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ABSTRACT – Objective: Ischemic heart disease is a leading cause of morbidity and mortality. In this study, we assessed 
the efficacy of intracoronary stem cell transplantation on left ventricular function (LVEF) in acute myocardial infarction, 
chronic ischemic heart disease, and severe ischemic heart failure.   

Materials and Methods: We conducted a meta-analysis of randomized trials from 2002 to 2025. Mean difference in 
LVEF between treated and control patients at 6-months after infusion was calculated according to analysis of covariance. 
Heterogeneity among studies was assessed by the Cochrane’s Q, Tau2, and I2 statistics. The primary outcome was the LVEF 
difference at follow-up. Secondary outcomes were comparisons among the type and number of transplanted stem cells. 

Results: The analysis included 82 randomized controlled trials totaling 5,781 patients (3,048 treated and 2,733 con-
trols) affected by acute myocardial infarction (AMI, n. 70), chronic ischemic heart disease (CIHD, n. 5), and ischemic heart 
failure (IHF, n. 7). Stem cells were bone marrow, mesenchymal, peripheral blood, and cardiac stem cells in 58, 15, 6 and 3 
studies, respectively. Median infused cells were 100 x 106.  LVEF increased 3.3% overall and 8.2%, 5.3% and 2.7% in CIHD, 
IHF and AMI, respectively. LVEF increased 2% per each 109 cells. CIHD improved from mild (46%) to normal (54%) and IHF 
from severe (30%) to moderate (38%) functional class. Study heterogeneity decreased over publication year, and there 
is evidence for publication bias, although the Egger’s test resulted in a non-significant result. Intracoronary stem cells 
induced a significant decrease in mean New York Heart Association (NYHA) functional class from baseline to 6 and 12 
months after transplant (2.6, 1.8, and 1.9, respectively; t-test p = 0.002) in ischemic heart failure patients.   

Conclusions: Intracoronary stem cell transplantation improves LVEF in acute and chronic ischemic heart disease and is 
associated with a reduction of functional class severity. The intracoronary route may be taken into consideration in future 
trials of stem cell therapy for ischemic heart disease due to its relative manageability and simplicity.

KEYWORDS: Stem cell transplantation, Intracoronary, Randomized trials, Acute myocardial infarction, Chronic ischemic 
heart disease, Ischemic heart failure, Meta-analysis.

ABBREVIATIONS: AAMD: ANCOVA-adjusted mean difference; AMI: Acute myocardial infarction; ANCOVA: Analysis of 
covariance; BMC: Bone marrow stem cells; CIHD: Chronic ischemic heart disease; CSC: Cardiac stem cells; IHF: Ischemic 
heart failure; LVEF: Left ventricular ejection fraction; MRI: Magnetic Resonance Imaging; MSC: Mesenchymal stem cells; 
NYHA: New York Heart Association; PBC: Peripheral blood stem cells; PET: Positron Emission Tomography; PRISMA: 
Preferred Reporting Items for Systematic Reviews and Meta-Analyses; RCTs: Randomized controlled trials; REML: 
Restricted maximum likelihood; SPECT:  Single Photon Emission Computed Tomography.
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INTRODUCTION

Acute and chronic ischemic heart disease remain 
a leading cause of morbidity and mortality world-
wide. Although medical and surgical treatments 
can improve coronary blood supply to the ischemic 
myocardium, no effective treatments are currently 
available to compensate for the loss of cardiomyo-
cytes in necrotic myocardial tissue. Abouzid et al1 

advanced the possibility that multipotent stem cells 
can regulate the crosstalk between cardiomyocytes 
and vascular endothelial cells, favoring coronary 
angiogenesis and myocardial repair. Different types 
of stem cells have been utilized in the treatment 
of patients with acute myocardial infarction (AMI), 
chronic ischemic heart disease (CIHD) and ischemic 
heart failure (IHF) including bone marrow stem cells 
(BMC), peripheral blood stem cells (PBC), mesenchy-
mal stem cells (MSC), cardiac stem cells (CSC), umbil-
ical cord cells, and adipose tissue cells1-3.	

The following questions regarding stem cell 
therapy efficacy remain currently unanswered: 1) 
optimal strategy for cell delivery (percutaneous 
intracoronary infusion,  direct injection into the 
ventricular wall during open chest surgery, per-
cutaneous intramyocardial injection); 2) optimal 

cell type; 3) optimal cell number; 4) appropriate 
timing of cell transplant after AMI; 5) method(s) to 
evaluate stem cell transplant efficacy on left ven-
tricular function [echocardiography, single photon 
emission computed tomography (SPECT), positron 
emission tomography (PET), magnetic resonance 
imaging (MRI), angiography]; 6) mechanism(s) un-
derlying improvement of left ventricular function; 
7) method(s) to optimize differentiation and sur-
vival of the transplanted cells; 8) long-term per-
sistence of clinical benefits on cardiac function. 
Answers to these questions will be important for 
defining definitive criteria for performing stem 
cell transplantation in ischemic heart disease. 

Although results from clinical trials and me-
ta-analyses performed in the last 20 years have 
documented that stem cell transplantation is fea-
sible and safe1-9, its clinical efficacy remains con-
troversial. Despite current uncertainties, stem 
cell transplantation may represent an acceptable 
therapeutic approach in ischemic heart disease in 
the near future10. According to Bolli11 “The most 
important thing is to keep an open mind and let 
ourselves be guided by the evidence”. 

The aim of this meta-analysis is to evaluate 
randomized controlled trials (RCTs) assessing the 

Graphical Abstract. The graphical representation illustrates how stem cell transplantation can allow partial repair of the myo-
cardium in post-infarction patients and promote significant improvement in many patients when traditional medical therapies 
prove ineffective.
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potential efficacy of intracoronary stem cell trans-
plantation on left ventricular function in AMI, 
CIHD, and IHF at 6-month follow-up. 

MATERIALS AND METHODS

Search strategy

The meta-analysis was conducted according to 
the Preferred Reporting Items for Systematic Re-
views and Meta-Analyses (PRISMA 2020) guide-
lines12 (Figure 1). To identify all published clinical 
studies that evaluated the efficacy of intracoro-
nary stem cell transplantation on AMI, CIHD, and 

IHF, we performed a comprehensive online search 
of the published literature from January 1, 2002, 
to December 31, 2025, independently searching 
the OVID-EMBASE, MEDLINE, and clinicaltrials.
gov databases to include trial registries and grey 
literature. 

The following search terms were used alone or 
in combination: “intracoronary,” “stem cell trans-
plantation,” “acute myocardial infarction,” “chron-
ic ischemic heart disease,” “ischemic heart failure”.

Two authors (FP and RGC) independently per-
formed the study selection process, screening 
all titles and abstracts to identify the keywords. 
A third author (AM) was consulted in case of dis-
agreement. 

Figure 1. PRISMA flow diagram of the study’s selection process.
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Inclusion and exclusion criteria

Inclusion criteria: 1) intracoronary injection; 2) 
randomized controlled trials; 3) detailed research 
protocol with inclusion and exclusion criteria; 4) 
subjects with CIHD and IHF treated with optimum 
medical treatment without effectiveness. Exclu-
sion criteria: 1) intramyocardial or transendocar-
dial injection; 2) nonrandomized studies; 3) case 
reports, reviews, or conference abstracts; 4) ani-
mal or lab studies.

Data extraction

Data extraction and analysis were performed in-
dependently by two different researchers (RGC 
and FP) and information was entered into a data 
extraction form. The following data were record-
ed: first author, year of publication, study design, 
number of enrolled patients, number of treated 
and control patients, sex, mean age, cell type, 
number of infused cells, route of delivery, time 
from intervention to cell infusion (in AMI only), 
follow-up duration (months), imaging modality, 
LVEF at baseline and at 6-months (mean ± SD). 
The primary outcome of the meta-analysis was 
the change in LVEF mean value between baseline 
and 6-month follow-up in treated patients and 
controls. Secondary outcomes were the predic-
tive role of male proportion, mean age, publica-
tion year, number of infused stem cells, and time 
from diagnosis to stem cell infusion (in AMI only).

Statistical analysis

For each selected study, the follow-up (post-treat-
ment) mean difference in LVEF between treated 
and control patients was used as an index of ef-
fect size modeled according to the analysis of 
covariance method (ANCOVA), as suggested by 
McKenzie et al13 and Riley et al14 to account for 
baseline imbalances in the cardiac parameter 
measurements. The meta-analytic summary es-
timate of the study-specific ANCOVA-adjusted 
mean difference (AAMD) effect size, along with 
the corresponding 95% confidence interval (95% 
CI), was derived using a restricted maximum likeli-
hood (REML) random-effects model15.

Given that the computation of each study-spe-
cific AAMD implies the use of the correlation 
coefficient (r) between baseline and follow-up 
(post-treatment) LVEF measurements, and that 
none of the selected studies reported such an in-
dex, the mean (r = 0.807) between coefficients re-
ported in the BOOST study16 for treated (r = 0.757) 
and control (r = 0.856) patients was utilized.

The level of heterogeneity among studies was 
assessed through the Cochrane’s Q test and quanti-
fied using Tau2 (variance of the true effect sizes) and 
I2 (proportion of the variance explained by the ob-
served differences) statistics. In addition, hetero-
geneity was defined as absent or low (I2: 0%-25%), 
moderate (I2: 25%-50%), high (I2: 50%-75%) and 
very high (I2: 75%-100%)17. To identify and explore 
possible sources of heterogeneity, random-ef-
fects subgroup and meta-regression analyses were 
performed based on the available covariates (i.e., 
moderators). According to the aim of the study, in 
statistical settings, the main moderator considered 
for analysis was the heart disease type: AMI, CIHD, 
and IHF. Additional moderators such as mean age, 
publication year, gender (male proportion), mean 
number of infused stem cells, and time from diag-
nosis to stem cell infusion (for AMI patients only) 
were used both after categorization according to 
tertiles of their frequency distribution for subgroup 
analyses and as continuous moderators (linear 
trend) in meta-regression analyses.

The potential influence unduly exerted on the 
effect size summary estimates by individual stud-
ies was evaluated using a meta-analytic approach 
based on a leave-one-out procedure, and bias in 
study availability (publication bias) was explored 
by means of funnel plots, whose symmetrical 
shape around the summary effect size was as-
sessed through Egger’s test.

A p-value ≤ 0.05 was always considered statis-
tically significant. All statistical procedures were 
performed using Stata software version 17 (Stata 
Corp LLC, 2021. Stata: Release 17. Statistical Soft-
ware. College Station, TX, USA). 

Risk of bias and GRADE quality assessment

The Cochrane Collaboration’s Risk of Bias (RoB) 
and Grading of Recommendations, Assessment, 
Development and Evaluation (GRADE) tools were 
used to assess methodological quality of trials18. 
The RoB for each study was independently eval-
uated by two investigators (RGC and FP) and dif-
ferences in opinion were resolved through discus-
sion. Each domain was labeled as low, unclear, 
or high risk. Then,  the overall RoB was assessed 
for each study as follows: a) if all domains were 
scored low or only one criterion rated unclear the 
study was judged as good; b) when at least one 
domain scored high or two domains were unclear 
the study was judged as fair; c) when two or more 
domains were scored high or unclear, the study 
was judged as poor. RoB evaluation of studies is 
reported in Table I and Figure 2. GRADE assess-
ment of studies showed an overall serious (-1) risk 
of bias and a moderate final certainty. 
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Table I. Quality assessment analysis (risk of bias).

Author	 Year	 Random sequence	 Allocation	 Blinding of participants	 Blinding of outcome	 Incomplete outcome	 Selective
		  generation 	 concealment	 and personnel 	 assessment 	 data 	 reporting 	 Overall
		
Assmus et al19	 2002	 L	 U	 H	 H	 L	 L	 Poor
Assmus et al20	 2006	 L	 U	 H	 H	 L	 L	 Poor
Attar et al21	 2023	 L	 L	 L	 L	 U	 L	 Good
Bartolucci et al83	 2017	 L	 L	 L	 L	 L	 L	 Good
Bartunek et al22	 2005	 L	 H	 U	 L	 L	 L	 Fair
Bartunek et al84	 2013	 L	 H	 U	 L	 H	 L	 Poor
Beitnes et al23	 2009	 L	 L	 H	 H	 L	 L	 Poor
Beitnes et al24	 2011	 U	 H	 H	 U	 L	 L	 Poor
Brehm et al78	 2006	 U	 U	 H	 H	 U	 U	 Poor
Cao et al25	 2009	 L	 L	 H	 L	 L	 L	 Fair
Chen et al26	 2004	 U	 U	 U	 U	 L	 L	 Poor
Chen et al80	 2006	 H	 H	 U	 L	 U	 U	 Poor
Choudry et al27	 2016	 L	 L	 L	 L	 L	 L	 Good
Chug et al85	 2012	 L	 U	 H	 L	 L	 U	 Poor
Dill et al28	 2009	 L	 L	 L	 L	 L	 L	 Good
Erbs et al80	 2005	 L	 U	 L	 L	 L	 U	 Fair
Gao et al29	 2013	 L	 L	 L	 L	 L	 L	 Good
Gastl et al30	 2020	 L	 L	 L	 L	 L	 L	 Good
Ge et al31	 2006	 L	 L	 H	 L	 L	 L	 Fair
Grajec et al32	 2010	 L	 U	 H	 L	 L	 L	 Fair
Herbots et al33	 2009	 L	 L	 L	 L	 L	 L	 Good
Hirsch et al34	 2011	 L	 L	 H	 L	 L	 L	 Fair
Hopp et al35	 2011	 L	 L	 H	 L	 L	 L	 Fair
Houtgraaf et al36	 2012	 L	 L	 L	 L	 L	 L	 Good
Hu et al86	 2011	 L	 L	 L	 L	 L	 L	 Good
Huang et al37	 2006	 L	 U	 H	 L	 L	 L	 Fair
Huikuri et al38	 2008	 L	 L	 L	 L	 L	 L	 Good
Janssens et al39	 2006	 L	 L	 L	 U	 L	 L	 Good
Kang et al40	 2004	 L	 U	 H	 L	 L	 L	 Fair
Kang et al41	 2006	 U	 H	 H	 L	 L	 L	 Poor
Kang et al42	 2012	 L	 L	 H	 L	 L	 L	 Fair
Kim et al43	 2018	 U	 U	 H	 L	 L	 L	 Poor
Lee et al44	 2014	 U	 U	 H	 L	 L	 L	 Poor
Lipiec et al45	 2009	 U	 U	 H	 L	 L	 L	 Poor
Lunde et al46 	 2006	 L	 L	 H	 U	 L	 L	 Fair
Makkar et al47	 2020	 L	 L	 L	 L	 L	 L	 Good

Continued
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Table I (continued). Quality assessment analysis (risk of bias).

Author	 Year	 Random sequence	 Allocation	 Blinding of participants	 Blinding of outcome	 Incomplete outcome	 Selective
		  generation 	 concealment	 and personnel 	 assessment 	 data 	 reporting 	 Overall
		
Mansour et al48	 2010	 L	 L	 L	 L	 L	 L	 Good
Meluzín et al49	 2008	 L	 L	 H	 L	 L	 L	 Fair
Meyer et al50	 2006	 L	 L	 H	 L	 L	 L	 Fair
Nair et al51	 2015	 L	 H	 H	 L	 H	 L	 Poor
Nicolau et al52	 2017	 L	 L	 L	 U	 L	 L	 Good
Nogueira et al53	 2009	 L	 L	 H	 L	 L	 L	 Fair
Panovsky et al54	 2008	 L	 U	 H	 L	 L	 L	 Fair
Penicka et al55	 2007	 L	 U	 H	 L	 L	 L	 Fair
Perin et al87	 2011	 L	 L	 L	 L	 L	 L	 Good
Piepoli et al56	 2010	 H	 U	 H	 U	 H	 H	 Poor
Plewka et al57	 2009	 L	 L	 H	 L	 L	 L	 Fair
Quyyum et al58	 2018	 U	 U	 H	 L	 L	 L	 Poor
Roncalli et al59	 2011	 L	 L	 H	 L	 L	 L	 Fair
Ruan et al60	 2005	 U	 U	 H	 L	 L	 L	 Poor
Schächinger et al61	 2004	 U	 U	 L	 L	 L	 L	 Fair
Schächinger et al62	 2006	 L	 L	 L	 L	 L	 L	 Good
Schächinger et al63	 2009	 L	 L	 L	 L	 L	 L	 Good
Silva et al64	 2009	 L	 U	 H	 L	 L	 L	 Fair
Srimachota et al65	 2011	 L	 U	 H	 L	 L	 L	 Fair
Strauer et al81	 2002	 H	 H	 H	 U	 L	 L	 Poor
Strauer et al88	 2010	 H	 H	 H	 H	 H	 H	 Poor
Suárez de Lezo et al66	 2007	 U	 U	 H	 U	 L	 L	 Poor
Surder et al67	 2016	 L	 H	 H	 U	 L	 L	 Poor
Tendera et al68	 2009	 U	 U	 H	 U	 L	 L	 Poor
Traverse et al69	 2011	 L	 L	 L	 U	 L	 L	 Good
Traverse et al70	 2012	 L	 L	 L	 U	 L	 L	 Good
Turan et al82	 2011	 H	 H	 H	 H	 H	 H	 Poor
Wang et al71	 2014	 U	 U	 U	 U	 L	 L	 Poor
Wohrle et al72	 2013	 L	 L	 L	 L	 L	 L	 Good
Wollert et al16	 2004	 L	 L	 H	 L	 L	 L	 Fair
Wollert et al73	 2017	 L	 L	 L	 L	 L	 L	 Good
Yang et al74	 2010	 U	 U	 L	 L	 L	 U	 Poor
Yao et al75	 2009	 L	 L	 H	 L	 L	 L	 Fair
Yousef et al76	 2009	 H	 H	 H	 H	 H	 H	 Poor
Zhang et al77	 2021	 L	 L	 H	 U	 L	 L	 Fair
Zhao et al89	 2015	 U	 U	 U	 U	 L	 L	 Poor

H: high risk 27 cases, U: unclear risk 24 cases, L: low risk 21 cases (see Higgins JPT, Altman DG, Gøtzsche PC, Jüni P, Moher D, Oxman AD, Savovic J, Schulz KF, Weeks L, Sterne JAC; Cochrane Bias Methods Group; Cochrane Statistical 
Methods Group. The Cochrane Collaboration’s tool for assessing risk of bias in randomised trials. BMJ 2011; 343: d5928).
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RESULTS

Search results

The initial search identified 11,960 articles, of 
which 6,448 were excluded before scareen-
ing because they were non-human, data were 
non-retrievable, had keywords not in the title, 
were duplicates, or were grey literature. Then, 
5,512 articles were screened, of which 3,792 
were excluded because they were non-intracor-
onary and 1,745 because they were non-clin-
ical trials. Next, 310 reports were assessed for 
eligibility, of which 228 were excluded because 
they were non-randomized trials. Finally, 82 
randomized trials (17 registered in clinicaltrials.
gov) were included in the meta-analysis. A flow 
diagram depicting the study selection process is 
shown in Figure 1.

Characteristics of included studies

The main characteristics of the studies are sum-
marized in Table II16,19-89. Patients included in the 
studies were affected by AMI (n. 70), CIHD (n. 5), 
and IHF (n. 7). The median number of cells infused 
was 100 x 106 (range = 1-2460 x 106), and the me-
dian infusion timing after AMI was 6 days (range 
= 0.4 - 65.0 days). The stem cells utilized were 
BMC, MSC, PBC, and CSC in 58, 15, 6, and 3 stud-
ies, respectively16,19-89. Different imaging modali-
ties were used to calculate LVEF; 35 studies used 
transthoracic echocardiography, and the remain-
ing 47 studies used SPECT/PET, MRI, and angiogra-
phy alone or in combination (Table III)19-89.

Overall meta-analysis

A total of 5,781 patients participated in these 
studies: 3,048 received stem cell infusion (median 
age = 56 years; range = 48-69 years), and 2,733 
were untreated controls (median age = 56 years; 
range = 49-67 years). Male proportion was 0.86 
for treated patients (range = 0.50-1.00) and 0.84 
for controls (range = 0.55-1.00). 

The summary weighted mean value estimated 
using the REML random-effects approach is dis-
played in Figure 3, showing the Forest plot of the 
82 AAMD. An overall 3.30% LVEF improvement 
(95% CI = 2.56/4.04; p-value < 0.001) was found 
in treatment compared to non-treated patients at 
6-month follow-up after stem cells infusion (Sup-
plementary Table I). However, a very high level of 
heterogeneity among studies was detected (Tau2 
= 8.99; I2 = 85.3; Q-test p-value < 0.001), testify-
ing to a remarkable inconsistency between AAMD 
estimates derived from the studies selected for 
analysis.

Subgroup meta-analysis

The characteristics of the three patient subgroups 
are reported in Supplementary Table I. Of note, 
the mean LVEF improvement at 6-month fol-
low-up in patients with CIHD and IHF was higher 
than in patients with AMI: AAMD = 8.18 (95% CI = 
6.02/10.3), AAMD = 5.32 (95% CI = 2.86/7.79), and 
AAMD = 2.72 (95% CI = 2.00/3.44), respectively. A 
significantly lower heterogeneity was found only 
in studies18 involving CIHD patients (I2 = 68.6) (Sup-
plementary Table I).

Figure 2. Summary of risk of bias. 

https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-I-130.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-I-130.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-I-130.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-I-130.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-I-130.pdf
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Table II. Characteristics of studies included in the meta-analysis.

Author	 Year	 Clinical	 Cell type	 Transplanted	 Timing$				                                 Patients
		  Condition		  Cells (x 106)	 Days (d)	
					     Hours (h)	 Enrolled	 Randomized		  Treated			   Controls
														            
						      N	 N	 N	 Male	 Age#	 N	 Male	 Age#

		
Assmus et al19	 2002	 AMI	 BMC	 7	   4 d	 20	 20	 19	 18	 55	 11	 8	 55
Assmus et al20	 2006	 AMI	 BMC	 205	   4 d	 92	 92	 35	 31	 56	 23	 23	 61
Assmus et al20	 2006	 AMI	 PBC	 22	   4 d	 92	 92	 34	 28	 60	 23	 23	 61
Attar et al21	 2023	 AMI	 MSC	 100	   5 d	 75	 50	 25	 20	 53	 25	 22	 56
Attar et al21	 2023	 AMI	 MSC	 100	 10 d	 75	 50	 25	 16	 56	 25	 22	 56
Bartunek et al22	 2005	 AMI	 BMC	 12	 11 d	 35	 35	 19	 18	 51	 16	 14	 57
Beitnes et al23	 2009	 AMI	 BMC	 68	   5 d	 100	 100	 50	 42	 50	 50	 42	 56
Beitnes et al24	 2011	 AMI	 BMC	 68	   6 d	 100	 100	 50	 42	 58	 50	 42	 56
Cao et al25	 2009	 AMI	 BMC	 100	   7 d	 86	 86	 41	 40	 50	 45	 43	 51
Chen et al26	 2004	 AMI	 MSC	 900	 18 d	 78	 69	 34	 32	 58	 35	 34	 57
Choudry et al27	 2016	 AMI	 BMC	 59	   1 d	 984	 100	 55	 46	 56	 45	 41	 56
Dill et al28	 2009	 AMI	 BMC	 200	   6 d	 204	 54	 27	 24	 58	 27	 25	 54
Gao et al29	 2013	 AMI	 MSC	 3	 15 d	 54	 43	 21	 21	 55	 22	 19	 58
Gao et al29	 2013	 AMI	 MSC	 6	   6 d	 160	 116	 58	 55	 57	 58	 51	 56
Gastl et al30	 2020	 AMI	 BMC	 146	 24 d	 167	 149	 51	 44	 56	 54	 48	 56
Gastl et al30	 2020	 AMI	 BMC	 170	   6 d	 167	 149	 44	 37	 58	 54	 48	 56
Ge et al31	 2006	 AMI	 BMC	 40	   1 d	 20	 20	 10	 8	 58	 10	 10	 59
Grajec et al32	 2010	 AMI	 BMC	 4	   5 d	 54	 45	 31	 27	 50	 14	 12	 51
Herbots et al33	 2009	 AMI	 BMC	 172	   5 h	 67	 67	 33	 27	 55	 34	 28	 58
Hirsch et al34	 2011	 AMI	 BMC	 296	   8 d	 200	 200	 69	 58	 56	 65	 56	 55
Hirsch et al34	 2011	 AMI	 PBC	 287	   8 d	 200	 200	 66	 56	 57	 65	 56	 55
Hopp et al35	 2011	 AMI	 BMC	 87	   6 d	  28	 28	 15	 12	 58	 13	 10	 58
Houtgraaf et al36	 2012	 AMI	 MSC	 20	   1 d	 14	 10	 9	 8	 61	 4	 4	 55
Huang et al37	 2006	 AMI	 BMC	 NA	 NA	 40	 40	 20	 14	 57	 20	 13	 56
Huikuri et al38	 2008	 AMI	 BMC	 402	   4 d	 522	 80	 40	 38	 60	 40	 35	 59
Janssens et al39	 2006	 AMI	 BMC	 172	   1 d	 152	 67	 33	 27	 56	 34	 28	 58
Kang et al40	 2004	 AMI	 PBC	 1,500	   1 h	 27	 10	 10	 9	 59	 7	 7	 52
Kang et al41	 2006	 AMI	 PBC	 1,000	   4 d	 56	 56	 27	 20	 60	 29	 20	 60
Kang et al42	 2012	 AMI	 PBC	 1,000	   4 d	 117	 117	 57	 49	 57	 60	 49	 57
Kim et al43	 2018	 AMI	 MSC	 72	 25 d	 26	 26	 14	 14	 55	 12	 12	 58
Lee et al44	 2014	 AMI	 MSC	 72	 30 d	 80	 69	 33	 27	 54	 36	 25	 54
Lipiec et al45	 2009	 AMI	 BMC	 3.3	 14 d	 39	 39	 26	 18	 57	 10	 7	 59
Lunde et al46	 2006	 AMI	 BMC	 68	   6 d	 100	 50	 50	 42	 58	 50	 42	 56
Makkar et al47	 2020	 AMI	 CSC	 25	 65 d	 245	 142	 90	 76	 55	 44	 38	 54
Mansour et al48	 2010	 AMI	 BMC	 10	 12 h	 14	 14	 14	 13	 50	 16	 14	 50
Meluzín et al49	 2008	 AMI	 BMC	 10	 20 h	 60	 60	 20	 19	 54	 20	 18	 55
Meluzín et al49	 2008	 AMI	 BMC	 100	 20 h	 60	 60	 20	 18	 54	 20	 18	 55
Meyer et al50	 2006	 AMI	 BMC	 2,460	  5 d	 60	 60	 30	 20	 53	 30	 22	 52
Nair et al51	 2015	 AMI	 BMC	 200	 15 d	 621	 250	 114	 111	 48	 125	 109	 49
Nicolau et al52	 2017	 AMI	 BMC	 100	 6 h	 538	 160	 66	 53	 59	 55	 45	 58
Nogueira et al53	 2009	 AMI	 BMC	 100	 8 h	 30	 30	 14	 10	 59	 6	 4	 57

Continued
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Table II (continued). Characteristics of studies included in the meta-analysis.

Author	 Year	 Clinical	 Cell type	 Transplanted	 Timing$				                                 Patients
		  Condition		  Cells (x 106)	 Days (d)	
					     Hours (h)	 Enrolled	 Randomized		  Treated			   Controls
														            
						      N	 N	 N	 Male	 Age#	 N	 Male	 Age#

		
Panovsky et al54	 2008	 AMI	 BMC	 100	 7 d	 87	 47	 17	 15	 55	 17	 15	 52
Panovsky et al54	 2008	 AMI	 BMC	 10	 7 d	 87	 47	 13	 12	 55	 17	 15	 52
Penicka et al55	 2007	 AMI	 BMC	 1.3	 7 d	 27	 24	 14	 11	 59	 10	 8	 59
Piepoli et al56	 2010	 AMI	 BMC	 418	 5 d	 38	 38	 19	 13	 63	 19	 13	 67
Plewka et al57	 2009	 AMI	 BMC	 144	 7 d	 60	 56	 38	 26	 56	 18	 16	 56
Quyyumi et al58	 2018	 AMI	 BMC	 15	 3 d	 281	 195	 78	 66	 57	 83	 66	 56
Roncalli et al59	 2011	 AMI	 BMC	 98	 5 h	 122	 101	 52	 42	 56	 49	 44	 55
Ruan et al60	 2005	 AMI	 BMC	 NA	 2 h	 20	 20	 9	 8	 61	 11	 11	 58
Schächinger et al61	 2004	 AMI	 BMC	 5	 5 d	 59	 59	 29	 27	 52	 11	 8	 52
Schächinger et al62	 2006	 AMI	 BMC	 236	 7 d	 204	 204	 101	 83	 55	 103	 84	 57
Schächinger et al63	 2009	 AMI	 BMC	 236	 7 d	 204	 187	 95	 77	 55	 92	 78	 57
Silva et al64	 2009	 AMI	 BMC	 100	 8 h	 30	 30	 14	 10	 59	 6	 4	 57
Srimachota et al65	 2011	 AMI	 BMC	 420	 3 h	 23	 23	 11	 9	 52	 12	 10	 54
Suárez de Lezo et al66	 2007	 AMI	 BMC	 900	 7 d	 30	 30	 10	 8	 55	 10	 7	 52
Sürder et al67	 2016	 AMI	 BMC	 140	    24 d	 200	 200	 42	 34	 62	 55	 45	 55
Sürder et al67	 2016	 AMI	 BMC	 160	 6 d	 200	 200	 53	 43	 55	 55	 45	 55
Tendera et al68	 2009	 AMI	 BMC	 2	 2 d	 200	 200	 80	 51	 58	 40	 30	 59
Tendera et al68	 2009	 AMI	 BMC	 400	 2 d	 200	 200	 80	 56	 55	 40	 30	 59
Traverse et al69	 2011	 AMI	 BMC	 150	    12 h	 1,349	 87	 58	 46	 57	 29	 26	 54
Traverse et al70	 2012	 AMI	 BMC	 150	 5 d	 1,832	 67	 43	 38	 55	 37	 32	 57
Wang et al71	 2014	 AMI	 MSC	 200	    14 d	 58	 58	 28	 19	 58	 30	 15	 56
Wöhrle et al72	 2013	 AMI	 BMC	 324	 7 d	 42	 42	 29	 26	 60	 13	 8	 60
Wollert et al16	 2004	 AMI	 BMC	 2,400	 6 d	 78	 60	 30	 20	 53	 30	 22	 59
Wollert et al73	 2017	 AMI	 BMC	 700	 9 d	 217	 188	 38	 33	 53	 26	 24	 55
Wollert et al73	 2017	 AMI	 BMC	 2,000	 9 d	 217	 188	 33	 28	 57	 26	 24	 55
Yang et al74	 2010	 AMI	 MSC	 10	    21 d	 16	 16	 8	 8	 61	 8	 8	 59
Yao et al75	 2009	 AMI	 BMC	 190	 5 d	 39	 39	 12	 10	 52	 12	 11	 52
Yousef et al76	 2009	 AMI	 BMC	 61	 7 d	 124	 124	 62	 54	 51	 62	 60	 50
Zhang et al77	 2021	 AMI	 MSC	 4	    12 d	 43	 43	 21	 20	 59	 22	 19	 58
Brehm et al78	 2006	 CIHD	 BMC	 18	 --	 36	 36	 18	 18	 49	 18	 18	 49
Chen et al79	 2006	 CIHD	 MSC	 5	 --	 48	 45	 22	 19	 59	 23	 21	 57
Erbs et al80	 2005	 CHID	 PBC	 69	 --	 26	 26	 13	 9	 63	 13	 11	 63
Strauer et al81	 2005	 CIHD	 BMC	 18	 --	 36	 36	 18	 18	 49	 18	 18	 49
Turan et al82	 2011	 CIHD	 BMC	 99	 --	 56	 49	 33	 18	 62	 16	 10	 60
Bartolucci et al83	 2017	 IHF	 MSC	 70	 --	 65	 30	 15	 12	 57	 15	 14	 57
Bartunek et al84	 2013	 IHF	 CSC	 733	 --	 320	 47	 21	 20	 55	 24	 22	 59
Chug et al85	 2012	 IHF	 CSC	 1	 --	 213	 98	 20	 18	 57	 13	 12	 55
Hu et al86	 2011	 IHF	 BMC	 131	 --	 65	 60	 31	 29	 69	 29	 27	 59
Perin et al87	 2011	 IHF	 MSC	 30	 --	 30	 30	 20	 16	 60	 10	 5	 56
Strauer et al88	 2010	 IHF	 BMC	 70	 --	 391	 391	 191	 171	 59	 200	 180	 60
Zhao et al89	 2015	 IHF	 MSC	 490	 --	 59	 59	 30	 24	 53	 29	 19	 53

AMI: acute myocardial infarction; CIHD: chronic ischemic heart disease; IHF: ischemic heart failure; BMC: bone marrow stem cells; PBC: peripheral blood stem cells; MSC: mesenchymal stem cells; CSC: cardiac stem cells; $time from 
AMI to transplantation (mean); #years (mean).
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Table III. Change in LVEF after follow-up.

Author	 Year	 Clinical condition		                                                             LVEF (%)			   Imaging modality

			                                                          Treated		                                                   Controls	

			   Baseline	 Follow up 6 months	 Baseline	 Follow up 6 months	

Assmus et al19	 2002	 AMI	 51.6 ± 9.6	 60.1 ± 8.6	 51.0 ± 10.0	 53.5 ± 7.9	 ECO - SPECT/PET - ANGIO
Assmus et al20	 2006	 AMI	 41.0 ± 11.0	 46.0 ± 6.0	 43.0 ± 13.0	 42.0 ± 13.0	 MRI - ANGIO
Assmus et al20	 2006	 AMI	 39.0 ± 10.0	 43.0 ± 5.0	 43.0 ± 13.0	 42.0 ± 13.0	 MRI- ANGIO
Attar et al21	 2023	 AMI	 40.5 ± 6.3	 47.7 ± 9.8	 40.3 ± 7.3	 43.0 ± 7.5	 ECO - MRI
Attar et al21	 2023	 AMI	 39.5 ± 5.7	 49.7 ± 10.1	 40.3 ± 7.3	 43.0 ± 7.5	 ECO - MRI
Bartunek et al22	 2005	 AMI	 45.0 ± 2.6	 52.1 ± 3.5	 44.3 ± 3.1	 48.6 ± 3.6	 SPECT/PET
Beitnes et al23	 2009	 AMI	 45.7 ± 9.4	 48.8 ± 10.7	 46.9 ± 9.6	 49.0 ± 9.5	 ECO
Beitnes et al24	 2011	 AMI	 45.7± 9.4	 48.8 ± 10.7	 46.9 ± 9.6	 49.0 ± 9.5	 ECO
Cao et al25	 2009	 AMI	 39.0 ± 3.0	 48.4 ± 3.5	 38.6 ± 3.0	 45.7 ± 3.9	 ECO - SPECT/PET - ANGIO
Chen et al26	 2004	 AMI	 49.0 ± 9.0	 67.0 ± 11.0	 48.0 ± 10.0	 54.0 ± 5.0	 SPECT/PET
Choudry et al27	 2016	 AMI	 47.8 ± 9.4	 53.3 ± 3.0 	 49.2 ± 9.7	 49.9 ± 1.0	 MRI – ANGIO
Dill et al28	 2009	 AMI	 47.7 ± 6.2 	 51.0 ± 6.8	 47.8 ± 6.2	 48.6 ± 6.8	 MRI
Gao et al29	 2013	 AMI	 50.2 ± 1.5	 55.0 ± 1.8	 51.2 ± 1.5	 54.5 ± 1.7	 ECO – SPECT/PET
Gao et al29	 2013	 AMI	 52.1 ± 1.0	 58.5 ± 0.7	 51.1 ± 1.0	 54.2 ± 0.9	 ECO – SPECT/PET
Gastl et al30	 2020	 AMI	 36.9 ± 9.8	 38.1 ± 10.4	 41.5 ± 9.6	 40.6 ± 11.4	 MRI
Gastl et al30	 2020	 AMI	 37.8 ± 8.3	 38.3 ± 10.4	 41.5 ± 9.6	 40.6 ± 11.4	 MRI
Ge et al31	 2006	 AMI	 53.4 ±9.2	 58.6 ± 9.9	 58.2 ± 7.5	 56.3 ± 3.5	 ECO – SPECT/PET
Grajec et al32	 2010	 AMI	 50.3 ± 9.8	 50.0 ± 7.9	 50.8 ± 11.9	 48.9 ± 11.0	 MRI
Herbots et al33	 2009	 AMI	 55.7 ± 7.1	 59.2 ± 7.9	 53.0 ± 7.8	 57.8 ± 7.4	 ECO – MRI
Hirsch et al34	 2011	 AMI	 43.7 ± 9.0	 47.5 ± 9.9	 42.4 ± 8.3	 46.4 ± 9.2	 MRI
Hirsch et al34	 2011	 AMI	 41.7 ± 9.1	 46.0 ± 9.3	 42.4 ± 8.3	 46.4 ± 9.2	 MRI
Hopp et al35	 2011	 AMI	 49.3 ± 9.5	 52.4 ± 11.9	 54.1 ± 11.3	 57.9 ± 10.1	
Houtgraaf et al36	 2012	 AMI	 52.1 ± 2.5	 56.1 ± 7.3	 52.0 ± 10.0	 50.3 ± 11.5	 SPECT/PET
Huang et al37	 2006	 AMI	 44.5 ± 7.1	 51.5 ± 5.2	 43.4 ± 6.7	 47.9 ± 6.7	 SPECT/PET – ANGIO 
Huikuri et al38	 2008	 AMI	 56.0 ± 10.0	 60.0 ± 8.0	 57.0 ± 10.0	 56.0 ± 10.0	 ANGIO
Janssens et al39	 2006	 AMI	 48.5 ± 7.2	 51.8 ± 8.8	 46.9 ± 8.2	 49.1 ± 10.7	 ECO – SPECT/PET - MRI
Kang et al40	 2004	 AMI	 48.7 ± 8.3	 55.1 ±7.4	 40.3 ± 8.7	 39.0 ± 8.2	 ECO - ANGIO
Kang et al41	 2006	 AMI	 52.0 ± 9.9	 57.1  ± 8.7	 53.2 ± 13.3	 53.1 ± 11.5	 MRI - ANGIO
Kang et al42	 2012	 AMI	 50.6 ± 9.8	 53.4 ± 9.3	 51.7 ± 13.1	 52.8 ± 11.9	 MRI – ANGIO
Kim et al43	 2018	 AMI	 35.1 ± 4.5	 44.1 ± 5.8	 37.4 ± 1.7	 42.0 ± 2.6	 ECO – SPECT/PET
Lee et al44	 2014	 AMI	 48.1 ± 8.0	 50.0 ± 8.4	 51.1 ± 9.2	 50.4 ± 9.4	 ECO
Lipiec et al45	 2009	 AMI	 41.2 ± 10.1	 44.2 ± 13.7	 40.0 ± 14.2	 43.8 ± 15.3	 SPECT/PET
Lunde et al46	 2006	 AMI	 45.7 ± 9.4	 48.8 ± 10.7	 46.9 ± 9.6	 49.0 ± 9.5	 SPECT/PET – MRI
Makkar et al47	 2020	 AMI	 40.0 ± 6.7	 40.4 ± 7.07	 39.1 ± 7.8	 39.0 ± 8.1	 MRI
Mansour et al48	 2010	 AMI	 41.3 ± 5.3	 52.1 ± 7.1	 44.3 ± 3.1	 48.6 ± 3.6	 MRI
Meluzín et al49	 2008	 AMI	 41.0 ± 2.0 SE	 44.0 ± 1.0 SE	 40.0 ± 2.0	 40.0 ± 2.0	 ECO – SPECT/PET
Meluzín et al49	 2008	 AMI	 40.0 ± 2.0 SE	 47.0 ± 2.0 SE	 40.0 ± 2.0	 40.0 ± 2.0	 ECO – SPECT/PET
Meyer et al50	 2006	 AMI	 50.0 ± 10.0	 56.7 ± 12.5	 51.3 ± 9.3	 52.0 ± 12.4	 ANGIO
Nair et al51	 2015	 AMI	 34.2 ± 7.0	 39.0 ± 10.3	 35.7 ± 4.1	 40.8 ± 8.9	 ECO – SPECT/PET - ANGIO
Nicolau et al52	 2017	 AMI	 44.6 ± 10.7	 44.7 ± 12.9	 41.9 ± 8.2	 43.5 ± 12.4	 MRI

Continued
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Table III (continued). Change in LVEF after follow-up.

Author	 Year	 Clinical condition		                                                             LVEF (%)			   Imaging modality

			                                                          Treated		                                                   Controls	

			   Baseline	 Follow up 6 months	 Baseline	 Follow up 6 months	

Nogueira et al53	 2009	 AMI	 48.2 ± 10.3	 55.1 ± 8.0	 47.6 ± 14.3	 49.6 ± 17.5	 ECO
Panovsky et al54	 2008	 AMI	 35 ±1 SE	 41 ± 2 SE	 35 ± 1 SE	 39 ± 2 SE	 ECO – SPECT/PET
Panovsky et al54	 2008	 AMI	 36 ± 1 SE	 41 ± 2 SE	 35 ± 1 SE	 39 ± 2 SE	 ECO – SPECT/PET
Penicka et al55	 2007	 AMI	 39.0 ± 6.0	 45.0 ± 9.0	 39.0 ± 4.0	 47.0 ± 7.0	 ECO – SPECT/PET – ANGIO
Piepoli et al56	 2010	 AMI	 38.9 ± 1.3 SE	 45.0 ± 2.1 SE	 38.4 ± 1.5 SE	 39.7 ± 2.9 SE	 ECO – SPECT/PET
Plewka et al57	 2009	 AMI	 35.0 ± 6.0	 44.0 ± 10.0	 33.0 ± 7.0	 38.0 ± 7.0	 ECO
Quyyumi et al58	 2018	 AMI	 37.8 ± 7.3 	 41.9 ± 8.7	 37.5 ± 8.4	 42.4 ± 8.8	 SPECT/PET - MRI
Roncalli et al59	 2011	 AMI	 35.6 ± 7.0	 38.9 ± 10.3	 37.0 ± 6.7	 41.3 ± 9.0	 ECO – SPECT/PET – ANGIO
Ruan et al60	 2005	 AMI	 53.3 ± 8.9	 59.3 ± 12.9	 53.3 ± 5.8	 50.3 ± 8.3	 ECO
Schächinger et al61	 2004	 AMI	 50.0 ± 10.0	 58.0 ± 10.0	 51.0 ± 10.0	 53.5 ± 7.9	 ECO - MRI
Schächinger et al62	 2006	 AMI	 48.3 ± 9.2	 53.8 ± 10.2	 46.9 ± 10.4	 49.9 ± 13.0	 ANGIO
Schächinger et al63	 2009	 AMI	 39.6 ± 6.0	 47.1 ± 9.5	 39.7 ± 6.8	 42.2 ± 11.5	 ANGIO
Silva et al64	 2009	 AMI	 40.9 ± 10.2	 46.4 ± 10.1	 40.1 ± 10.3	 40.6 ± 18.5	 ANGIO
Srimachota et al65	 2011	 AMI	 36.3 ± 5.7	 38.0 ± 9.4	 42.2 ± 6.1	 42.0 ± 8.7	 MRI
Suárez de Lezo et al66	 2007	 AMI	 37.0 ± 5.0	 58.0 ± 9.0	 38.0 ± 6.0	 45.0 ± 8.0	 ANGIO
Surder et al67	 2016	 AMI	 36.3 ± 8.2	 37.4 ± 9.7	 40.0 ± 9.9	 39.6 ± 12.0	 MRI
Surder et al67	 2016	 AMI	 36.5 ± 9.9	 37.9 ± 10.3	 40.0 ± 9.9	 39.6 ± 12.0	 MRI
Tendera et al68	 2009	 AMI	 35.0 ± 11.2	 38.0 ± 15.5	 39.0 ± 10.5	 39.9 ± 13.0	 ECO
Tendera et al68	 2009	 AMI	 37.0 ± 12.5	 40.0 ± 6.5	 39.0 ± 10.5	 39.0 ± 13.0	 ECO
Traverse et al69	 2011	 AMI	 48.7 ± 12.0	 49.2 ± 13.0	 45.3 ± 9.9	 48.8 ± 7.8	 MRI
Traverse et al70	 2012	 AMI	 45.2 ± 10.6	 48.0 ± 13.3	 44.5 ± 10.8	 47.8 ± 13.6	 MRI
Wang et al71	 2014	 AMI	 37.8 ± 6.3	 50.1 ± 3.4	 37.0 ± 6.0	 49.1 ± 2.3	 ANGIO
Wohrle et al72	 2013	 AMI	 53.7 ± 9.3	 55.3 ± 9.6	 55.7 ± 9.4	 61.4 ± 11.2	 MRI
Wollert et al16	 2004	 AMI	 50.0 ± 10.0	 56.7 ± 12.5	 51.3 ± 9.3	 52.0 ± 12.4	 MRI
Wollert et al73	 2017	 AMI	 44.2 ± 7.8	 48.2 ± 9.7	 47.8 ± 6.7	 50.4 ± 7.0	 MRI
Wollert et al73	 2017	 AMI	 44.8 ± 9.1	 49.2 ± 10.6	 47.8 ± 6.7	 50.4 ± 7.0	 ANGIO
Yang et al74	 2010	 AMI	 42.1 ± 8.0	 52.0 ± 8.9	 41.6 ± 8.6	 50.5 ± 9.1	 ECO – SPECT/PET
Yao et al75	 2009	 AMI	 33.1 ± 3.0	 37.7 ± 4.1	 32.0 ± 2.7	 34.4 ± 2.8	 ANGIO
Yousef et al76	 2009	 AMI	 51.6 ± 11.0	 59.5 ± 12.0	 50.8 ± 10.4	 52.4 ± 9.0	 ECO
Zhang et al77	 2021	 AMI	 57.2 ± 10.2	 62.0 ± 6.8	 53.7 ± 6.4	 59.5 ± 5.6	 ECO – SPECT/PET
Brehm et al78	 2006	 CIHD	 53.0 ± 10.0	 60.0 ± 7.0	 53.0 ± 10.0	 52.0 ± 10.0	 ANGIO
Chen et al79	 2006	 CIHD	 26.0 ± 6.0	 37.0 ± 9.0	 23.0 ± 8.0	 25.0 ± 4.0	 ECO – SPECT/PET
Erbs et al80	 2005	 CHID	 51.7 ± 3.7	 58.9 ± 3.2	 55.8 ± 2.8	 55.8 ± 2.6	 SPECT/PET - MRI
Strauer et al81	 2002	 CIHD	 53.0 ± 8.0	 60.0 ± 7.0	 53.0 ± 10.0	 52.0 ± 10.0	 ANGIO
Turan et al82	 2011	 CIHD	 46.0 ± 10.0	 53.0 ± 8.0	 46.0 ± 10.0	 47.0 ± 7.0	 ANGIO
Bartolucci et al83	 2017	 IHF	 33.0 ± 6.18	 38.9 ± 5.7	 31.4 ± 4.7	 32.8 ± 7.7	 ECO - MRI
Bartunek et al84	 2013	 IHF	 27.5 ± 2.0	 34.5 ± 2.0	 27.8 ± 2.0	 28.0 ± 2.0	 ECO
Chug et al85	 2012	 IHF	 27.5 ± 1.6	 35.1 ± 2.4	 27.8 ± 2.3	 28.0 ± 2.3	 MRI
Hu et al86	 2011	 IHF	 22.7 ± 4.7	 33.8 ± 9.3	 24.9 ± 4.5	 31.8 ± 9.0	 MRI
Perin et al87	 2011	 IHF	 37.3 ± 10.6	 40.0 ± 5.4	 39.0 ± 9.1	 42.0 ± 5.4	 ANGIO
Strauer et al88	 2010	 IHF	 29.4 ± 12.7	 36.0 ± 13.3	 36.1 ± 13.8	 35.5 ± 13.5	 ANGIO
Zhao et al89	 2015	 IHF	 30.0 ± 4.0	 49.0 ± 5.0 	 28.0 ± 5.0	 39.0 ± 3.0	 ECO

AMI: acute myocardial infarction; CIHD: chronic ischemic heart disease; IHF: ischemic heart failure; LVEF: left ventricular ejection fraction, values are mean ± SD (or SE when indicated); ECO: echocardiography; SPECT: single photon 
emission computed tomography; PET: positron emission tomography; ANGIO: left ventricular angiography; MRI: magnetic resonance imaging.
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Subgroup analysis was also carried out separate-
ly for the other available mediators, categorized into 
tertiles of their observed distributions (Supplemen-
tary Figures 1-5). Although no substantial variability 
was found among category-specific summary effect 
size estimates, a noteworthy downward trend over 
the publication year was detected, consistent with a 
similar tendency observed when a cumulative me-
ta-analysis was performed on the same mediator in 
ascending order (Supplementary Figure 6).

Meta-regression analysis

In an attempt to explain and reduce the high level 
of heterogeneity observed in the overall meta-anal-
ysis, a forward meta-regression procedure was ap-

plied. The five available moderators were included 
in the meta-regression equation one at a time, start-
ing from the three categorical terms defining the 
heart disease type. At each step of the procedure, 
the changes in I2 (ΔI2%) and Tau2 (ΔTau2%) were used 
as a measure of heterogeneity reduction and expla-
nation (Supplementary Table II). Notably, at the end 
of the analytical process (Supplementary Table II, 
step 5: all moderators included), the heterogeneity 
level decreased by about 10% in comparison with 
the constant-only regression model (Supplemen-
tary Table II, step 0, corresponding to the overall 
meta-analysis of Supplementary Table I). It is worth 
noting that the highest reduction (about -5.0%) was 
attributable to the heart disease type, whereas all 
other moderators gave a lower contribution (about 
-1.5%, on average).

Figure 3. Forest-plot of the overall meta-analysis of follow-up mean LVEF differences between treated and control groups ob-
tained through a restricted maximum likelihood random-effects approach for all 82 studies. N: study sample size; CMC/TMC: 
control/treated group mean change from baseline; AAMD: ANCOVA-adjusted mean difference; 95% CI: 95% AAMD confidence 
interval; %W: percentage of total inverse-variance weight given to each study.

https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Figure-1-5-2.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Figure-1-5-2.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Figure-6-11.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-II-70.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-II-70.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-II-70.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-II-70.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-I-130.pdf
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The results of the meta-regression, including 
all moderators, are shown in Supplementary Ta-
ble III. As far as the heart disease type is con-
cerned, no substantial differences in the summa-
ry effect sizes were detected: AMI 2.73 (95% CI = 
2.06/3.40), CIHD 7.80 (95% CI = 5.20/10.4), and 
IHF 5.79 (95% CI = 3.72/7.86) when compared to 
the findings obtained from the subgroup analy-
sis. Notably, publication year and mean number 
of stem cells infused seemed to play significant 
roles in predicting summary effect sizes. Specifi-
cally, an LVEF reduction of about 1% was estimat-
ed per each 5-year increase in publication year 
(-0.80, 95% CI = -1.46/-0.13) (Supplementary Fig-
ure 6), while a LVEF increase of about 2% (1.97, 
95% CI = 0.57/3.38) was estimated per each 109 
infused cells. 

Finally, meta-regression analysis was also ap-
plied to the studies reporting the time from di-
agnosis to stem cell infusion (median = 6.0 days, 
range = 0.4 - 65.0 days), which was available for 
AMI patients only.  The overall reduction in het-
erogeneity (step 0 to step 5) was more modest 
(about 5.0%), and the highest contribution was 
made by publication year (about 3.0%, step 3) 
(Supplementary Table IV). The full model shows 
that mean time from diagnosis to stem cell infu-
sion gave a very poor meta-analytic contribution 
(0.02, 95% CI = -0.34/0.38) while, by contrast, 
publication year (-0.92, 95% CI = -1.67/-0.17) 
and mean number of cells infused (1.81, 95% CI 
= 0.36/3.25) had a more important role (Supple-
mentary Table V) very similar to that estimated 
in the former meta-regression analysis (Supple-
mentary Table III).

Cell type

Mean LVEF (±SD) increase at 6-month follow-up 
was 8.4 (± 5.0), 5.3 (± 3.7), 5.0 (± 1.4), and 4.9 (± 
2.5) for MSC, CSC, BMC, and PBC, respectively.

Degree of inconsistency across studies

As already reported, a high level of heterogeneity 
was found in almost all meta-analytic settings (I2 > 
80), and heart disease type was the only moder-
ator that provided a higher, although modest, re-
duction (Supplementary Table III). Notably, a low-
er level was reported in studies18 involving CIHD 
patients (N = 7, I2 = 68.6). Moreover, meta-regres-
sion analyses resulted in being only partially able 
to mitigate the inconsistency among study-specif-
ic AAMD both in the overall sample (Table VI, I2 
= 76.4) and in the subgroup of patients with AMI 
(Supplementary Table IV, I2 = 76.2).

Evaluation of publication bias

Funnel plot (Figure 4) and results of the Egger’s 
test (Supplementary Table I, p-value = 0.100) 
show evidence of publication bias due to the lack 
of small-sized studies. In particular, only 11 (13%) 
out of 82 studies show a standard error greater 
than 2.5 units, even if the study-specific AAMD 
appears to be evenly distributed around the sum-
mary effect size estimate.

Sensitivity analysis

The results obtained when the overall meta-analysis 
based on a leave-one-out procedure was applied to 
evaluate the role potentially played by single data 
points on the summary effect sizes are shown in 
Figure 5. The exclusion of one study at a time had 
no remarkable effect on the pooled AAMD (range 
= 3.17-3.34), indicating that the aggregated results 
were to some extent robust and reliable.

Finally, to assess the potential dependence of 
the meta-analytic results on the correlation co-
efficient (r = 0.807) used to compute all AAMD 
points and pooled estimates, further meta-analy-
ses were performed based on different coefficient 
guesses90. For instance, using very low and middle 
values of 0.1 and 0.5 for all studies, the overall 
meta-analytic effect sizes were respectively esti-
mated to be 2.81 (95% CI = 1.98/3.65) and 3.08 
(95% CI = 2.33/3.84), which are very similar to that 
obtained with r = 0.807.

New York Heart Association (NYHA) 
classification

The New York Heart Association (NYHA) classifica-
tion is a simple, informative, and easy-to-perform 
tool for assessing heart failure severity91. There-
fore, in addition to the systematic meta-analysis, 
we analyzed the trend of NYHA functional class in 
studies performed in ischemic heart failure pa-
tients undergoing intracoronary stem cell trans-
plantation83,92-95. Treated patients showed a sta-
tistically significant decrease in mean NYHA class 
from baseline to 6 and 12 months after transplant 
(2.6 ± 0.5 SD, 1.8 ± 0.2 SD, and 1.9 ± 0.3 SD, re-
spectively; t-test p = 0.002) while mean NYHA 
class did not change in untreated patients (Table 
IV). Notably, data available in the literature87,96,97 
indicate no significant change in NYHA class after 
intramyocardial stem cells transplant (Table IV). In 
summary, we suggest that intracoronary stem cell 
transplantation is effective regarding the impact 
on clinical parameters in ischemic heart failure 
patients.

https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-III-38.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-III-38.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Figure-6-11.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Figure-6-11.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-IV-24.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-V-15.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-V-15.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-III-38.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-III-38.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-III-38.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-IV-24.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-I-130.pdf


Table IV. NYHA class behavior in ischemic heart failure patients before and after stem cell transplantation.

	 Treated	 Controls

Author (year) [Ref.]	 Cell type	 No. of patients				    No. of patients

				    NYHA class#				    NYHA class#

			   Baseline	 6 months	 12 months		  Baseline	 6 months	 12 months
			 
Intramyocardi l transplant									        	
    Diedrichsen et al92 (2008)§	 BMMC	 35	 2.6	 2.1	 2.0	 —	 —	 —	 —
    Strauer et al88 (2010) 	 BMMC	 191	 3.2	 2.2	 2.1	 200	 3.0	 3.5	 3.6
    Flores-Ramirez et al93 (2010)§	 PBSC	 7	 2.4	 1.2	 1.2	 —	 —	 —	 —
    Gu et al94 (2011) 	 PBSC	 15	 3.2	 2.5	 2.3	 15	 3.3	 3.0	 2.9
    Bartolucci et al83 (2017)^	 MSC	 15	 2.0	 1.5	 1.4	 15	 1.7	 1.5	 1.4
    Xiao et al95 (2017) 	 BMMC	 16	 2.6	 1.8	 2.2	 20	 2.7	 2.5	 2.7
    Xiao et al95 (2017) 	 MSC	 17	 2.7	 1.7	 1.9	 20	 2.7	 2.5	 2.7

    Total		  296				    270			 
    Mean ± SD			   2.6 ± 0.5	 1.8 ± 0.2**	 1.9 ± 0.3**		  2.6 ± 0.6	 2.6 ± 0.7	 2.6 ± 0.9

Intracoronary transplant	
    Perin et al87 (2011) 	 BMMC	 20	 2.3	 1.8	 --	 10	 2.6	 2.4	 --
    Qayyum et al96 (2023) 	 MSC	 90	 2.3	 2.0	 2.0	 43	 2.3	 2.0	 1.9
    Chaaban et al97 (2025) 	 MSC	 144	 2.3	 2.1	 2.1	 70	 2.3	 2.0	 2.1

    Total		  254				    123		  	
    Mean ± SD			   2.3 ± 0.0	 1.9 ± 0.1	 2.0 ± 0.05		  2.4 ± 0.3	 2.1 ± 0.2	 1.9 ± 0.05

PBSC: Peripheral blood stem cells, BMMC: Bone marrow mononuclear cells, MSC: Mesenchymal stem cells, #Mean values reported in the study, §Non-randomized trial, ^Intravenous infusion; Student’s t-test: **p = 0.002 vs. baseline.
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Figure 4. Funnel-plot of the over-
all meta-analysis of follow-up LVEF 
mean differences between treat-
ed and control groups obtained 
through a restricted maximum like-
lihood random-effects approach for 
all 82 studies. AAMD: ANCOVA-ad-
justed mean difference; vertical 
line: meta-analytic summary esti-
mate of AAMD (3.30).

Figure 5. Meta-analysis 
based on the leave-one-out 
procedure applied to eval-
uate the influential role of 
single studies on the sum-
mary effect size estimate. 
AAMD and 95% CI: ANCO-
VA-adjusted mean differ-
ence with corresponding 
95% confidence interval.
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DISCUSSION

To the best of our knowledge, this meta-analysis 
is the largest study reporting randomized clinical 
trials performed from 2002 to 2025 on the effica-
cy of intracoronary stem cell therapy in patients 
with acute and chronic ischemic heart disease and 
ischemic heart failure.

Results of pooled data, including 5,781 patients 
(AMI: n. 4,436, CIHD: n. 202, IHF: n. 1,143) of whom 
3,048 were treated with intracoronary stem cell in-
fusion, and 2,733 were untreated controls, showed 
that stem cell transplantation therapy determined 
an overall significant mean LVEF increase of 3.3% at 
6-month follow-up. Of note, subgroup meta-analy-
sis showed that mean LVEF improvement was high-
er in patients with CIHD (8.2%) and IHF (5.3%) than 
in patients with AMI (2.7%).

The latter result agrees with published meta-anal-
yses98-109 on AMI that report overall mean LVEF in-
crease ranging from 2.1% to 3.7% and with the Co-
chrane pooled analysis of 2,533 patients reporting an 
overall mean LVEF increase ranging between 2% and 
5%110. However, subgroup meta-analyses comparing 
the efficacy of intracoronary and intramyocardial 
transplantation procedures were not reported.  

The results of the present study are consistent 
with those reported in previous meta-analyses111-114 
on IHF, showing a mean LVEF increase from 5.2% to 
6.5%. Of note, our results demonstrate more im-
provement than those reported by Gyöngyösi et 
al115 and Kavuosi et al116 and in the Cochrane pooled 
analysis of 1,255 CIHD and IHF patients117, which 
show a mean LVEF increase from 2.5% to 3.3%. In-
terestingly, subgroup meta-analyses published by 
Fan et al111 and Kavousi et al116 indicated that LVEF 
increase after intracoronary injection was greater 
than after intramyocardial transplantation (5.8% 
vs. 4.6% and 6.8% vs. 2.4%, respectively). In agree-
ment with Sim et al117, results of meta-analysis con-
firm the effectiveness of stem cells intracoronary 
delivery on patients’ heart function. Notably, IHF 
patients evaluated in our meta-analysis showed 
a mean LVEF amelioration from severe (30%) to 
moderate (38%) functional class according to the 
American Society of Echocardiography and the Eu-
ropean Association of Cardiovascular Imaging, as 
reported by Kosaraju et al118. Although supported 
by a limited number of studies, this finding suggests 
that stem cell transplantation could represent an 
additional benefit for end-stage ischemic heart dis-
ease not responding to conventional treatment. 

To our knowledge, this is the first meta-analysis 
specifically evaluating intracoronary stem cell trans-
plantation efficacy in chronic ischemic patients. 
Interestingly, CIHD patients ameliorated from mild 
(46%) to normal (54%) functional class119. These data 
may indicate that stem cell transplantation can also 
improve the outcome in this patient subgroup. 

The mean age of CIHD and IHF treated patients 
was 56 and 58 years, respectively, showing that 
stem cell transplantation can improve the quality 
of life in these subgroups of middle-aged subjects.

The imaging methods utilized in the studies in-
cluded in the meta-analysis to calculate LVEF include 
transthoracic echocardiography, SPECT/PET, MRI, 
and angiography alone or in combination. We consid-
ered echocardiography, when available, the method 
of choice as it is less expensive and more feasible in 
current clinical practice. The different measurement 
techniques used to assess LVEF may have introduced 
heterogeneity in the interpretation of results.

As far as the cell type is concerned, our results 
are consistent with those of other meta-analy-
ses9,91,101,103,107,111,112,116 generally reporting a higher 
efficacy of MSC in comparison with BMC and PBC. 

Despite an extensive body of data, the effect of the 
number of transplanted cells on myocardial function 
recovery is a debated issue, and the optimal dosage 
for the various stem cells remains undetermined1,3,120. 

In fact, the available clinical evidence is conflicting, 
with some studies121 reporting that a lower cell dose 
would yield the greatest benefit, while others122 find 
either an inverse or a nonlinear relationship123. Al-
though our results did not conclusively define the 
optimal transplant cell dose, the number of infused 
cells positively influenced the efficacy of treatment, 
as meta-regression analysis indicated an estimated 
LVEF increase of about 2% per each 109 cells.

The best timing for cell transplantation after 
AMI is conditioned by the interplay among sever-
al elements, including the survival rate of trans-
planted cells, factors promoting stem cell homing, 
and cardiomyocyte growth. Previous meta-analy-
ses104,106,108 indicate that the best transplantation 
time after AMI would be 3-7 days. We were not 
able to confirm this finding as meta-regression 
analysis showed that stem cell infusion timing af-
ter AMI had a modest effect on LVEF increase. 

Notably, a high level of heterogeneity was found 
in almost all meta-analytic settings. Heterogeneity 
may be related to differences in study protocols, in-
cluding: i) baseline characteristics of populations; ii) 
stem cell processing procedure and type and num-
ber of infused cells; iii) timing of injection; iv) modali-
ties to evaluate LVEF; v) expertise of multidisciplinary 
clinical team. Meta-regression analyses partially re-
duced the inconsistency among studies. Heart dis-
ease type was the only moderator that provided a 
higher, although modest, heterogeneity reduction, 
with the lower heterogeneity level being reported 
by studies on CIHD patients. Of interest, the LVEF re-
duction of about 1% per 5-year increase in publica-
tion year demonstrated a decrease in heterogeneity 
over time. Additionally, there is clear evidence for 
publication bias, although the Egger’s test resulted 
in a non-significant result because of its low statis-
tical power. The leave-one-out procedure showed 



245	 STEM CELLS IN ISCHEMIC HEART DISEASE: A META-ANALYSIS

that the exclusion of one study at a time had no re-
markable effect on variance analysis, indicating that 
results were robust and reliable.

Interestingly, intracoronary stem cell transplant 
induced a significant decrease in NYHA functional 
class in ischemic heart failure patients, suggesting 
the efficacy of the procedure on clinical parameters.

Lastly, although other delivery routes were not 
included in the present meta-analysis, the study 
suggests that the intracoronary route may be 
considered in future trials of stem cell therapy for 
ischemic heart disease due to its relative manage-
ability and simplicity.

Limitations

The results of the present meta-analysis should be 
interpreted with caution, as several confounding 
factors could affect comparisons with previous me-
ta-analyses that include randomized and non-ran-
domized trials, different cell delivery modes, and 
variable follow-up time. The most important limita-
tion that might have affected the final conclusions is 
the low number of trials on chronic ischemic heart 
disease and ischemic heart failure in comparison 
with the high number of trials on acute myocardial 
infarction. Another limitation is the use of LVEF as a 
unique parameter for evaluating stem cell transplant 
efficacy on ventricular function. This may have led to 
misinterpretation of the results due to a lack of com-
parison with other parameters used for measuring 
cardiac function. Furthermore, different measure-
ment techniques (echocardiography, SPECT/PET, 
MRI, and angiography) were utilized to assess LVEF, 
adding methodological heterogeneity in results in-
terpretation. Finally, the short follow-up period may 
have made us lose information that could be ob-
tained with a more prolonged observation period.

CONCLUSIONS

The results of this meta-analysis suggest that in-
tracoronary stem cell transplantation, in addition 
to standard therapy, could improve left ventricular 
function in AMI, CIHD, and IHF. Additionally, this pro-
cedure may be associated with a reduction of NYHA 
functional class severity in chronic ischemic patients 
and ischemic heart failure. The study confirms that 
MSCs are more effective than BMC and PBC and 
that the number of infused cells positively influences 
the efficacy of treatment. The present investigation, 
focused on randomized trials performed with intra-
coronary stem cell transplantation, indicates that 
the intracoronary route may be proposed as a prom-
ising therapeutic approach in future large-scale trials 
of stem cell therapy for ischemic heart disease due 
to its relative manageability and simplicity.
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