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Abstract

Background: Several cell-based therapies for adjunctive treatment of acute myocardial infarction have been investigated
in multiple clinical trials, but the timing of transplantation remains controversial. We conducted a meta-analysis
of randomized controlled trials to investigate the effects of timing on bone marrow-derived cell (BMC) therapy in acute
myocardial infarction (AMI).

Methods: A systematic literature search of PubMed, MEDLINE, and Cochrane Evidence-Based Medicine databases from
January 2000 to June 2017 was performed on randomized controlled trials with at least a 3-month follow-up for patients
with AMI undergoing emergency percutaneous coronary intervention (PCl) and receiving intracoronary BMC transfer
thereafter. The defined end points were left ventricular (LV) ejection fraction, LV end-diastolic and end-systolic index. The
data were analyzed to evaluate the effects of timing on BMC therapy.

Results: Thirty-four RCTs comprising a total of 2,307 patients were included; the results show that, compared
to the control group, AMI patients who received BMC transplantation showed significantly improved cardiac
function. BMC transplantation 3—7 days after PCl (+3.32%; 95% Cl, 1.91 to 4.74; P < 0.00001) resulted in a significant
increase of left ventricular ejection fraction (LVEF). As for the inhibitory effect on ventricular remodeling, BMC
transplantation 3-7 days after PCl reduced LV end-diastolic indexes (-4.48; 95% Cl, —7.98 to -0.98; P=0.01)
and LV end-systolic indexes (-6.73; 95% Cl, —=11.27 to -2.19; P=0.004). However, in the groups who received
BMC transplantation either within 24 hours or later than 7 days there was no significant effect on treatment
outcome. In subgroup analysis, the group with LVEF < 50% underwent a significant decrease in LV end-diastolic index
after BMC transplantation (WMD =-3.29, 95% Cl, —4.49 to —2.09; P < 0.00001); the decrease was even more remarkable
in the LV end-systolic index after BMC transplantation in the group with LVEF < 50% (WMD =-5.25, 95% Cl, -9.30 to 1.
20; P=0.01), as well as in patients who received a dose of 10A7-10A8 cells (WMD =-12.99, 95% Cl, -19.07 to -6.91;

P <0.0001). In the group with a follow-up of more than 12 months, this beneficial effect was significant and increased
to a more pronounced effect of +3.58% (95% Cl, 1.55 to 5.61; P=0.0006) when compared with control.

Conclusions: In this meta-analysis, BMC transfer at 3 to 7 days post-AMI was superior to transfer within 24 hours or more
than 7 days after AMI in improving LVEF and decreasing LV end-systolic dimensions or LV end-diastolic dimensions. It is
more effective in patients with lower baseline LVEF (£50%) and the effect can last more than 12 months.
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Background

With progress in intervention techniques and drug treat-
ment, the mortality of acute myocardial infarction
(AMI) has been significantly reduced. However, the inci-
dence of heart failure after myocardial infarction re-
mains high [1]. Therefore, ways to restore heart function
after myocardial infarction and to increase the long-term
survival rate is the major research concern. Strauer et al
[2] performed autologous bone marrow-derived cell
(BMC) transplantation on AMI patients for the first
time, confirming the safety and effectiveness of stem cell
transplantation. A quantity of basic and clinical studies
on transplantation of BMCs in AMI treatment have pro-
duced mixed results as the subjects, the approach, the
timing and the type and dose of transplanted stem cells
varied. Existing meta-analyses of BMC transplantation in
AMI focuses on the safety and effectiveness of BMC
transplantation in AMI patients [3-5] and there have
been few studies concerned with the specific approach
used for BMC transplantation and evaluation.

Basic studies show that after AMI, increases in the ex-
pression of inflammatory chemokines and other cytokines
might enhance the homing and differentiation of BMCs.
In contrast, a strong inflammatory reaction often accom-
panies the release of reactive oxides and other cytokines at
the site of infarction after AMI, which is detrimental to
the survival and differentiation of autologous myocardial
cells and transplanted BMCs [6, 7]. In addition, BMCs
transplanted at different stages are affected by the micro-
environment of myocardium. This may influence the sur-
vival and differentiation of transplanted BMCs, and may
even cause their apoptosis [8, 9]. Therefore, the timing of
BMC transplantation is considered to be one of the crucial
factors affecting the survival of transplanted BMCs and
hence the effectiveness of treatment.

A meta-analysis of different timings of intracoronary
transplantation of BMCs in AMI patients was performed
to study the effect of timing of stem cell transplantation
on AMI treatment. Our research will provide a clue for
the choice of optimal timing of BMC transplantation in
AMI treatment.

Methods
Study source and selection
Literature on randomized controlled trials (RCTs) of au-
tologous BMC treatment of AMI from January 2000 to
June 2017 was retrieved from PubMed, MEDLINE and
Cochrane databases. The subject terms or keywords
used to retrieve the literature were “cell therapy, cell
transplantation, stem cell therapy, bone marrow-derived
cell, acute myocardial infarction”. Study selection was
performed by two different researchers.

Studies were included that met the following criteria:
(1) type of research: RCTs; follow-up duration: at least
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3 months; (2) object of research: clinically diagnosed as
AMILI. The cases in the experimental group received per-
cutaneous coronary intervention (PCI) and BMC trans-
plantation. The cases in the control group did not
receive bone marrow-derived stem cells (BMSCs) (e.g.
control media or plasma); (3) intervention therapy: the
cases in the experimental group received intracoronary
transplantation of autologous BMCs, regardless of the
type and dose of stem cells administered; (4) outcome
indicators: primary indicators included left ventricular
ejection fraction (LVEF), left ventricular end-diastolic
volume (LVEDV) (or left ventricular end-diastolic vol-
ume index, LVEDVI) and left ventricular end-systolic
volume (or left ventricular end-systolic volume index,
LVESVI); secondary indicator was a cardiovascular ad-
verse event; (5) publication in English or Chinese. The
exclusion criteria were as follows: (1) intravenous injec-
tion or intramyocardial injection; (2) cytokine interven-
tion or stem cell mobilization using cytokines; (3) lack
of control group. Differences in researchers’ assess-
ments of articles were resolved by a discussion with a
third researcher.

Data extraction

Data extraction and analysis was performed by three in-
dependent researchers. For each study, we documented
the articles and they were categorized into trial charac-
teristics and functional outcome. Different assessments
from data extraction were resolved by a discussion with
a third researcher. Study information was recorded as
follows: study design, baseline characteristics of included
study, risk of bias of each study.

Quality assessment

The quality of RCTs was assessed by The Cochrane
Collaboration’s tool for assessing risk of bias (See
Additional file 1: Figure SI).

Definition

A variety of stem cells included in this studies, such as bone
marrow-derived cells, bone marrow stem cells, bone mar-
row mononuclear cells and bone marrow progenitor cell.
BMCs were the main focus of this study because the major-
ity of studies to date assessed this specific cell type. The
outcome of LV function (e.g. LVEF), left ventricular end-
diastolic index (e.g. LVEDV, LVEDVI), as well as left ven-
tricular end-systolic index (e.g. LVESV and LVESVI) were
the primary end points of our analysis, and mainly mea-
sured by cardiac magnetic resonance imaging (MRI), echo-
cardiography, positron emission tomography-computed
tomography (PET-CT) and single-photon emission com-
puted tomography (SPECT).
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Statistical analysis

The variations of left ventricular functional indexes in experi-
mental and control groups compared with baselines were
analyzed using Revman 5.3 software (The Cochrane Collab-
oration, Copenhagen, Denmark). We studied the difference
in mean change (from baseline to follow-up) between pa-
tients who received stem cells and those who received con-
trol treatment. Most outcomes were reported as mean + SD
at baseline and follow-up. The mean change was then deter-
mined as follow-up to baseline, whereas SD change was de-
termined as SEM (sample size). However, weighted mean
difference (WMD) and standardized mean difference (SMD)
were both expressed as a 95% confidence interval (CI).

The x> test was implemented to test the heterogeneity
among the included trials: we considered that at P
values <0.10, the trials could be considered hete-
rogeneous. Therefore, trials that might give rise to het-
erogeneity were excluded and the reasons for such
heterogeneity were identified. A funnel plot was drawn
to evaluate possible bias. Subgroup analysis was per-
formed to calculate summary statistics. If heterogeneity
still existed after such treatment, the random effect
model was employed to calculate summary statistics by
the D-L method (DerSimonian and Laird method) [10].
I> was used to quantify the heterogeneity. If 1% > 50%,
the heterogeneity was considered significant.

Subgroup analysis investigated the effect on summary
statistics brought about by the timing of stem cell trans-
plantation (within 24 hours or between 3 and 7 days or
over 7 days), baseline LVEF (<50% or >50%), follow-up
time(<6 months,< 12 months or > 12 months) and dose
of BMCs administered.

Results

Search results

Preliminary retrieval obtained 1,401 papers, of which
1,196 were excluded by reading the title and abstract.
The excluded papers were concerned with animal trials,
comments, reviews and repeatedly reported trials. The
remaining 205 papers were read thoroughly and 99 sum-
maries or papers concerned with nonrandomized con-
trolled trials were excluded. Another 77 papers were also
excluded due to incomplete data, no setting up of a con-
trol group or use of a BMC injection method other than
intracoronary injection. Finally, 29 articles were included
in the meta-analysis, which reported 34 RCTs, compris-
ing a total of 2,307 patients, 1,112 of whom were treated
with an injection of cells (Fig. 1).

Study characteristics

General information of included studies: after screening,
29 articles [11-39] were included in the meta-analysis,
reporting data from a total of 34 RCTs comprising a total
of 2,307 patients, 1.112 of whom were treated with cells.

Page 3 of 13

1,401 records identified by
thorough database searching

1,196 records excluded in the
first screening

-Review, editarials, comments
-Animal model

-Repeat reports

99 records excluded
-Not RCTs

-Cytokine intervention aor stem cell
mobilization using cytokine

205 records screened .| -Other than intracoronary route

77 full-text articles excluded
according to explicit inclusion/
exclusion criteria

-No contral group

-At least 3 months follow-up

106 RCTfull-text articles

— u|-Incomplete data

29 articles included in
meta-analysis, which
reported 34 randomized
controlled trails

Fig. 1 Flow diagram process of data collection and screening
- J/

All of the included trials contained a control group and a
BMC transplantation group. The average age of the
patients was 55.7 + 2.8 years, and male patients accounted
for 84.6 + 8.3%. Baseline LVEF was (44.7 + 7.3%); intracor-
onary injection of autologous BMCs was performed using
a dose of (7.17 +16.4) x 108 cells. Other information
included the follow-up duration and the timing of BMC
injection (Table 1).

In this analysis, 2,307 patients had a complete set of
baseline and follow-up LVEF measurements (34 RCTs),
1,622 patients had complete left ventricular end-
diastolic indexes measurements (26 RCTs) and 1,447
patients had complete left ventricular end-systolic
indexes measurements (23 RCTs).

Effect of time window of BMC transplantation on left
ventricular function

Meta-analysis of the included studies was conducted and
summary statistics were calculated. The experimental
groups and control groups which received stem cell
transplantation within 1 day, 3-7 days and over 7 days
after percutaneous coronary intervention were com-
pared. Indicators were the variations of LVEF and left
ventricular end-diastolic and end-systolic indexes com-
pared with baselines, in the evaluation of the effect of stem
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Table 1 Characteristics of studies included in the meta-analysis
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Source Sample  Male Age Primary Cell Cell dose  Time of cell Follow-up Measure tools  Baseline
size (%) (year) intervention  type therapy (months) LVEF (%)
and route of
delivery
Janssens 2006 [11] 67 82 56.9 PClIC BMSC 304 x Within 1 day 4 MRI 481
1076 after PCl
Yousef 2009 [12] 62 896  51.1 PCIIC BMC 6.1 (3.9 Mean 7 days 60 Echo 512
X 1077 after PCl
Wang 2014 [13] 58 60.6 57 PClIC BMSC 1x10A8  Mean 15 days 6 Echo 29
after PCl
Piepoli 2010 [14] 38 684 65 PClIC BMC 418 x 3to 5 days 12 Echo 37.1
1076 after PCl
Panovsky (HD) 47 893 54 PCIIC BMC  1x1078 Mean 7 days 3 SPECT 35
2008 [15] after PCl
Panovsky (LD) 47 893 54 PClIC BMC  1x10A7  Mean 7 days 3 SPECT 355
2008 [15] after PCI
Gao 2013 [16] 54 932 568 PCIIC BMSC  3.08 (0.52) Mean 17 days 12 SPECT Echo 511
X 1076 after PCl
Sdrder (day 6) 150 84.1 57.7 PClIC BMSC  1.40x Mean 6 days 12 MRI 37.1
2016 [17] 1018 after PCl
Surder (day 24) 150 84.1 57.7 PClIC BMSC  1.60x Mean 24 days 12 MRI 376
2016 [17] 1078 after PCl
Traverse 2011 [18] 87 828 56.1 PCl IC BMC 150 x 2 to 3 weeks 6 MRI 47
1076 after PCl
Plewka 2009 [19] 60 73 56 PClIC BMSC 144 (049 Mean 7 days 6 Echo 395
X 10/8 after PCl
Traverse (day 3) 67 88 56.3 PCIIC BMC 150 3 days after 6 MRI 439
2012 [20] 10N6 PCl
Traverse (day 7) 53 87.2 576 PCIIC BMC  150x 7 days after 6 MRI 464
2012 [20] 1016 pCl
Chen 2004 [21] 69 955 575 PClIC BMSC 8% 1079  Nearly 18 days 6 SPECT 485
after PCl
Ge 2006 [22] 20 90 58.5 PClIC BM- 4x10A7  Within 1 day 6 SPECT Echo 56
MNC after PCl
Wohrle 2013 [23] 42 - - PClIC BMC 324 Mean 7 days 36 CMR 546
1076 after PCl
Herbots 2009 [24] 67 82.1 56.5 PCIIC BMPC 304 (128)  Within 1 day 4 MRI 544
X 1076 after PCl
Grajek 2010 [25] 45 867 504 PCIIC BMSC 234 (12) 4 to 6 days 12 Echo 506
X 1079 after PCl
Dill 2009 [26] 54 90.7 563 PCIIC BMC 236 (174) 3 to 6 days 12 CMR 478
X 1076 after PCl
Wollert 2004 [27] 60 70 56.3 PCIIC BMC  246x 4.8 days after 6 MRI 50.7
1078 PCl
Roncalli 2011 [28] 101 853 555 PClIC BMC 983 (87) 7to 10 days 3 RNA 363
X 1016 after PCl
Meyer 2009 [29] 60 70 56.3 PClIC BMC 246 (94) Mean 4.8 days 61 MRI 50.7
X 1018 after PCl
Schéchinger 2006 204 82 56 PCIIC BMC 236 (1.74) Within7days 4 LVangiography 47.6
[30] X 1018 after PCI
Bartunek 2005 [31] 35 91 54 PClIC BMPC 126 (22)  Mean 11.6 days 4 SPECT 44.7
X 1076 after PCI
Lunde 2006 [32] 100 84 574 PCIIC BMC  68x 1076 Mean 6 days 6 SPECT 42

after PCl
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Table 1 Characteristics of studies included in the meta-analysis (Continued)

Source Sample  Male Age Primary Cell Cell dose  Time of cell Follow-up Measure tools  Baseline
size (%) (year) intervention  type therapy (months) LVEF (%)
and route of
delivery

Beitnes 2011 [33] 100 84 574 PCIIC BM- 68X 106 Mean 6 days 36 Echo 46.3
MNC after PCl

Huang 2006 [34] 40 67.5 57 PClIC BM- 18 (4.2) Within 1 day 6 CMR 44
MNC X 1018 after PCl

Cao 2009 [35] 86 932 56.8 PClIC BM- 501.2) 7 days after PCl 48 Echo 388
MNC  x 1077

Hopp 2011 [36] 28 785 586 PCIIC BMC 871X Mean 6 days 6 CMR 51.7

1017 after PCI
Yao 2009 [37] 39 846 52 PCIIC BMC  19(1.2) 3to 7 days after 12 MRI 324
X 1018 PCl

Meluzin (HD) 60 91.7 543 PClIC BMC 1018 Mean 7 days 12 SPECT 40

2008 [38] after PCI

Meluzin (LD) 60 917 543 PCIIC BMC 1077 Mean 7 days 12 SPECT 40.5

2008 [38] after PCl

Wollert (LD) 64 87.2 538 PClIC BMSC  7.00 x Mean 8.1 days 6 MRI 457

2017 [39] 1018 after PCl

Wollert (HD) 59 88.1 56.1 PClIC BMSC 2060 Mean 8.1 days 6 MRI 458

2017 [39] X 1018 after PCl

BMC bone marrow-derived cells, BMSCs bone marrow stem cells, BM-MNC bone marrow mononuclear cells, BMPC bone marrow progenitor cell, PC/ percutaneous
coronary intervention, IC intracoronary, Echo echocardiography, MRI magnetic resonance imaging, SPECT single-photon emission computed tomography, LVEF left

ventricular ejection fraction

cell transplantation on cardiac functions and on inhibition
of left ventricular remodeling. The results of our analysis in-
dicated that overall LVEF is increased by 2.02% (95% ClI,
0.76 to 3.27; P=0.02). The LVEF of the BMC transplant-
ation group with a time window of 3-7 days was signifi-
cantly increased by 3.32% (95% CI, 1.91 to 4.74; P < 0.00001)
(Fig. 2). The forest plot shows that the unadjusted difference
in the mean change in LVEDI with a time window of 3-7
days significantly decreased by 4.48 mL (95% CI, -7.98 to —
0.98; P=0.01) in the BMC group (Fig. 3). Further, LVESI
with a time window of 3-7 days was significantly decreased
by 6.73 mL (95% CI, —11.27 to —2.19; P = 0.002) in the treat-
ment group (Fig. 4). These results showed much improved
left ventricular functions in the BMC transplantation group
with a time window of 3-7 days compared with the groups
with time windows of up to 24 hours or over 7 days.

Subgroup analysis

Left ventricular function was significantly improved in the
BMC transplantation group with a time window of 3-7
days. However, significant heterogeneity (I*>50%) still
existed among the studies. Therefore, subgroup analysis
was conducted of the baseline LVEF values and the
follow-up period used, which were possible sources of het-
erogeneity. The trials were divided into groups as follows:
baseline LVEF values > 50% and < 50%; duration of follow-
up < 6 months, < 12 months and > 12 months; and cell
doses of < 1077, < 1078, < 1079 or < 10710 BMCs.

Effect of baseline LVEF before BMC transplantation on left
ventricular function

The group with LVEF <50% (18 RCTs) underwent a sig-
nificant decrease in LV end-diastolic index after BMC
transplantation (WMD = -3.29, 95% CI, —4.49 to —2.09, P
<0.00001); the decrease in LVESI after BMC transplant-
ation was even more remarkable in this group (15 RCTs)
(WMD = —5.25, 95% CI, —9.30 to —1.20, P =0.01, Table 2).
However in both groups, baseline LVEF did not have a sig-
nificant effect on treatment outcome in terms of LV ejec-
tion fraction. According to our data, patients with a higher
LVEF (>50%) at baseline did not benefit more from cell
therapy compared with patients with lower LVEF (<50%).

Effect of follow-up period after BMC transplantation on
left ventricular function

Subgroup analysis revealed that in patients with follow up
periods of <6 months (7 RCTs), LVEF increased by 1.45%
(95% CI, 0.54 to 2.36; P =0.002, Table 3). In the group with
a follow-up period of > 12 month (14 RCTs), this beneficial
effect was significant and increased to a more pronounced
effect of 3.58% (95% CI, 1.55 to 5.61; P =0.0006, Table 3)
when compared with controls. Both the group with a
follow-up duration of < 6 months and that with follow-up
of > 12 months underwent a significant decrease in LVEDI
after BMC transplantation (WMD = -4.76, 95% CI, —8.19
to —1.33; P =0.006; WMD = —4.00, 95% CI, —8.13 to 0.13;
P=0.06, Table 3); the decrease in LVESI was more
sustained in the group with a follow-up duration of
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BMC Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.1.1 Within 1 day after PCI
Ge 2006 48 956 10 -1.9 585 10 1.7% 6.70 [-0.25, 13.65]
Horbots 2009 35 83 38 5 5B 18  28% -1.50 [-5.20, 2.20] — T
Huang 2006 7 622 20 45 67 20 27% 250 [1.51,6.51] -
Janssens 2006 34 B9 30 22 73 30 29% 1.20[-2.39, 4.79] 1T
Subtotal (95% CI) 98 78 10.1% 1.43[-1.29, 4.15] -
Heterogeneity: Tau?= 2.91; Chi*= 4.86, df= 3 (P=0.18); F= 38%
Testfor overall effect Z=1.03 (P = 0.30)
1.1.2 3.7 days after PCI
Beitnes 2010 18 92 50 -01 911 50 2.9% 1.90 [-1.69, 5.49] -
Cao 2009 115 412 41 78 424 45 35% 3.70[1.93, 5.47] —
Dill 2009 34 B8 27 0B B2 27 29% 2.80 [-0.67,6.27) —
Grajek 2008 2337 88 31 -644 1186 14 17% 3.07 [-3.89,10.03] —
Hopp 2011 31 1077 15 38 1072 13 1.5% -0.70 [-8.68, 7.28] ——
Lunde 2006 81 11.2 &0 796 50 27% 1.10[-2.99,5.19] —_T
Meluzin (HD) 2008 7 2 20 i 2 20 36% 7.00[5.76, 8.24] -
Meluzin (LD} 2008 4 120 0 2 37% 4.00[3.02, 4.98] -
Meyer 2009 225 119 30 -33 895 30 2.2% 0.80 [-4.65, 6.25] —_— T
Panovsky(HD) 2008 6 217 4 217 36% 2.00[0.66, 3.34] -
Panovsky(LD) 2008 5 113 4 217 36% 1.00[-0.10,2.10] =
Piepopi 2010 131 18 19 53 218 3.6% 7.80 [6.56, 9.04] -
Plewka 2009 9 825 38 5 718 27% 4.00[-0.16,8.16] 1
Schachinger 2006 55 73 95 3 65 92 34% 2.50[0.52, 4.48] -
Sirder(DAYE) 2016 -0.88 105 53 -1.87 984 55  2.8% 0.99 [-2.85, 4.83] -1
Traverse{DAY3) 2012 35 11 43 44 106 24 2.2% -0.90 [-6.27, 4.47] — T
Traverse(DAY7) 2012 28 97 36 17 82 17 23% 1.10[-3.92,6.12) T
Waollert 2004 67 65 30 07 81 30 28% £.00[2.28,9.72]
wihrle 2013 17 58 29 2 94 13 22% -3.70[-9.23,1.83] —
‘Yao 2009 7337 12 3285 12 32% 4.30[1.66, 6.94] —_—
Yousef 2009 46 66 B2 -58 4 62 3.4% 10.40 [3.48, 12.32] —
Subtotal (95% CI) 731 645  60.6% 3.32[1.91,4.74] <
Heterogeneity: Tau®= 7.86; Chi*= 162.16, df= 20 (P < 0.00001); F= 88%
Testfor overall effect: Z= 4.60 (P =< 0.00001)
1.1.3 =7 days after PCI
Bartunek 2005 7.1 318 43 34 16 34% 2.80 [0.66, 4.94] —
Chen 2004 12  B7 34 6 789 35 29% 12.00 [8.55, 15.45] —_—
Gan 2013 43 07 21 35 07 22 37% 0.80[0.38,1.22] -
Roncalli 2011 33 88 52 43 79 43 3.0% -1.00 [-4.26, 2.26] T
Sirder(DAY24) 2016 -07 1041 42 187 984 55  27% 117 [-2.84,5.19) T
Traverse 2011 05 82 5 36 93 29 27% -3.10[-7.09, 0.89] -
Wang 2014 123 51 28 288 24 30 3.4% -16.60[-18.68,-14.52] —
Wallert(HD) 2017 43 15 33 33 03 26 37% 1.00[0.48,1.52] -
Waollert (LD 2017 38 19 38 33 03 2B 37% 0.50[(0.12,1.12] o
Subtotal (95% CI) 325 288  29.3% -0.41[-2.58, 1.76] 4
Heterogeneity: Tau®= 9.38; Chi®= 317.27, df= 8 (P < 0.00001); F= 97%
Test for overall effect Z= 0.37 (P=0.71)
Total (95% CI) 1154 1011 100.0% 2.02[0.76, 3.27] L 2
Heterogeneity: Tau®= 10.94; Chi*= 672.26, df= 33 (P < 0.00001); <= 85% B 4 5 H 5
Testfor overall effect Z= 3.15 (P = 0.002) et — )
Testfor subaroun differences: Chi*= 8.26. df= 2 (P = 0.02). F= 75.8% Favours [experimental] - Favours [control}

Fig. 2 Effect of timing of BMC transplantation on left ventricular ejection fraction

>12 months (WMD = -7.07, 95% CI, -11.99 to-2.14; P =
0.005, Table 3). These data demonstrate that cell trans-
plantation in patients with AMI can result in an im-
provement which is not only short-term, and that this
effect can last more than 12 months.

Effect of cell dose used for BMC transplantation on left
ventricular function

Intracoronary infusion of BMCs (cell dose of<10”8)
resulted in a significant decrease in LVEDI by 7.36 mL
(95% CI, —-11.45 to-3.27; P=0.0004, Table 4), whereas
BMC transplantation resulted in a decrease in LVESI by

12.99 mL (95% CI, —19.07 to —6.91; P < 0.0001, Table 4).
LVEF increased by 1.56% after transplantation of BMCs
(95% CI, —2.95 to 6.06; P = NS; Table 4). Subgroup analysis
revealed the tendency that the effect of BMC transplant-
ation maybe better in patients who received a dose of
1077-10"8 bone marrow cells.

Adverse events

The safety of BMC transplantation is also important
at the moment. We chose death and reinfarction of
the patients. Our study found that the stem cells
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\

BMC Control Mean Difference Mean Difference

Study or Subgrou Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

1.2.1 Within 1 day after PCI

Harhots 2009 20 27 38 26 28 18 1.6% -6.00 [21.52,9.52] —

Huang 2006 -13 5 20 -10 3] 20 B.3% -3.00 [6.42,0.437] ]

Janssens 2006 28 152 30 2.8 15 30 40% 0.00[-7.64, 7.64] T

Subtotal (95% CI) 88 68  12.0% -2.63[-5.70, 0.43] L

Heterogeneity: Tau®= 0.00; Chi*= 068, df=2 {P=0.71); F=0%

Test for overall effect: Z=1.69 (P = 0.09)

1.2.2 3-7 days after PCI

Beitnes 2010 2 385.06 50 7 4316 50 1.6% -5.00[20.95 10.95] _

Cao 2009 1.9 118 41 49 1286 45 5.3% -3.00 [-8.23, 2.23] -1

Dill 2009 179 203 27 N7 442 27 1.3%  -13.80[3215, 4.55] I

Grajek 2008 18.56 369 31 1952 4351 14 07% -0896[27.18,25.27]

Hopp 2011 -0.2 5464 15 -25 5775 13 0.3% 2.30[-39.53, 4413]

Lunde 2006 -11.2 36 a0 1.8 176 a0 27% -9.40 [20.51,1.71] - |

Meluzin (HD} 2008 T 7 20 23 9 20 54% -16.00[21.00,-11.00] I

Meluzin (LD) 2008 11 g 20 23 9 20 53% -12.00[17.28,-6.72] -

Meyer 2009 139 254 3o 75 173 30 27% 6.40 [-4.60, 17.40] ]

Panovsky(HD) 2008 3 g 17 12 8 17 52%  -9.00[-14.38,-3.62] I

Panovsky(LD) 2008 4 10 13 12 g8 17 45%  -8.00[14.63,-1.37] -

Schachinger 2006 14 33 95 12 kil 92 33% 200[F717,11.17] T

Sirder(DAYE) 2016 257 4389 53 183 518 55 1.3% 6.40 [-11.69, 24.49] I

VWallert 2004 76 20 30 34 1 30 38% 4.20[-3.99,12.39] T

Wihrle 2013 -1.8 8.8 29 -35 148 13 35% 1.70 [-6.96, 10.36] I

Yao 2009 -38 455 12 -26 295 12 B5% -0.90 [-3.97,2.17] -T

Yousef 2009 72 177 62 116 202 62  45% -4.40[-11.09, 2.29] _

Subtotal (95% CI) 595 567 57.9% -4.48 [-7.98, -0.98] <&

Heterogeneity: Tau®= 29.99; Chi*= 5247 df=16 (P = 0.00001); F=70%

Testfor averall effect Z2=2.51 (P=0.01)

1.2.3 =7 days after PCI

Bartunek 2005 g 7 18 12 8.1 16 54% -4.00[9.07,1.07] i

Gao 2013 3.3 3.8 21 21 4.3 22 6.8% 1.20 [-1.22, 3.63] T

Sirder{DAY24) 2016 11.4 382 42 193 518 55 1.3% -7.80[25.81,10.01] - = 1

Traverse 2011 34 234 58 27 1841 29 34% 0.70[-8.23, 963

Wallert{HD) 2017 -0.2 79 33 1.7 1.4 26 B7% -1.90 [-4.65, 0.85] -1

Wollert (LD) 2017 46 101 38 1.7 1.4 26 6.4% 2.90 [-0.36, 6.16] T

Subtotal (95% CI) 211 174 30.1% -0.13[-2.42, 2.17] L 2

Heterogeneity: Tau®= 317, Chi*=887 df =5 (P=011); F= 44%

Test for overall effect: Z=0.11 (P =0.91)

Total (95% Cl) 894 809 100.0% -3.16 [-5.42, -0.90] L 2

Heterogeneity: Tau®= 17.88; Chi*= 82.36, df= 25 (P < 0.00001); #= 70% R TR M

Test for overall effect: Z=2.74 (P = 0.006) . S—— S .

Testfor subaroun differences: Chi*= 4.58. df= 2 (P = 0.10). FF= 56.4% Favours [experimental] - Favours [control]
Fig. 3 Effect of BMC transplantation timing on left ventricular end-diastolic indexes

transplantation had not too much influence on mor-
tality and reinfarction (Fig. 5).

Sensitivity analysis and publication bias

Sensitivity analysis is a method of evaluating the stability
and reliability of meta-analyses. By getting rid of each
trial one by one, the sensitivity analysis evaluates the sta-
bility of the WMD of LVEF and is used to observe
whether summary statistics change. A funnel plot of
LVEF values showed that studies were equally distrib-
uted around the overall estimate, suggesting that there
was no evidence of publication bias (Fig. 6).

Discussion

In this meta-analysis, which comprises a total of 2,307
patients with AMI, cell therapy proved to be safe. Previ-
ous meta-analyses on autologous BMC transplantation

in AMI patients were mostly concerned with the secur-
ity and effectiveness of such a technique. Therefore, the
present research placed a greater emphasis on the effect
of timing of stem cell transplantation and the choice of
optimal time window.

Our study showed that compared to the control group,
AMI patients demonstrated significantly improved cardiac
function after receiving BMC transplantation. BMC trans-
plantation 3-7 days after AMI resulted in a significant
increase of LVEF. As for the inhibitory effect against ven-
tricular remodeling, BMC transplantation 3-7 days after
PCI reduced LVEDI and LVESI. However, in both the
group who underwent transplantation within 24 hours
and those who underwent transplantation at over 7 days,
no significant effect was observed on treatment outcome.
The statistics showed much improved left ventricular
function in the BMC transplantation group with a time
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BMC Control

Study or Subgroup Mean SD_Total Mean SD Total Weight

Mean Difference
IV, Random, 95% CI

Mean Difference
IV, Random, 95% CI

1.3.1 Within 1 day after PCI

Horbats 2009 4 19 38 7 17 18  37%
Janssens 2006 11 112 30 06 116 30 4.9%
Subtotal (95% CI) 68 48  8.7%
Heterogeneity: Tau®= 0.00; Chi*=0.05, df=1 {P=082), F=0%

Test for overall effect: Z= 0.80 (P = 0.43)

1.3.2 3-7 days after PCI

Beitnes 2010 0 3059 50 B 32.56 50 3.1%
Cao 2009 -13.2 824 41  -689 918 45 55%
Dill 2009 58 177 27 178 353 27 25%
Grajek 2008 1012 20.29 31 1901 2713 14 2.3%
Hopp 2011 -3.6 4034 18 -6.9 4166 13 0.9%
Meluzin (HD) 2008 -3 5 20 17 7 20 55%
Meluzin (LD} 2008 2 7 20 17 7 20 53%
Meyer 2009 121 231 30 81 164 0 3T7%
Panovsky(HD) 2008 -10 4 17 3 g 17 5.4%
Panovsky(LD) 2008 -6 7 13 3 g 17 51%
Schachinger 2006 56 22 95  -06 19 92  49%
Sirder{DAYE) 2016 211 401 53 175 436 53 2.3%
Wollert 2004 -0.6 149 30 2 141 30 47%
wWhrle 2013 0.7 6.9 29 1.7 1041 13 49%
Yao 2009 -6.1 29 12 -45 325 12 57%
Yousef 2009 -36 135 62 159 1449 B2 52%
Subtotal (95% CI) 545 515 66.9%

Heterogeneity: Tau®= 65.53; Chi®=145.80, df= 15 (P = 0.00001); F= 90%
Test for overall effect: Z=2.91 (P = 0.004)

1.3.3 =7 days after PCI

Gao 2013 -4.1 2.4 21 -36 248 22 549%
Sirder{DAY24) 2016 103 339 42 175 4386 53 2.4%
Traverse 2011 0.2 14 88 -23 147 29 4.7%
WollerttHD) 2017 -29 59 33 18 0.4 26 5.8%
Wollert {LD) 2017 1.1 9 3| 18 0.5 26 57%
Subtotal (95% CI) 192 156  24.5%

Heterogeneity: Tau®=1.42; Chi*=6.85 df=4 (P=0.14), F=42%
Test for overall effect: Z= 019 (P = 0.85)

Total (95% CI) 805 719 100.0%
Heterogeneity: Tau®= 42.68; Chi#= 230.72, df = 22 (P = 0.00001); *= 90%
Test for overall effect: Z= 3.02 (P = 0.003)

Testfor subaroup differences: Chi#= 7.99. df= 2 (P = 0.02). F= 75.0%

-3.00[12.91,6.91]
-1.70 [7.47,4.07]
-2.03[-7.02, 2.96]

-6.00 [18.38, 6.38]
-6.30 [-9.98, -2.62]
-12.00 [-26.90, 2.90]
-8.89 [24.80, 7.02]
3.30 F27.19, 33.79]
-20.00 [-23.77,-16.23]
-15.00 [-19.34, -10.66]
4.00FB.14,14.14]
-13.00 [-17.25,-8.75]
-9.00 [14.38,-3.62)
6.20 [0.31,12.09]
3.60 [12.35, 19.55]
-2.60 [-9.25, 4.08]
2.40 [3.64, 8.44]
-1.60 [-4.06, 0.86]
-19.50 [-24.50,-14.50]
6.73[-11.27, -2.19]

-0.50 [-1.96, 0.86]
-7.20 [22.79, 8.39]
2.50 [-3.95, 5.95]
-1.10[3.12,0.87]
2.90[0.03, 5.77]
0.16 [-1.56, 1.89]

-4.80[-7.93, -1.68]

Fig. 4 Effect of timing of BMC transplantation on left ventricular end-systolic indexes

’

<>

20 0 0 10 20
Favours [experimental] Favours [control]

Table 2 Effect of baseline LVEF before BMC transplantation on
left ventricular function

No. of RCTs  Difference in P value
mean (95% Cl)
LV ejection fraction
Baseline LVEF >50% 9 2.60 [-1.06 to 6.26] 0.16
Baseline LVEF <50% 25 1.79 [0.22 to 3.37] 0.03
LV end-diastolic index
Baseline LVEF >50% 8 0.93 [-1.13 to 2.99] 0.38
Baseline LVEF <50% 18 -329 [-449 to -2.09] < 0.00001
LV end-systolic index
Baseline LVEF >50% 8 -3.72 [-10.19t0 2.75] 026
Baseline LVEF <50% 15 -525[-930to -1.20]  0.003

RCTs randomized controlled trials, 95% Cl 95% confidence interval

window of 3—-7 days compared to those with a time win-
dow of < 24 hours or over 7 days. This result showed that
inflammation may influence the bone marrow-derived
cells to settle and differentiate in the early phase (within
24 hours) of acute myocardial infarction; when BMC
transplantation occurs over 7 days after PCI, the fibro-
blasts present and the mechanical traction exerted by scar
tissue during this period also have an impact on the ability
of BMC:s to differentiate. Consequently, choosing the right
time to perform the transplantation not only directly re-
lates to the survival of the stem cells, but also relates to
the biological effects of the stem cells, and thus to the im-
provement in cardiac function.

Subgroup analysis found that the effect of BMC trans-
plantation LVEF has no difference in the 1017-10"8
bone marrow cells, but LVEDVI and LVESVI show a
clearly improve in the 1077-10"8 range. Some studies
found that 10”8 is the lowest cell number to achieve fa-
vorable effects on LV function [40-42]. However, Wang
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Table 3 Effects of BMC transplantation over time

No. of RCTs  Difference in P value
mean (95% Cl)
LV ejection fraction
Follow up <6 months 7 145 [0.54 to 2.36] 0.002

Follow up > 6, 13 0.83 [-1.85 to 3.51] 0.54

< 12 months

Follow up = 12 months 14 3.58 [1.55 t05.61] 0.0006
LV end-diastolic indexes

Follow up <6 months 6 -4.76 [-8.19 0.006

to —-1.33]
Follow up > 6, 7 -060 [-3.38t0 2.18] 067
< 12 months

Follow up = 12 months 13 -400 [-8.13t0 0.13] 006

LV end-systolic indexes

Follow up < 6 months 5 -429 [-11.51 024
t0 2.92]

Follow up > 6, 5 051 [-1921t0295] 068

< 12 months

Follow up =212 months 13 -7.07 [-11.99 0.005
to -2.14]

RCTs randomized controlled trials, 95% Cl 95% confidence interval

Table 4 Effect of cell dose used for BMC transplantation left
ventricular function

No. of
RCTs

Difference in P value

mean (95% Cl)

LV ejection fraction
Cell dose < 1017 3
Cell dose > 10A7, £ 10A8 11
Cell dose > 1018, < 1019 16

Cell dose > 1019,
10A10

191 [-0.05 to 3.87] 0.06
1.56 [-2.95 to 6.06] 0.50
16502210 3.09] 002
5.87[0.79 to 10.95] 0.02

IN
N

LV end-diastolic indexes

Cell dose < 10A7 3 -6.00 [-15.20 0.20
to 3.20]

Cell dose > 10/7, £ 1078 8 -736 [-1145 0.0004
to -3.27]

Cell dose > 1078, < 10h9 12 -069 [-2.22 to 037
0.83]

Cell dose > 1019, < 3 463 [-1.74 to 0.15

10710 11.00]

LV end-systolic indexes

Cell dose < 1017 3 -801 [-17.88 0.1
to 1.87]

Cell dose > 1017, <1078 6 -12.99 [-19.07 <
to -6.91] 0.0001

Cell dose > 10A8, < 10A9 11 032 [-1.62 0.75
to 2.26]

Cell dose > 1019, < 3 -1.50 [-6.90 0.59

10710 to 3.89]

RCTs randomized controlled trials, 95% Cl 95% confidence interval
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et al. showed that the injection of no more than 1077
MSCs for AMI after percutaneous coronary intervention
might improve left ventricular systolic function [43]. So
we need more research to clarify which dosage is better.

At the same time, our study demonstrates that cell
transplantation in patients with AMI can result in a sig-
nificant elevation of LVEF after a follow-up duration of
both < 6 month and > 12 month, but not at < 12 month.
This may associate with the incidence of adverse
events, the inflammatory response, or time of stem cell
differentiation and so on. So further study is needed to
clarify this.

According to our data, baseline LVEF, dose of BMCs
used and duration of follow-up might all influence the
effectiveness of BMC treatment. Experiments by
Janssens et al. [11] and Tendera et al. [44] found that
the effect of BMC transplantation was more apparent in
patients with low LVEF. However, the recent HBEB [45]
and BONAMI studies [28] with a large sample size
found that cardiac function of patients after a larger area
of AMI or lower baseline LVEF (<45%) were not signifi-
cantly improved after BMC transplantation compared
to the control group (38.6% +24.7% vs. 42.4% + 18.7%;
P =0.33). Our research showed that the improvement
was more significant in patients whose baseline LVEF
values were < 50%.

Regarding the dose of BMCs administered, it is be-
lieved that the dose correlates positively with the im-
provement in cardiac function, ie., the greater the
number of bone marrow-derived cells reaching the is-
chemic and infarct zone, the greater the effectiveness
will be. However, due to differences in the animal
models used, type of transplanted cells, and cell isolation
and purification techniques between different studies,
the dose of cells administered varied greatly from one
study to another. A large number of studies were de-
voted to dose dependency. Iwasaki et al. [46] found that
the function of myocardium and angiogenesis in mice
was dose-dependent when CD34+ cells were injected to
infarcted myocardium. These findings indicate that
transplantation of a higher dose of cells is more effective
than low doses in the treatment of damaged myocar-
dium. Our study also showed that the effectiveness of
BMC transplantation was better in patients who received
a dose of 107-10"8 bone marrow cells.

The first clinical long-term studies showed a gradually
increasing functional benefit of cell transplantation
within the first post-transplant year [47]. In contrast,
Meluzin et al. [38] found that autologous mononuclear
bone marrow cell transplantation could significantly im-
prove left ventricular systolic function after AMI, but
benefit of cell transplantation was partially lost during
the 12-month follow-up. In this meta-analysis we found
that cell transplantation in patients with AMI can not
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\

BMC Control Risk Ratio Risk Ratio
Study or Subgrou Events Total Events Total Weight M-H, Fixed. 95% CI M-H. Fixed. 95% CI
Gao 2013 2 21 1 22 25% 2.10[0.20,21.42] —
Grajek 2008 1 il o 14 1.7% 1.41[0.06, 32.53] ]
Janssens 2006 0 30 1 30 38% 0.33[0.01,7.87] —
Lunde 2006 3 50 1 50 25% 3.00[0.32,27.87) ]
Meluzin (LD) 2008 1 20 0 20 13% 3.00[0.13,69.52 —
Piepopi 2010 2 14 4 19 102%  0.50[0.10, 2.41] —_—
Schachinger 2006 2 95 10 92 259% 0.19[0.04, 0.86] —
Sirder{DAY24) 2016 1 42 2 55 4.4% 0.65 [0.06, 6.98] - 1
Sirder(DAYE) 2016 4 43 2 55 5.0% 2.08[0.40,10.86] N
Traverse 2011 1 58 1 29 3.4% 0.50[0.03, 7.71] —
Traverse(DAY3) 2012 3 79 2 41 B.7% 0.78[0.14, 4.48] N1
Wang 2014 1 28 2 30 48%  0.54[0.05 559 —
Wallert{HD) 2017 1 33 1 26 29% 0.79[0.0512.01] —
Wollert {LD) 2017 4 38 1 26 3.0% 2.74[0.32, 23132 I
‘Yao 2009 1) 12 1 12 3.8% 0.33[0.01, 7.45] —
Yousef 2009 1 62 7 62 17.8% 0.14[0.02,1.13]
Total (95% CI) 671 583 100.0%  0.68[0.42, 1.09] L
Total events 27 36
Heterogeneity: Chi*= 12.64, df=15 (P = 0.63); F= 0% t + y t
0.002 0.1 10 500
Test for overall effect: Z=1.59 (P=0.11) Favours [BMC] Favours [contral]
Fig. 5 Mortality and reinfarction of stem cell transplantation

only provide short-term improvement, but that this ef-
fect can last more than 12 months.

Limitations

Although the results proved the effectiveness of BMC
transplantation in treatment of AMI by meta-analysis of
randomized controlled trials involving a large number of
subjects, and no publication bias was found, the present
study also had its limitations. Currently, the individual pa-
tient data (IPD) meta-analysis is the gold standard for
meta-analyses; it can assess the impact of a treatment on
clinical outcomes, especially in the case of small and
medium-sized clinical studies. The IPD database is kept
simple; therefore, a meta-analysis cannot evaluate some sur-
rogate parameters if data are not gathered or factors are not
available, such as different quality of life assessment scores.

Heterogeneity was quite apparent among included tri-
als, and might arise from the non-homogeneity in the
baseline indicators of subjects, dose of cells used for
stem cell transplantation, timing of stem cell transplant-
ation, the choice of placebo for the control groups, and
measurement and outcome indicators. In addition, the
duration of the follow-up period differed between differ-
ent trials; some trials involved a medium-term or long-
term follow-up. This might result in uncertainty of the
long-term effectiveness of BMC transplantation. There-
fore, more basic and clinical studies are required to
examine the possible mechanisms of BMC transplant-
ation in treating AMI and to standardize the approach
to BMC transplantation.

The difficulties of the standard meta-analysis ap-
proaches have been reviewed here. Each has a place in
the analysis of data when pivotal clinical trials are not
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Fig. 6 Funnel plot of timing of BMC transplantation on left ventricular ejection fraction
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available and each sheds light on the magnitude of the
treatment effect in a complex health-care field.

Conclusions

In conclusion, meta-analysis of 29 papers reporting the
results of 33 randomized controlled trials confirmed that
BMC transplantation could significantly improve cardiac
function after AMI, and that it could also increase LVEF
and prevent ventricular remodeling. BMC transplant-
ation 3-7 days after PCI was more effective than that
within 24 hours or at over 7 days. Subgroup analysis in-
dicated that BMC transplantation was more effective in
patients with lower baseline LVEF values when cells
were administered at a dose of 10r7-10"8 BMCs, and
that this effect could last more than 12 months.

Additional file

Additional file 1: Figure S1. Risk of bias summary: each risk of bias item
for each included study (DOCX 180 kb)
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