwithstanding the above inevitable vagaries associated with an emerging therapy with 

complex biological products, there remains an acute need to identify ways to improve the 

outcomes of cell therapy. Therefore, we sought to perform a careful systematic review and 

meta-analysis of all RCTs of heart repair with BMCs. In addition, separate analyses were 

performed after excluding RCTs with discrepancies in the reporting of outcome parameters 

and based on procedures in control groups that ensure appropriate blinding. We also 

performed several subgroup analyses to delineate the impact of cell number, route of 

injection, imaging modalities used for the assessment of end-points, cell preparation 

techniques, and timing of BMC injection after acute MI.
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METHODS

Search strategy

We searched MEDLINE, the Web of Science, the Cochrane Central Register of Controlled 

Trials, and the reference lists of retrieved reports from December 1966 through August 31, 

2014 for studies of BMC transplantation in patients with ischemic heart disease using the 

following terms: “stem cells,” “progenitor cells,” “bone marrow cells,” “coronary artery 

disease,” “myocardial infarction,” “chronic ischemic heart disease,” “acute myocardial 

infarction,” “ischemic cardiomyopathy,” “cardiomyopathy,” and “heart failure.” The 

complete search strategy is provided in Online Figure I.

Study selection

RCTs fulfilling the following criteria were included: i) enrolled patients with acute MI or 

chronic IHD; ii) patients received percutaneous coronary intervention (PCI) or thrombolysis 

or coronary artery bypass surgery (CABG); iii) patients in the intervention arm received 

BMC therapy via intracoronary (including bypass grafts) or intramyocardial (epicardial or 

endocardial) injection and patients in the control arm received standard therapy; iv) at least 1 

month of follow-up; and v) sample size ≥10 patients. Search criteria were set to include only 

human studies conducted in adults aged ≥18 years. Studies published in languages other 

than English were excluded except those for which abstracts including the outcomes of 

interest were available in English. Because we used mean and standard deviation, studies 

that reported data using median and range could not be included. Studies using circulating 

progenitor cells after granulocyte colony-stimulating factor (G-CSF) mobilization were 

excluded to avoid confounding direct effects of G-CSF on the myocardium and BMCs. 

Studies that did not report pre-intervention and post-intervention outcomes of interest were 

excluded.9 Studies where the primary manuscript was not accessible were included, if the 

abstract contained data regarding the outcomes of interest. All studies with discrepancies in 

the reporting of primary outcomes of interest were excluded from a sub-analysis.5,10–15

Data extraction

Three investigators (M.A., A.S., Z.S.) independently screened all titles and abstracts to 

identify studies that met the inclusion criteria and extracted relevant data using a 

standardized form. The outcome measures included changes in LV ejection fraction (LVEF), 

infarct size, LV end-systolic volume (LVESV), and LV end-diastolic volume (LVEDV). 

The clinical outcome measures included all-cause mortality, cardiac mortality, heart failure, 

stent thrombosis, in-stent restenosis, target vessel revascularization, cerebrovascular 

accident (CVA), transient ischemic attack (TIA), and ventricular arrhythmia. Data with the 

longest duration of follow-up were included for primary and secondary outcome measures. 

LV volumes were not included in the primary analysis if reported as an index. Cardiac 

magnetic resonance imaging (MRI) and single-photon emission computed tomography 

(SPECT) data were preferred over echocardiographic data for primary analysis when 

available. In one study MRI data was excluded from the analysis as baseline MRI was 

performed 2 to 3 weeks after acute MI.5 When multiple imaging modalities were used in one 

study, data from each modality were extracted to be included in subgroup analyses. Clinical 

trials with multiple publications with sequential follow-up durations or different outcomes 
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were considered as one study.16–18 For studies with 2 intervention arms19–23 that involved 2 

different doses (low dose and high dose of BMCs) or different routes of administration 

(intracoronary and intramuscular), data were combined by the use of methods described in 

Cochrane handbook. In a study with two treatment arms based on different time-points of 

cell transplantation but single control group,24 the early time-point was included in the 

primary analysis to avoid duplication of controls during analysis. In a study with 2 different 

time-points of cell transplantation, the combined data as reported by the authors were used 

for the primary analysis.

Quality assessment

The quality of included RCTs was assessed by the use of criteria established by Juni et al.25

Data analysis

Statistical analysis was performed with Cochrane RevMan version 5, and results were 

expressed as weighted mean differences for continuous outcomes with 95% confidence 

intervals (CIs). Data were pooled using DerSimonian-Laird random-effects model, however, 

a fixed-effects model was also used to ensure the robustness of model chosen and the 

susceptibility to outliers. Heterogeneity was analyzed with the I2 statistic, with a 

significance level of α=0.05. For the I2 statistic, heterogeneity was defined as low (25%–

50%), moderate (50%–75%), or high (>75%). For studies that reported mean±SD at baseline 

and follow-up but did not report the actual change (from baseline to follow-up) as mean

±SD, the change in SD was calculated with a standardized formula.26 The Peto odds ratio 

(OR) was calculated for clinical outcomes.

Subgroup analysis

Planned subgroup analyses were conducted based on: i) type of IHD (acute MI vs. chronic 

IHD); ii) location of MI (anterior vs. multiple areas); iii) baseline LVEF of <41% vs. ≥41% 

(41% was the median LVEF at baseline) and <50% vs. ≥50% (LVEF <50% represents LV 

dysfunction); iv) type of density gradient media used for cell preparation (Lymphoprep vs. 

other Ficoll-Paque based methods); v) the use of heparin in the final cellular suspension; vi) 

route of injection in chronic IHD trials; vii) timing of BMC transplantation after acute MI 

and/or PCI (0 to 2 days, 3 to 10 days, and more than 10 days); viii) number of BMCs 

injected (<50 million, 50 to 100 million, >100 to 250 million, and >250 million); and ix) 

modes of imaging (echocardiography, MRI, left ventriculography [LVG] and SPECT) used 

for the assessment of primary outcomes. Additional analyses based on the duration of 

follow-up (0–3 months, 4–6 months, 7–12 months and >12 months) were performed to 

examine the persistence of effects.

Analysis of outcomes in trials with rigorous study design

A recent study examined the impact of rigor of BMC trials on outcomes in acute MI 

patients, and concluded that unblinding might lead to overestimation of effects.27 However, 

due to inherent difficulties associated with ascertaining proper blinding of investigators, 

treating physicians and patients based only on published reports, we elected to perform 

separate analyses based on: i) whether control patients underwent cardiac catheterization as 

Afzal et al. Page 4

Circ Res. Author manuscript; available in PMC 2016 August 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



a sham procedure; and ii) whether control patients underwent bone marrow aspiration 

(Online Table I).

Analysis of outcomes without discrepancies in reporting of trial results

With regard to BMC trials, a recent report has also identified numerous discrepancies in 

reporting of study design, methods, and results.8 However, discrepancies in reporting of 

design and methods8 may only have limited potential to influence the overall conclusions of 

these studies. Therefore, to delineate the impact of discrepancies on collective outcomes of 

cell therapy trials, we performed separate meta-analysis after excluding studies with 

discrepancies in reporting of primary outcomes, such as LVEF. Discrepancies in reporting 

results included incorrect calculation of effects (LVEF, infarct size, LVESV and LVEDV) 

or discrepant reporting of results in different published reports (Online Table II).

RESULTS

Search results

The initial search retrieved 2498 reports, of which 2184 were excluded on the basis of the 

title and abstract. After the exclusion of 141 review articles, full-text analysis was performed 

on 173 reports, of which 64 were excluded because of unrelated outcomes; 27 were 

excluded due to the use of G-CSF; 19 were cohort studies; and 15 articles represented 

additional publications from previously reported trials, leaving forty-eight 

RCTs5,6,11–14,16–20,22–24,28–63 (enrolling a total of 2602 patients) for inclusion in the final 

analysis (Figure 1).

Study characteristics

Table 1 summarizes the characteristics of included studies. The median follow-up duration 

was 6 months (range, 3–60 months), and the median sample size was 43 patients (range, 10–

204 patients). The timing of BMC transplantation in patients with acute MI varied among 

the included studies (median, 7 days after MI; range, 1 to 18 days), and the median number 

of BMCs injected was 125×106 (range, 2×106–60×109). The median EF of patients at 

baseline was 41% (range, 21%–58%).

Study quality

The quality metrics of included studies are shown in Online Table III. At least 22 studies 

failed to blind participants and/or caregivers; 7 studies did not provide adequate information 

on blinding of participants and caregivers; and blinding of outcome assessors was unclear in 

at least 4 studies. The attrition rate and adequacy of follow-up are provided in Online Table 

III. The follow-up was complete in most studies with shorter follow-up duration. In studies 

with longer follow-up, the percent of patients lost to follow-up was acceptable. The inter-

reviewer agreement on these quality domains was >90%.

Cardiac parameters

BMC transplantation resulted in improvement in LVEF (2.92%; 95% CI, 1.91 to 3.92; 

P<0.00001; Figure 2), reduction in infarct size (−2.25%; 95% CI, −3.55 to −0.95; P=0.0007; 
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Figure 3) and LVESV (−6.37 ml; 95% CI, −8.95 to −3.80; P<0.00001; Figure 4) compared 

with standard therapy. There was a trend toward reduction in LVEDV (2.26 ml; 95% CI, − 

4.59 to 0.07; P=0.06; Figure 5).

Persistence of benefits during long-term follow-up

The sub-analysis performed on the basis of duration of follow-up showed that improvement 

in LVEF, infarct size, and LVESV persisted beyond 12 months (Table 2). An improvement 

in LVEDV was noted in the first 12 months; however, this did not persist beyond one year.

Subgroup analysis

Subgroup analysis showed that improvements in LV function, infarct size, and LVESV with 

BMC transplantation were significant regardless of the type of IHD (acute MI vs. chronic 

IHD), except that there was a greater reduction in infarct size in patients with chronic IHD 

(Table 3). The benefits of BMC therapy were similar regardless of the location of MI, except 

that BMC transplantation resulted in significant reduction in LVEDV (− 9.57 ml, 95% CI,

−6.50 to −2.63; P=0.002) in patients with anterior wall MI. The impact of baseline LVEF 

was analyzed separately on the basis of median LVEF (41%) and the presence of LV 

systolic dysfunction (LVEF <50%). Results from both analyses showed that BMC recipients 

experienced similar improvement in EF regardless of the baseline EF; however 

improvements in LVESV were more pronounced in patients with lower baseline EF (Table 

3). As for the route of injection, all patients with acute MI received intracoronary injection 

of BMCs. Therefore, the impact of intracoronary and intramyocardial routes of injection was 

analyzed only in patients with chronic IHD. In these patients, the outcomes were not 

significantly different between the 2 routes of BMC administration, except that 

intramyocardial injection was associated with greater reduction in LVESV (Table 3). 

Analysis based on the methods of cell preparation (Ficoll vs. Lymphoprep) did not identify 

any significant interaction (Table 3). When studies were compared based on the presence or 

absence of heparin in the final cell suspension, there was greater improvement in LVEF and 

infarct size in heparin group. With regard to cell preparation, in 31 studies, BMCs were 

injected on the same day as BM harvest; in 5 studies, cells were injected by the next day; 

and the time-frame was unclear in 8 studies. BMCs were culture expanded in 4 studies 

leading to a delay in cell injection for a variable period of time, ranging from 3 days to 6 

weeks. Because information on storage condition, especially temperature during storage, 

was not available in the vast majority, subgroup analysis was not performed.

Impact of BMC number on cardiac parameters

The median BMC number used in the included trials was 125 million. To find the optimal 

cell dose, an analysis based on different numbers of injected cells revealed that there was no 

significant improvement in cardiac parameters in trials that used fewer than 50 million cells 

(Table 4). Transplantation of 50 to 100 million cells induced significant improvement in 

LVEF and LVESV. With further increase beyond 100 million and 250 million cells, there 

were incremental benefits, the significance of which remains unclear. There was no 

improvement in infarct size seen in each subgroup, primarily due to limited number of 

studies in each group.
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Impact of timing of BMC transplantation after acute MI

The median time interval for BMC transplantation in patients with acute MI was 7 days 

(range, 1 to 18 days). BMCs were injected within 48 hours after acute MI/PCI in 4 studies, 

within 3 to 10 days in 22 studies, and after 10 days in 6 studies. BMC injection on days 3 to 

10 resulted in greatest improvement in EF, LVESV and LVEDV; however, there was no 

significant reduction in infarct size in this subgroup. The greatest reduction in infarct size 

was seen when BMCs were transplanted within the first 48 hours after MI (Table 5).

Imaging modalities and outcomes

Analysis based on imaging modalities revealed important interactions with regard to LVEF 

and LVESV. Improvement in LVEF in BMC-treated patients was significant when MRI, 

echocardiography or LVG were used, whereas the increase was insignificant by SPECT 

(Table 6). Infarct scar size reduction was significant by SPECT but not by MRI. BMC 

therapy reduced LVESV when assessed by echocardiography, MRI, and LVG, but not by 

SPECT, while reduction in LVEDV was significant by echocardiography and SPECT only 

(Table 6).

Impact of the rigor of study design and blinding on outcomes

The analysis of studies wherein control patients also underwent cardiac catheterization as a 

sham procedure mimicking cell injection showed that BMC transplantation improved LVEF, 

reduced infarct size, LVESV and LVEDV (Table 7). The analysis of studies wherein control 

patients underwent bone marrow aspiration revealed significant reduction in LVESV with 

BMC therapy. There was also a trend toward improvement in LVEF with BMC therapy, 

however, it did not reach statistical significance (P=0.05) (Table 7).

Impact of BMC therapy on survival and other clinical outcomes—During follow-

up, BMC therapy was associated with significantly lower incidence of adverse outcomes, 

including all-cause mortality (OR, 0.55; 95% CI, 0.34 to 0.89; I2=37%; P=0.01), recurrent 

MI (OR, 0.50; 95%CI, 0.27 to 0.92; I2=21%; P=0.03), ventricular tachycardia/fibrillation 

(OR, 0.45; 95% CI, 0.22 to 0.93; I2=10%; P=0.03) and CVA/TIA (OR, 0.25; 95% CI, 0.08 

to 0.81; I2=0%; P=0.02) (Table 8). There was also a trend toward reduced incidence of heart 

failure, stent thrombosis, and cardiac death in BMC-treated patients, while the incidence of 

in-stent restenosis and target vessel revascularization was similar in BMC-treated patients 

compared with controls. In addition, we also estimated OR for patients with acute MI and 

CIHD separately (Table 8). Although the ORs were uniformly directionally concordant 

between these two subgroups of IHD patients, differences were noted in statistical 

significance of observations. These differences may perhaps be explained on the basis of 

variable numbers of patients in different analyses.

Exclusion of trials with discrepancies in result reporting—Meta-analysis after 

excluding 7 trials with discrepancies in outcomes reporting produced very similar results. 

BMC transplantation led to improvement in LVEF (2.90%; 95% CI, 1.83 to 3.97; 

P<0.00001; Online Figure II), reduction in infarct size (− 2.21%; 95% CI, − 3.61 to − 0.82; 

P<0.00001; Online Figure III) and LVESV (−7.14 ml; 95% CI, −10.14 to −4.15; 

P<0.00001; Online Figure IV) compared with standard therapy. There was a trend toward 

Afzal et al. Page 7

Circ Res. Author manuscript; available in PMC 2016 August 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



reduction in LVEDV (−1.52 ml; 95% CI, −3.78 to 0.74; P=0.19; Online Figure V). Thus, 

after excluding 7 studies, which were noted to have discrepant reporting of outcomes in 

various publications,8 the primary outcomes of this meta-analysis remained essentially 

unchanged.

Publication bias—There was no significant publication bias for the primary outcomes 

(LVEF, LVESV, LVEDV and infarct size) as assessed by Funnel plots and Egger’s test 

(Online Figure VI).

DISCUSSION

Salient findings

The current meta-analysis of data from 48 RCTs (2602 patients) demonstrates the safety and 

efficacy of adult BMC transplantation for heart repair in patients with acute MI and chronic 

IHD. Although the improvements in LVEF, infarct scar size and LVESV in BMC-treated 

patients were numerically small, the differences were significant. Very similar results were 

generated from analysis after excluding studies with discrepancies in outcomes reporting. 

Perhaps more importantly, these benefits seemed to translate into improved clinical 

outcomes (all-cause mortality, recurrent MI, ventricular arrhythmia, and CVA/TIA) during 

follow-up, also reflecting the long-lasting nature of BMC effects. Importantly, our results 

document improvement in LVEF in studies that employed MRI for cardiac functional 

assessment. Moreover, these results identify BMC number less than 50 million to be 

ineffective for cardiac repair, and identify the 3–10-day period after MI/PCI as the preferred 

interval for cell therapy. Together, these findings provide a strong rationale for large-scale 

clinical trials, and offer significant insights that may prove useful for future trial design.

BMC therapy improves LV function and reduces infarct size

Because of the variability in study design, patient characteristics, cell types, and other study-

related variables, the outcomes of individual BMC therapy trials have been discordant.1 In 

addition, due to differences in search strategies, study inclusion criteria, and analysis 

specifics, the interpretation of outcomes from various meta-analyses of pooled data have 

also been different.2,4,7,64 Therefore, and although a beneficial impact of BMC therapy has 

been noted in several previous meta-analyses, the debate over the efficacy of BMC therapy 

continues. The results of this meta-analysis, which included data from only RCTs that 

collectively enrolled a total of 2602 patients, indicate that injection of BMCs in patients with 

both acute MI and chronic IHD improves LVEF. Importantly, the improvement in EF was 

also noted when data specifically from studies using MRI for outcome assessment were 

analyzed. Although the 3% increase in EF seems rather small, it is important to note that the 

potential benefits from other therapeutic options for these patients are quite similar.65 

Furthermore, BMC therapy also improved remodeling as evidenced by reduction in infarct 

scar size and LVESV. In contrast to our previous meta-analysis,4 which also included cohort 

studies and showed a significant reduction in LVEDV, the current results did not show a 

statistically significant reduction in LVEDV, although there was a trend toward 

improvement.
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Additional analyses based on the duration of follow-up showed that improvements in LVEF, 

infarct size, and LVESV were persistent for more than 12 months. Consistent with our 

previous analysis,4 the current data from RCTs alone indicate that benefits of BMC 

transplantation on LV function and remodeling are not transient. Although the molecular 

mechanisms giving rise to these benefits remain unclear, the potential impact of these 

changes in terms of improvement in patient symptoms and quality of life may provide strong 

rationale for larger clinical trials of BMC therapy.

Patient characteristics

In order to identify patient variables that may influence outcomes of BMC therapy, we 

analyzed data on the basis of predefined subgroups. Analysis on the basis of the type of IHD 

showed greater reduction in infarct size with BMC therapy in patients with chronic IHD 

compared with patients with acute MI (Table 3). There was similar improvement in EF and 

LVESV in both groups. These findings indicate that BMC transplantation can effectively 

ameliorate LV remodeling and improve cardiac function in both acute and chronic settings. 

Additional analysis revealed that cardiac parameters were similarly improved with BMC 

transplantation regardless of the location of MI, although the reduction in LVEDV was 

significantly greater in patients with anterior wall MI compared with MI involving other 

territories, suggesting potentially greater benefits in patients with anterior wall MI. This is 

important as patients with anterior wall MI are at greater risk of developing heart failure 

during long-term follow-up.66

Analysis based on the median LVEF (41%) showed greater reduction in LVEDV and infarct 

size in patients with LVEF <41% at baseline; however, improvements in EF and LVESV 

were similar (Table 3). These differences in outcomes were similar when subgroup data 

were analyzed using a baseline LVEF of 50%, below which LV dysfunction is considered 

present, except that LVESV was not significantly reduced when baseline EF was ≥50% 

(Table 3). Overall, these results suggest that LV remodeling outcomes with BMC therapy 

may be superior in patients with a lower LVEF at baseline.

Safety of BMC therapy and improvement in clinical outcomes

From a clinical standpoint, the overall patient-important outcomes, including survival, are 

critically important toward evaluating the merits of any new therapy. In this regard, several 

previous meta-analyses have documented the safety of BMC therapy, including our previous 

analysis which also included cohort studies.2–4 Results from our current analysis, based on 

RCTs only, not only demonstrate the safety of BMC transplantation in patients with IHD, 

but also suggest that BMC therapy may reduce all-cause mortality, recurrent MI, ventricular 

arrhythmia, and CVA/TIA. These data also show a trend toward reduced incidence of 

cardiac deaths, heart failure, and stent thrombosis. However, these highly encouraging 

findings should be tempered with the knowledge that hypothesis-generating inferences from 

meta-analysis ought to be validated in prospective large RCTs of BMC therapy, such as 

BAMI.
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Timing of BMC injection after acute MI

The survival of injected cells in the first few days after acute MI may be jeopardized by the 

local inflammation that renders the myocardium a hostile environment for injected cells. In 

the Reinfusion of Enriched Progenitor Cells and Infarct Remodeling in Acute Myocardial 

Infarction (REPAIR-AMI) trial, the authors stratified data according to the timing of BMC 

injection after acute MI and showed that transplantation of BMC was more beneficial when 

performed at least 5 days after an acute MI.55 The issue of optimal timing for BMC injection 

was specifically studied in subsequent trials (TIME, LateTIME and SWISS-AMI).6,24,58,59 

The TIME trial evaluated outcomes of cell delivery at day 3 or day 7 after reperfusion, while 

LateTIME evaluated cell delivery 2 to 3 weeks post-reperfusion. The SWISS-AMI trial 

compared the effects of delivery on days 5 to 7 versus 3 to 4 weeks post-PCI. Overall, the 

primary results for TIME, LateTIME, and SWISS-AMI did not show any discernible benefit 

of cell therapy irrespective of the timing of cell injection.6,24,58,59 In the current meta-

analysis, transplantation of BMCs between 3 to 10 days after MI/PCI produced greater 

improvement in cardiac parameters (LVEF, LVESV and LVEDV) (Table 5). The reduction 

in infarct size was greater when cells were injected within the first 48 hours. However, these 

results need to be interpreted cautiously as the majority of trials (22 out of 32 trials) in 

patients with acute MI injected cells in the 3–10-day window after MI/PCI.

BMC number

Myocardial retention of BMCs after transplantation is variable and may depend on the total 

number of transplanted cells. Since BMC numbers have varied widely in individual trials, 

we analyzed the impact of BMC number (<50×106; 50–100×106; 100–250×106; and 

>250×106 BMCs) on different cardiac parameters. There was no improvement in cardiac 

parameters in trials that used fewer than 50 million cells. However, there was consistent 

improvement in EF and LVESV in trials using 50 to 100 million cells highlighting that a 

minimum of 50 million BMCs are needed for the benefits to manifest. Incremental increases 

in EF and LVESV were noted with further increase in BMC number beyond 100 million 

(Table 4). However, these observations need to be validated in prospective RCTs directly 

comparing different BMC numbers. One such study that compared the effects of variable 

cell doses showed significant improvement in cardiac function with high dose (100 million 

vs. 10 million) and the beneficial effects persisted beyond 12 months favoring the higher 

dose.20,21

Cell processing techniques

Differences in outcomes with similar cells have suggested that cell processing methods may 

impact outcomes significantly.67,68 The results of subgroup analysis based on the specific 

methods of density-gradient centrifugation for cell isolation showed significant 

improvement in EF and LVEDV in trials using Ficoll-based methods compared with 

Lymphoprep. However, there was similar improvement in LVESV with both techniques 

(Table 3). Additionally, greater improvements in LVEF and infarct size were noted in 

studies using heparin in the final cell suspension compared with studies that did not. Since 

BMCs were stored for various lengths of time in disparate storage conditions, direct 
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comparisons will be necessary to identify the optimal BMC processing methods for future 

trials.

Imaging modalities and outcomes

One of the proposed reasons for discrepant results among various BMC trials is the use of 

dissimilar imaging modalities for the assessment of end-points. In this regard, cardiac MRI 

is often considered to be the gold standard for the assessment of cardiac structure and 

function. Importantly, no benefit of BMC therapy has been noted in analysis of pooled MRI 

data from a relatively small number of studies in a previous meta-analysis.64 Our analysis of 

MRI data from 20 eligible studies showed that BMC therapy improved LVEF and reduced 

LVESV without any significant change in infarct size and LVEDV (Table 6). Overall, the 

observed improvements in LVEF and LVESV were more pronounced in studies that used 

echocardiography, MRI, and LVG compared with those using SPECT. However, the 

reduction in infarct size was noted only with SPECT. These results indicate that the benefits 

of BMC therapy are perhaps not merely stemming from the use of imprecise techniques, and 

can be documented even when assessed with rigorous methodologies.

Rigorous study design

The analysis of studies where control group underwent cardiac catheterization as sham 

procedure was consistent with the overall result of the meta-analysis. On the other hand, the 

studies where bone marrow aspiration was performed as a sham procedure did not show 

significant improvement in ejection fraction; although there was a significant reduction in 

LVESV. However, these results should be interpreted with caution as the number of studies 

performing bone marrow aspiration were limited (n=7).

Studies with discrepancies

Various apparent discrepancies in several BMC trials have been enumerated in a recent 

article that identified over 600 discrepancies in 49 BMC trials and conducted an analysis 

based on the number of discrepancies and positive outcomes.8 The authors concluded that 

the number of discrepancies correlated with the positive outcomes reported in these studies. 

Although this methodology has been questioned in a recent paper,69 we elected to perform a 

separate analysis using this information.8 Since discrepancies in the description of methods 

and baseline characteristics may potentially result from innocuous editing inaccuracies, we 

considered discrepancies in outcome reporting alone serious enough to merit exclusion. 

However, meta-analysis performed after excluding 7 RCTs that had discrepancies in result 

reporting (Online Table I) produced results that were very similar to the overall findings of 

the current meta-analysis. These observations suggest that the beneficial effects of BMC 

therapy in heart repair may not represent mere artifacts produced by studies with discrepant 

data.

Meta-analyses of BMC therapy

Since the publication of the first comprehensive meta-analysis on adult BMC therapy for 

heart repair, numerous meta-analyses have examined highly diverse combinations of pooled 

datasets from an increasing number of BMC therapy trials. Although the results of these 
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meta-analyses have largely shown an overall beneficial impact of BMC injection, some 

differences in conclusions have also been noted. Although discussion of specific 

discrepancies is not possible due to space, it is critical to emphasize that findings in each 

meta-analysis are overwhelmingly dependent on specific criteria for study selection and 

outcomes examined. The results of meta-analyses therefore may vary, often greatly, 

depending on which studies/patients are included.

Limitations

Although we included data only from RCTs, given the differences in study variables, the 

degree of heterogeneity among BMC trials continues to be an inherent limitation of such 

analysis. Another limitation is the difference in sample size in various predefined subgroups, 

which may lead to nonsignificant associations (Table 8). However, the observations across 

most of these subgroups (Tables 3–7) suggest that the associations are likely valid. A few 

additional sub-analyses (types of cells, impact of storage conditions, and such) were not 

possible due to either limited number of studies in the subgroup or insufficient information 

in published reports. Moreover, the methods of ascertainment of adverse events for 

individual trials were not available in published documents.

Conclusions

BMC therapy in patients with IHD improves LV function, remodeling, and clinical 

outcomes. These observations remain valid even when assessed by the most rigorous 

methods, and after exclusion of trials with discrepancies in results reporting.
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Novelty and Significance

What Is Known?

• Individual clinical trials of cardiac repair with bone marrow cells have produced 

dissimilar data, and the overall efficacy of BMC therapy continues to remain 

controversial.

• Several recent meta-analyses of pooled data from several clinical trials have 

resulted in discordant conclusions.

What New Information Does This Article Contribute?

• This meta-analysis includes the largest (n=48) number of randomized controlled 

trials of bone marrow cell (BMC) therapy in patients with ischemic heart 

disease, and because of large patient numbers, is able to offer robust inferences 

and insights regarding factors that influence cell therapy outcomes.

• This meta-analysis also included the largest (n=20) number of BMC trials in 

which MRI was used to assess cardiac parameters, and shows an improvement 

in left ventricular ejection fraction with BMC therapy.

• The benefits of BMC therapy persist after the exclusion of studies with 

discrepancy in outcomes reporting.

The safety and efficacy of bone marrow cell (BMC) therapy for cardiac repair continue to 

be evaluated in clinical trials. The results from early studies of BMC therapy as well as 

meta-analyses of diverse subsets of clinical trials have been discordant. We performed a 

systematic review and meta-analysis of pooled data from 48 randomized controlled trials 

(RCTs) of BMC therapy that enrolled 2,602 patients with ischemic heart disease (IHD). 

Our results show that BMC injection in patients with IHD is associated with modest yet 

significant improvements in left ventricular (LV) structure and function. This analysis 

also suggests significant improvement in LV ejection fraction when MRI was used to 

assess cardiac function. Importantly, the benefits of BMC therapy were also noted in 

meta-analysis performed after exclusion of studies with discrepancies in outcomes 

reporting; and when cardiac catheterization was performed in control patients. BMC-

treated patients experienced substantive reduction in all-cause mortality, recurrent MI, 

ventricular arrhythmia, and cerebrovascular accident, indicating significantly favorable 

clinical outcomes despite numerically small improvements in cardiac parameters. These 

results provide a robust basis for the conduct of large RCTs using patient-important 

clinical outcomes as primary endpoints.
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Figure 1. Flow diagram of included RCTs
The selection of eligible studies of bone-marrow cell transplantation in patients with acute 

myocardial infarction and chronic ischemic heart disease. G-CSF, granulocyte colony 

stimulating factor; RCT, randomized controlled trial.
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Figure 2. Impact of BMC transplantation on LV ejection fraction
Forest plot of unadjusted difference in mean (with 95% confidence intervals [CIs]) change 

in left ventricular ejection fraction (LVEF) in patients treated with bone marrow cells 

(BMCs) compared with controls in included RCTs. Transplantation of BMCs resulted in a 

2.92% (95% CI, 1.91–3.92; P<0.00001) increase in mean LVEF. The overall effect was 

statistically significant in favor of BMC transplantation. IV, inverse variance.

Afzal et al. Page 21

Circ Res. Author manuscript; available in PMC 2016 August 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Impact of BMC transplantation on infarct size
Forest plot of unadjusted difference in mean (with 95% confidence intervals [CIs]) change 

in infarct scar size in patients treated with bone marrow cells (BMCs) compared with 

controls in included RCTs. Transplantation of BMCs resulted in a 2.25% (95% CI, −3.55 to 

−0.95; P<0.0007) decrease in mean infarct scar size. The overall effect was statistically 

significant in favor of BMC transplantation. IV, inverse variance.
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Figure 4. Impact of BMC transplantation on LVESV
Forest plot of unadjusted difference in mean (with 95% confidence intervals [CIs]) change 

in left ventricular end-systolic volume (LVESV) in patients treated with bone marrow cells 

(BMCs) compared with controls in included RCTs. Transplantation of BMCs resulted in 

6.37 ml (95% CI, − 8.95 to − 3.80; P<0.00001) decrease in LVESV. The overall effect was 

statistically significant in favor of BMC transplantation. IV, inverse variance.
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Figure 5. Impact of BMC transplantation on LVEDV
Forest plot of unadjusted difference in mean (with 95% confidence intervals [CIs]) change 

in left ventricular end-diastolic volume (LVEDV) in patients treated with bone marrow cells 

(BMCs) compared with controls in included RCTs. BMC transplantation resulted in a 2.26 

ml (95% CI, −4.59 to 0.07; P=0.06) decrease in mean LVEDV. The overall effect was not 

significant statistically. IV, inverse variance.
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TABLE 2

Unadjusted difference in mean change in outcome parameters in BMC-treated patients compared with controls 

based on the duration of follow-up.

Follow-up duration BMC Therapy (n) Control (n) Difference in mean (95% CI) P value

LVEF

0 – 3 months 499 385 3.53 (2.05, 5.00) <0.00001

4 – 6 months 1196 958 2.92 (1.88, 3.96) <0.00001

7 – 12 months 591 446 4.43 (0.48, 3.89) <0.00001

> 12 months 330 298 2.19 (0.48, 3.89) 0.01

Infarct size

0 – 3 months 123 88 −6.02 (−11.37, −0.67) <0.03

4 – 6 months 443 373 −2.25 (−3.77, −0.72) <0.004

7 – 12 months 167 93 −4.39 (−7.20, −1.57) 0.002

> 12 months 99 87 −2.25 (−3.14, −1.36) <0.00001

LVESV

0 – 3 months 322 244 −7.26 (−11.11 to −3.41) 0.0002

4 – 6 months 907 751 −5.50 (−7.78, −3.22) <0.00001

7 – 12 months 424 353 −10.58 (−14.90, −6.27) <0.00001

> 12 months 285 271 −4.76 (−7.46, −2.06) 0.0006

LVEDV

0 – 3 months 322 244 −2.34 (−7.03, 2.34) 0.33

4 – 6 months 877 725 −2.57 (−4.98, −0.16) <0.04

7 – 12 months 432 358 −5.84 (−11.03, −0.64) <0.00001

> 12 months 262 266 −2.08 (−4.98, 0.82) 0.16

Abbreviations: BMC, bone marrow cell; LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; LVESV, left 
ventricular end-systolic volume; CI, confidence interval; n, number of patients in each group
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TABLE 4

Unadjusted difference in mean change in outcome parameters in bone marrow cell–treated patients compared 

with controls based on the number of injected cells.

Cell Count (Millions) BMC Therapy (n) Control (n) Difference in mean (95% CI) P value

LVEF

< 50 153 110 2.29 (−0.48, 5.06) 0.11

50 to 100 431 292 3.32 (1.79, 4.85) <0.0001

> 100 to 250 472 360 2.14 (0.36, 3.92) 0.02

> 250 339 285 3.41 (0.25, 6.57) 0.03

Infarct size

< 50 16 15 1.50 (−2.55, 5.55) 0.16

50 to 100 243 193 −2.87 (−4.65, −1.09) 0.02

> 100 to 250 267 187 −1.82 (−4.50, 0.86) 0.18

> 250 186 164 −2.83 (−8.33, 2.68) 0.31

LVESV

< 50 148 105 −6.01 (−19.63, 7.61) 0.39

50 to 100 305 204 −7.45 (−10.46, −4.44) <0.00001

> 100 to 250 320 264 −2.60 (−3.95, −1.26) 0.0002

> 250 153 127 −8.24 (−16.36, −0.13) 0.05

LVEDV

< 50 143 100 0.50 (−9.05, 10.04) 0.92

50 to 100 305 204 −5.23 (−11.85, 1.39) 0.12

> 100 to 250 320 264 −1.52 (−3.15, 0.12) 0.07

> 250 132 112 −2.52 (−11.50, 6.46) 0.58

Abbreviations: LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; LVESV, left ventricular end-systolic 
volume; CI, confidence interval; n, number of patients in each group
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TABLE 5

Unadjusted difference in mean change in outcome parameters in bone marrow cell-treated patients compared 

with controls based on timing of cell injection after acute MI.

Time of injection BMC Therapy (n) Control (n) Difference in mean (95% CI) P value

LVEF

 0 – 2 days 98 81 1.85 (−0.67, 4.37) 0.15

 3 – 10 days 814 625 2.09 (0.54, 3.64) 0.008

 > 10 days 142 116 2.74 (−1.88, 7.37) 0.25

Infarct size

 0 – 2 days 40 40 −4.41 (−8.22, −0.60) 0.02

 3 – 10 days 494 400 −1.00 (−2.52, 0.53) 0.20

 > 10 days 100 72 −7.13 (−16.06, 1.81) 0.12

LVESV

 0 – 2 days 39 41 −11.14 (−31.17, 8.88) 0.28

 3 – 10 days 587 466 −5.76 (−8.37, −3.14) 0.0001

 > 10 days 87 60 1.37 (−3.39, 6.12) 0.57

LVEDV

 0 – 2 days 39 41 −12.59 (−42.68, 17.50) 0.41

 3 – 10 days 587 466 −2.95 (−5.65, −0.25) 0.03

 > 10 days 92 65 0.81 (−5.53, 7.16) 0.45

Abbreviations: LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; LVESV, left ventricular end-systolic 
volume; CI, confidence interval; n, number of patients in each group

Circ Res. Author manuscript; available in PMC 2016 August 28.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Afzal et al. Page 33

T
A

B
L

E
 6

U
na

dj
us

te
d 

di
ff

er
en

ce
s 

in
 m

ea
n 

ch
an

ge
 in

 o
ut

co
m

e 
pa

ra
m

et
er

s 
in

 b
on

e 
m

ar
ro

w
 c

el
l-

tr
ea

te
d 

pa
tie

nt
s 

co
m

pa
re

d 
w

ith
 c

on
tr

ol
s 

ba
se

d 
on

 th
e 

m
od

e 
of

 

im
ag

in
g.

F
ol

lo
w

-u
p 

du
ra

ti
on

B
M

C
 T

he
ra

py
 (

n)
C

on
tr

ol
 (

n)
D

if
fe

re
nc

e 
in

 m
ea

n 
(9

5%
 C

I)
P

 v
al

ue
 f

or
 Z

P
 v

al
ue

 f
or

 s
ub

gr
ou

p 
di

ff
er

en
ce

s

L
V

E
F

 
E

ch
o

64
2

53
3

2.
69

 (
1.

27
, 4

.1
2)

0.
00

02
0.

05

 
SP

E
C

T
15

0
96

0.
93

 (
−

0.
83

, 2
.6

8)
0.

30

 
M

R
I

64
2

53
3

1.
60

 (
0.

30
, 2

.9
0)

0.
02

 
L

V
G

37
2

30
5

5.
26

 (
2.

47
, 8

.0
5)

0.
00

02

In
fa

rc
t s

iz
e

 
SP

E
C

T
15

5
13

5
−

2.
41

 (
−

2.
78

, −
2.

03
)

<
0.

00
00

1
0.

19

 
M

R
I

41
6

30
6

−
1.

18
 (

−
2.

97
, 0

.6
1)

0.
20

L
V

E
SV

 
E

ch
o

24
9

19
5

−
11

.7
6 

(−
19

.0
9,

 −
4.

43
)

0.
00

2
0.

02

 
SP

E
C

T
11

6
80

−
4.

57
 (

−
11

.1
3,

 1
.9

9)
0.

17

 
M

R
I

34
1

25
2

−
2.

59
 (

−
3.

90
, −

1.
27

)
0.

00
01

 
L

V
G

21
1

17
6

−
11

.1
2 

(−
19

.2
7,

 −
2.

97
)

0.
00

8

L
V

E
D

V

 
E

ch
o

28
3

23
5

−
2.

41
 (

−
2.

79
, −

2.
03

)
0.

00
00

1
0.

42

 
SP

E
C

T
11

6
80

−
9.

56
 (

−
18

.3
9,

 −
0.

72
)

0.
03

 
M

R
I

39
1

30
2

−
1.

48
 (

−
6.

21
, 3

.2
5)

0.
54

 
L

V
G

21
1

17
6

−
0.

31
 (

−
10

.4
7,

 9
.8

6)
0.

95

A
bb

re
vi

at
io

ns
: 

E
ch

o,
 e

ch
oc

ar
di

og
ra

ph
y;

 L
V

E
D

V
, l

ef
t v

en
tr

ic
ul

ar
 e

nd
-d

ia
st

ol
ic

 v
ol

um
e;

 L
V

E
F,

 le
ft

 v
en

tr
ic

ul
ar

 e
je

ct
io

n 
fr

ac
tio

n;
 L

V
E

SV
, l

ef
t v

en
tr

ic
ul

ar
 e

nd
-s

ys
to

lic
 v

ol
um

e;
 L

V
G

, l
ef

t v
en

tr
ic

ul
og

ra
ph

y;
 

M
R

I,
 m

ag
ne

tic
 r

es
on

an
ce

 im
ag

in
g;

 S
PE

C
T

, s
in

gl
e-

ph
ot

on
 e

m
is

si
on

 c
om

pu
te

d 
to

m
og

ra
ph

y;
 C

I,
 c

on
fi

de
nc

e 
in

te
rv

al
; n

, n
um

be
r 

of
 p

at
ie

nt
s 

in
 e

ac
h 

gr
ou

p

Circ Res. Author manuscript; available in PMC 2016 August 28.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Afzal et al. Page 34

Table 7

Subgroup analysis to examine any potential impact of procedures in control patients on outcome variables.

Outcome Difference in mean (95% CI) BMC Therapy (n) Control (n) P value

Cardiac catheterization in control group

2.86 (1.40, 4.32)

LVEF −3.41 (−5.38, −1.44) 694 513 0.0001

Infarct scar size −3.17 (−4.47, – 1.86) 314 222 0.0007

LVESV −2.76 (−4.97, – 0.55) 374 277 <0.00001

LVEDV 405 312 0.01

No cardiac catheterization in control group

LVEF 2.97 (1.54, 4.40) 732 567 <0.0001

Infarct scar size −1.16 (−3.07, 0.74) 398 337 0.23

LVESV −7.93 (−12.35, −3.51) 561 434 0.0004

LVEDV −1.43 (−6.57, 3.71) 504 379 0.59

BM aspiration in control group

LVEF 1.58 (0.00, 3.17) 443 299 0.05

Infarct scar size 0.05 (−2.72, 2.81) 178 97 0.97

LVESV −3.51 (−6.40, −0.62) 261 194 0.02

LVEDV −4.68 (−12.64, 3.27) 251 184 0.25

No BM aspiration in control group

LVEF 3.40 (2.21, 4.60) 981 779 <0.00001

Infarct scar size −2.59 (−4.01, −1.18) 534 462 0.0003

LVESV −7.67 (−10.96, −4.39) 674 517 <0.00001

LVEDV −1.73 (−4.13, 0.68) 658 507 0.16

Abbreviations: LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; LVESV, left ventricular end-systolic 
volume; BM, Bone marrow; CI, confidence interval; n, number of patients in each group
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