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Abstract: Cellular cardiomyoplasty is a procedure that uses live cells to replace, repair or enhance the biological function 

of a damaged or failing heart. Several types of autologous stem cells from adult human have been used for cellular car-

diomyoplasty with encouraging outcomes. However, a direct comparison of different stem cells in a single clinical center 

has not been reported. We harvested stem cells from skeletal muscle (satellite cells) or bone marrow from different pa-

tients and utilized for cellular cardiomyoplasty. Eighteen male patients, suffering acute myocardial infarction were evenly 

assigned to coronary artery bypass graft and autologous satellite cell implantation or percutaneous coronary intervention 

and autologous bone marrow cell intra coronary infusion. Cardiac functions were assessed before and at six months after 

the treatment. All patients who survived the procedures without obvious arrhythmia, had an uneventful recovery, and were 

discharged from the hospital. One patient from each group was not subjected to coronary artery bypass graft or percutane-

ous coronary intervention. Significant improvement in NYHA classification and left ventricular ejection fraction were ob-

served to a similar degree for both treatments at six month later. Comparable improvements in local contractility, blood 

perfusion, tissue viability, and wall thickness at infarct area for all patients who received either type of autologous stem 

cells were also found. Cellular cardiomyoplasty using either autologous satellite cells or autologous bone marrow cells has 

equal beneficial outcomes at six months follow-up. A longer follow-up time and large scale randomized controlled trail 

will be needed to determine the advantages of different stem cells. 
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1. INTRODUCTION 

 Adult stem cells are undifferentiated cells residing in 
differentiated tissues capable of self-renewal and prolifera-
tion to produce differentiated cells. Adult stem cells can 
yield the specialized cell types of the tissue from which it 
originated and are capable of developing into cell types that 
are characteristics of other tissues (plasticity). Self renewal 
and plasticity of adult stem cells have been well established 
in recent years [1-3]. Cell therapy has emerged as a strategy 
for the treatment of many human diseases [4-6]. The aim of 
cellular cardiomyoplasty is to replace, repair, or enhance the 
biological function of damaged myocardium or failing heart 
[7-9]. 

 Since we initiated cellular cardiomyoplasty in 1989, our 
successful outcomes [10-13] have been confirmed by other 
investigators [14]. Clinical cellular cardiomyoplasty was first 
performed by Menasche’s group in June of 2000 [15]. Since 
then, a number of small scale uncontrolled clinical trials 
have been reported by different investigative groups.  
 

 

*Address correspondence to these authors at the (RLK) Department of 

Surgery, J. H. Quillen College of Medicine, East Tennessee State Univer-

sity, P.O. Box 70575, Johnson City, TN 37614-1708, USA; Tel: 423-439-

8803; Fax: 423-439-8750; E-mail: kao@etsu.edu and (FZ) Department of 

Cardiology, Jiangsu Province Hospital, 300 Guan Zhou Road, Nanjing 

210029, China; Tel: 86-25-3718836, Ext. 6664;  

E-mail: fmzhang8@vip.sina.com 

Skeletal muscle satellite cells (myoblasts) have the advan-
tages of autologous availability, can be proliferated in vitro 
to vast quantity, without tumorigenicity, more committed to 
myogenic differentiation, and are highly resistant to ische-
mia/hypoxia environment which allows good survival and 
engraftment after transplantation. Early clinical applications 
offered highly encouraging results from others and our ob-
servations that were covered by recent reviews [13, 16, 17]. 
Although the survival, feasibility, safety, and encouraging 
outcomes have been observed in long-term follow-up studies 
[15,18]; the definitive long-term efficacy requires large 
scale, placebo-controlled, double-blind randomized trials 
such as MAGIC study [19]. 

 Adult bone marrow contains multiple cell populations of 
differentiated cells and undifferentiated cells (stem cells) 
such as hematopoietic stem cells (HSC), mesenchymal stem 
cells (MSC) and endothelial progenitor cells. A mixed popu-
lation of bone marrow cells rather than purified stem cells is 
commonly used for cellular cardiomyoplasty [20-22]. The 
safety and ease of obtaining the cells, the observation of new 
muscle tissue formation, the improvement of contractile 
function, the enhancement of local perfusion, and the pre-
vention of remodeling and deterioration of the injured heart 
have been documented in studies using experimental animals 
and reviewed recently [13, 23-25]. 

 Despite a lack of clear understanding for the beneficial 
mechanisms, Phase 1 clinical studies have shown the feasi-
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bility and safety of the procedure with encouraging func-
tional improvements that are summarized in recent publica-
tions [13, 24, 26-28]. Treatment-control trials (TOPCARE-
AMI, IACT, BOOST, MAGIC Cell-3-DES, ASTAMI) have 
been reported, but the number of patients involved are rela-
tively small [29-34]. The randomized, placebo-controlled 
trials with small to medium size samples have also been re-
ported recently [35-38]. So far, improvement in left ventricu-
lar ejection fraction, less heart enlargement, significantly 
improved blood flow reserve, lower rate of mortality, heart 
attacks, and hospitalization due to heart failure all indicate 
the efficacy of cellular cardiomyoplasty using bone marrow 
cells. The beneficial mechanisms and the possible factors 
regulating the differentiation of bone marrow stem cells into 
heart muscle cells are under current investigation by many 
groups. 

 Several types of autologous stem cells from adult human 
have been used for cellular cardiomyoplasty with beneficial 
outcomes. Other than the elegant study of comparing bone 
marrow versus circulating progenitor cells in a controlled 
crossover study [39], a direct comparison of different stem 
cells in a single clinical center has not been reported. This 
report summarized the pilot study using autologous stem 
cells harvested from skeletal muscle or bone marrow from 
different patients and compared their outcomes at six month 
after cellular cardiomyoplasty. 

2. PATIENTS AND METHODOLOGY 

2.1. Patient Selection 

 The protocol and procedure of this clinical evaluation 
were approved by the Institutional Review Board for human 
study and Jiangsu Province Health Ministry, China. The pro-
cedures and methods were in compliance to the Helsinki 
Declaration of 1975. Written informed consent was obtained 
from all patients. Eighteen male patients with coronary heart 
diseases who suffered from acute myocardial infarction were 
recruited and evenly assigned to the two treatment groups. 
The average age of the patients was 64 years (27 - 79 years) 
who had a history of left ventricular myocardial infarction 
and in majority of patients with a depressed left ventricular 
ejection fraction (LVEF). The heart function of the selected 
patients was classified as II-IV of New York Heart Associa-
tion functional classification (NYHA). Two-D echocardi-
ography, technetium-99m methoxyisobutylisonitrile (

99m
Tc-

MIBI) and 
18

F-deoxyglucose were employed to examine the 
cardiac function, myocardial perfusion, and viable cardio-
myocytes, respectively, before and at six month after cell 
transplantation as reported in our earlier publication [40]. 

 For the patients who received bone marrow derived stem 
cells, they were suffering from a recent myocardial infarction 
and percutaneous coronary intervention (PCI) was performed 
with balloon angioplasty and stent deployment for the se-
lected vessels. Written informed consent was obtained from 
every patient with cardiac functional evaluations and cell 
administration scheduled three weeks after PCI procedure. 
All the patients who were treated with satellite cells, they all 
suffered from a recent myocardial infarction with coronary 
angiogram and cardiac functional evaluation performed. Af-
ter obtaining written informed consent, muscle biopsy was 
procured from each patient and coronary artery bypass graft 
(CABG) procedure and satellite cell implantation were 

scheduled at three weeks later. Holter monitor was used to 
monitor electrocardiogram during hospitalization and at six 
months follow-up. 

2.2. Isolation and Culture of Satellite Cells 

 Biopsy specimens (2-5 g) were taken from the vastus 
lateralis muscle under local anesthesia from each patient on 
an outpatient basis. The biopsy specimens were placed in 
Hanks’ balanced salt solution without Ca

++
 and Mg

++
 but 

containing 1% antibiotics (5,000 IU/ml penicillin and 5,000 
μg/ml streptomycin), and immediately transported to the 
laboratory for isolation of skeletal muscle satellite cells as 
previously described [10-13]. Briefly, the biopsy sample was 
minced (~1 mm

3
) and dissociated using digestive enzymes 

(1% collagenase and 0.2% hyaluronidase; Sigma, St. Louis, 
MO) in Medium 199 at 37

o
C. The cell suspension was cen-

trifuged at 650 x g for 10 min and washed with Medium 199 
(Sigma) plus 10% fetal bovine serum (FBS) and 1% antibiot-
ics. Skeletal muscle satellite cells were cultured in Medium 
199 containing 20% FBS and 1% antibiotics at 37

o
C under 

humidified atmosphere of 95% air with 5% CO2. The media 
were changed every 3 to 4 days and cell density was main-
tained below 75% ~ 80% confluences throughout the culture 
in order to avoid the formation of myotubes. 

 During the day for CABG and cell implantation proce-
dures, the cultured cells free of microbial contamination 
were recovered. The satellite cells were thoroughly washed 
before being suspended in 4 ml of serum free medium 199 
and injected (15 to 40 sites) into the peri-infarct and in-
fracted areas. A small fraction of the cell suspension was 
used for cell counting, purity, viability, and myogenic capa-
bility determinations. The cell number was determined using 
an automated hemocytometer. The purity (>85%) of the sat-
ellite cells was documented with anti-CD56 monoclonal an-
tibody using fluorescence-activated cell sorting (FACS) and 
the viability (>95%) using trypan blue exclusion. To exam-
ine the ability of satellite cells to form multinucleated myo-
tubes in vitro, the cells were placed in 24 well tissue cultured 
plates with 2 x 10

4
 cells per well and the medium was 

changed to fusion medium containing reduced serum (2% 
FBS). Two weeks later, the cultures were observed for the 
formation of myotubes. All the satellite cell preparations 
from patients were observed to form multinucleated myo-
tubes indicating the myogenic characteristic of cell prepara-
tions. 

2.3. Isolation and Culture of BMSCs and BMMCs 

 Twenty to forty ml of bone marrow was aspirated from 
the posterior iliac crest of each patient under local anesthesia 
into syringe with heparin (5,000 IU). Venous blood of 200 
ml was obtained with heparin to allow separation of plasma 
and cells by centrifugation. The cells were cultured in Is-
cove’s modified Dulbecco medium (IMDM) containing 20% 
autologous plasma and 1% antibiotics. 72 hours later, the 
adherent cells were recovered, cultured in the same medium, 
and subcultured every 3 to 4 days to maintain cell density 
below 80% confluence as bone marrow mesenchymal stem 
cells (BMSCs). The non-adherent cells were subjected to 
Ficoll density-gradient centrifugation [20] before being ex-
tensively washed and cultured in IMDM culture medium 
with fresh medium added every 3 to 4 days as bone marrow 
mononuclear cells (BMMCs). A small fraction of the cell 
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suspension was used for cell counting, purity, and viability 
determinations. Better than 90% of purity (with anti-CD133 
monoclonal antibody for BMMCs using FACS) and >95% 
viability (trypan blue exclusion) without microbial contami-
nation were observed for all cell preparations. The cells were 
washed with IMDM containing 20% autologous plasma and 
combined before being finally suspended in 9 ml of the same 
medium for intra coronary administration. The cell suspen-
sions (3 ml) were infused slowly over three minutes into the 
culprit coronary artery through the central lumen of an over-
the-wire balloon catheter with balloon inflated at low pres-
sure to temporary stop the antegrade blood flow. Between 
each infusion, three minutes were allowed with balloon de-
flated to restore normal blood perfusion. 

2.4. Statistical Analysis 

 All values were presented as means ± SEM. Two-sample t-
tests were performed for comparisons between groups. Paired 
t-tests were used to compare the data for before and after cellu-
lar cardiomyoplasty. SAS-PC was used for the analysis. 

3. RESULTS 

 Table 1 summarized the basic clinical characteristics of 
the patients that were not different between the two groups. 
There was one patient in each group (S4 and M5) who did 
not receive the concomitant vascular procedure. Patient S4 
had respiratory and urethra infection that delayed his CABG 
procedure for three months, after opening the chest, his left 
anterior descending coronary artery (LAD) and right coro-
nary artery (RCA) were completely occluded and coronary 
bypass procedure could not be performed. Patient M5 only 
had 50% stenosis of his LAD and balloon angioplasty or 
stent deployment was not required. All patients survived the 
procedures without obvious arrhythmia, had an uneventful 
recovery, and were discharged from the hospital. 

 At six months after cellular cardiomyoplasty, the NYHA 
was significantly improved (P<0.01) in both groups and 
similar improvement was found either using satellite cells or 
bone marrow cells (Table 2). Patient S7 has uncorrected se-
vere aortic regurgitation and was the only patient who did 
not show any improvement at follow-up examination. Al-

Table 1. Patients’ Clinical Data and the Results of Coronary Angiogram 
 

Patients for Satellite Cell Implantation Patients for Bone Marrow Cell Infusion 

Case Age Acute MI Coronary Angiogram Case Age Acute MI Coronary Angiogram 

S1 74 Anterior wall 
100% stenosis at LAD & LCX; 

30% stenosis at middle RCA 
M1 38 Anterior wall 

Diffuse stenosis at middle and distal 
LAD 

S2 67 Anterior wall 
30% stenosis at LCM; LAD occluded; 

95% stenosis at proximal LCX &RCA 
M2 75 Anterior wall 

90% stenosis at proximal LAD; 80% at 
middle LAD 

S3 55 Anterior wall 

90% stenosis at middle LCM; 

90% stenosis at proximal LAD; 

70% stenosis at distal LAD, proximal, 

middle LCX; Diffuse stenosis at RCA 

M3 71 
Anterior & 
inferior walls 

100% stenosis at proximal LAD; 100% 
at proximal RCA  

S4# 74 
Extensive 
anterior wall 

with aneurysm  

60% stenosis at LCM; 

99% stenosis at LAD; 

Diffuse stenosis at RCA; 

M4 78 Inferior wall 
85% stenosis at proximal RCA; 100% at 
aproximal LCX; 90% stenosis at Diago-

nal Two stenoses at RCA 

S5 62 Inferior wall 

90% stenosis at proximal LAD; 

85% stenosis at middle LAD; 

80% stenosis at distal LCX; 

80% stenosis at proximal RCA 

M5# 27 Anterior wall 50% stenosis at proximal LAD 

S6 73 Lateral wall 

60-90% diffusion stenosis at LAD; 
occlusion at proximal LCX; 

70% & 95% stenoses at proximal and 

middle RCA, respectively 

M6 60 
Extensive 
anterior wall 

100% stenosis at proximal LAD; 70% 
stenosis at middle & distal LCX 

S7 72 Anterior wall 

100%stenosis at proximal LAD; 

80% stenosis at Proximal LCX; 

50% stenosis at Proximal RCA 

M7 49 
Extensive 
anterior wall 

100% stenosis at proximal LAD 

S8 68 
Anterior wall 
with aneurysm 

70% stenosis at proximal LAD; 

occlusion at distal LAD; 

60% stenosis at proximal LCX; 

85% stenosis at proximal RCA 

M8 79 Anterior wall 
100% stenosis at proximal LAD; 80% at 
middle LAD 

S9 67 Inferior wall 

90%stenosis at proximal LAD 

95% stenosis at middle LCX 

99% stenosis at middle RCA 

M9 56 
Extensive 
anterior wall 

100% stenosis at proximal LAD 

# = No coronary artery bypass graft (S4) or no percutaneous coronary intervention (M5). LAD = left anterior descending coronary artery. LCM = left main coronary artery. LCX = 
left circumflex coronary artery. RCA = right coronary artery. 
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though the total cell number given in the bone marrow cell 
group was higher than the satellite cell group, the difference 
was not statistical difference (P = 0.056). 

 Significant improvement in ejection fraction was ob-
served for both groups of patients at six months after cell 
therapy (Table 3). Improvement in LVEF was found in every 
patient with the exception of patient S7 who suffered uncor-
rected severe aortic regurgitation. The increase in LVEF was 
higher in bone marrow cell group but the difference between 
the different cell groups was not statistical difference (P = 
0.09). No significant changes were observed for left ven-
tricular diastolic diameter (LVDD). The results from 2-D 
echo, 

99m
Tc-MIBI, 

18
F-deoxyglucose evaluations showing 

similar improvement (Fig. 1) in local contractility, blood 
perfusion, tissue viability, and wall thickness at infarct area 
for all patients received either type of autologous stem cells 
by using the same methods as reported by us in our earlier 
publication [40]. Occasional arrhythmias were detected by 
Holter monitoring, however arrhythmias resolved by them-
selves and treatment was not necessary. 

4. DISCUSSION 

 Cellular cardiomyoplasty is aiming at regenerating dam-
aged myocardium, restoring lost perfusion and regaining 
ventricular function. After myocardial injury, the permanent 
loss of cardiomyocytes and subsequence remodeling often 
initiates the development of heart failure and unfavorable 
clinical manifestations. Since we initiated cellular cardiomy-
oplasty in 1989, promising results from experimental ani-
mals and clinical trials clearly support the safety, feasibility, 
and certain efficacy of this new therapy. However, the 
mechanisms of benefit, the type of progenitor cells, the time 
and route of cell administration, as well as the dose of cells 
given are unanswered questions. This is a pilot clinical trial 
performed at a single center to compare the skeletal muscle 
satellite cells versus bone marrow stem cells for the possibil-

ity of designing a randomized, controlled, double-blinded 
study. 

 Using experimental animals the skeletal muscle satellite 
cells are better than bone marrow derived cells [41-42] or 
have similar beneficial effect for both cells [43]. From a re-
cent review [44], after evaluating all experimental and clini-
cal publications using skeletal myoblasts versus bone mar-
row stem cells, the authors concluded that further studies 
with longer-term basis will be needed to make any decision. 
Other than comparing bone marrow versus circulating pro-
genitor cells in a controlled crossover study [39], a direct 
comparison of different stem cells in a single clinical center 
has not been reported. This study is unique in the following 
ways: 1). the study was performed in a single clinical center, 
2) all the patients received standard clinical care after myo-
cardial infarction (either CABG or PCI), and 3) cellular car-
diomyoplasty was performed at 3 weeks after myocardial 
infarction for both groups. 

 When a study was performed in a single clinical center, 
the care and evaluations to each patient (2-D echo, 

99m
Tc-

MIBI, 
18

F-deoxyglucose) were more uniform and directly 
comparable before and after treatment. Similar improvement 
in local contractility, blood perfusion, tissue viability, and 
wall thickness at infarct area was observed for all patients 
received either type of autologous stem cells by using the 
methods we published before [40]. A longer-term compari-
son will be necessary based on the BOOST trial [31] that 
observed significant improvement at 6 month but no differ-
ence at 18 months for the cell versus control group. This may 
suggest that the satellite cells should perform better than the 
bone marrow derived stem cells due to the beneficial effects 
remained for 4 years or longer [15,18]. However, long-term 
(1 year) beneficial outcomes using bone marrow derived 
stem cells were observed by the TOPCARE-AMI [29] and 
REPAIR-AMI trials [38] that were different from BOOST 
trial [31] ASTAMI trial [35] and the other report [37]. One 

Table 2. Functional Outcomes with Type, Number and Site of Cell Administration 

 

Patients for Satellite Cell  Patients for Bone Marrow Cell 

Cell Number (in 10
6
 ) 

CASE 
NYHA  

Before 

NYHA  

After 

Satellite  

Cells (in 10
6
) 

Site CASE 
NYHA  

Before 

NYHA  

After BMSC BMMC  SUM 
Site 

S1 II I 1.4 LV apex M1 II I 1.1  0  1.1 LAD 

S2 III I 3.0 LV apex M2 II I 0.9  6.1  7.0 LAD 

S3 III I 3.0 LV apex M3 III-IV II 2.6  0  2.6 LCX 

S4 III-IV II 7.0 
LV apex and  

peri-aneurysm  
M4 III I 1.3  3.4  4.7 RCA 

S5 II I 1.2 Inferior wall M5 II I 1.2  3.8  5.0 LAD 

S6 II I 1.3 Lateral wall M6 III I 1.1  2.4  3.5 LAD 

S7# III III 1.7 LV apex M7 III I 2.7  2.8  5.5 LAD 

S8 II I 1.2 
LV apex and  

peri-aneurysm  
M8 II I 3.5  2.3  5.8 LAD 

S9 II I 1.6 Inferior wall M9 III I 1.0  1.6  2.6 LAD 

Mean ± SEM 2.5 ± 0.2  1.3* ± 0.2 2.4 ± 0.3  Mean ± SEM 2.6 ± 0.2  1.1* ± 0.1 1.7 ± 0.3 2.5 ± 0.6  4.2 ± 0.6  

NYHA= New York Heart Association Classification (for III-IV 3.5 was used for calculation); BMMC=Bone Marrow Mononuclear Cell; BMSC=Bone Marrow Mesenchymal Stem 
Cell; SUM=BMMC + BMSC; LV=Left Ventricular; LAD=Left Anterior Descending Coronary Artery; LCX=Left Circumflex Coronary Artery; RCA=Right Coronary Artery. # = 

patient has uncorrected severe aortic regurgitation. * = Significant different from “Before” group with P<0.01.  
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major difference between these studies was attributed to the 
solutions used with mononuclear cells [45]. TOPCARE-AMI 
and REPAIR-AMI trials used culture medium with autolo-
gous serum while the other trials used saline or saline with 
serum or plasma [31, 35, 37]. Store mononuclear cells in 
saline plus plasma resulted in functional impairment of the 
cells [45]. For our study, culture medium with 20% autolo-
gous plasma was used to suspend the bone marrow cells. 

 Although bone marrow mesenchymal stem cells, bone 
marrow mononuclear cells, and circulating progenitor cells 
represent different population of cells, recent meta-analyses 
combined them under the term adult or autologous bone 
marrow-derived cells [46-48]. Representing 500–1,000 pa-
tients, bone marrow cell-treated groups had significantly 
improved left ventricular ejection fraction, reduced infarct 
scar size, and decreased left ventricular end-systolic volume 
as compared to controls. Lower rates of recurrent myocardial 

infarction, death, re-hospitalization for coronary heart dis-
ease, and repeat revascularization are additional favorable 
outcomes of cell therapy. Greater cell numbers seem to be 
associated with more improvement, further supporting the 
notion that the delivered cells are producing the beneficial 
effects. 

 Cellular cardiomyoplasty procedures [49-50] all suffer 
from very low cell retention and massive cells death after 
treatment irrespective of the type of stem cells studied [51-
54]. Although the satellite cell (>85% purity) and bone mar-
row cell (>90% purity) preparations employed in our study 
still contain a mixed population of cells, the cell purity is 
significantly higher than most of the published reports. 
Higher purity of stem cells has the potential of higher reten-
tion and survival rates without the complications of non-stem 
cells for the treatment. Muscle samples of 5 to 10 g will be 
the recommended size for satellite cell isolation. Smaller 

Table 3. Left Ventricular Diastolic Diameter and Left Ventricular Ejection Fraction Data Before and After Cellular Cardiomyo-

plasty 

 

Patients for Satellite Cell Implantation 

LVDD (mm) LVEF (%) 

Case 
Before After Change  Before After Change  

S1 52 48 -4 35 46 +11.0 

S2 47 42 -5 40 45.4  +5.4 

S3 57 48 -9 40 41  +1.0 

S4 60 53 -7 37 48 +11.0 

S5 54 53 -1 58 60  +2.0 

S6 58 49 -9 45 52  +7.0 

S7# 58 64 +6 40 35  -5.0 

S8 57 55 -2 50 65 +15.0 

S9 55 54 -1 40 42  +2.0 

Mean ± SEM 55.3 ± 1.3 51.8 ± 2.0 -3.6 ± 1.6 42.8 ± 2.4 48.3* ± 3.1  +5.5 ± 2.1 

 

Patients for Bone Marrow Cell Infusion 

LVDD (mm) LVEF (%) 

Case 
Before After Change  Before After Change  

M1 42 46 +4 65.6 69.6  +4.0 

M2 53 53 0 62.4 67.3  +4.9 

M3 76 76 0 22.1 35.9 +13.8 

M4 54 58 +4 42.0 51.0  +9.0 

M5 64 61 -3 37.8 55.8 +18.0 

M6 54 50 -4 58.8 65.3  +6.5 

M7 63 57 -6 35.0 46.0 +11.0 

M8 58 52 -6 42.0 56.0 +14.0 

M9 60 52 -8 45.0 55.0 +10.0 

Mean ± SEM 58.2 ± 3.1 56.1 ± 2.9 -2.1 ± 1.3 45.6 ± 4.7 55.8* ± 3.6 +10.1 ± 1.5 

LVDD = Left Ventricular Diastolic Diameter in mm; LVEF = Left Ventricular Ejection Fraction in %. # = patient has uncorrected severe aortic regurgitation. * = Significant differ-
ent from “Before” group with P<0.05.  
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samples make the isolation procedure difficult and require 
longer culture time to have sufficient satellite cells. This 
study only compared the 6 months follow-up results and 
longer duration follow-up will be necessary especially 
judged from the lesson learned by the BOOST trial that ob-
served significant improvement at 6 months but no differ-
ence at 18 months for the cell versus control group. 

 From the original design, cellular cardiomyoplasty is 
intended for patients who still have reasonable cardiac re-
serve. This is to allow the patients to survive the procedure 
and also allow the implanted cells to generate sufficient 
myocytes (remained to be proven) to improve the cardiac 
function. Although some studies have applied the procedure 
to patients of severe left ventricular dysfunction [18,19] with 

 

 

Fig. (1). Perfusion images using technetium-99m methoxyisobutylisonitrile (
99m

Tc-MIBI). The 
99m

Tc-MIBI perfusion images of the 

short-axis (top), vertical long-axis (middle) and horizontal long-axis (bottom) from a representative patient of satellite cell implantation (up-

per panel) and a representative patient of bone marrow cell infusion (lower panel). The upper lines were obtained before cell therapy and the 

lower lines were results at six month after cell therapy. The arrows pointed to the sites where perfusion was significantly improved due to 

cell administration. 
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encouraging outcomes, selecting patients that still have suf-
ficient cardiac reserves (LVEF = 40~50%) not only resulted 
in better improvement but also offered higher success rate as 
reported by the other clinical trials [55, 56]. It is well known 
that 2D echocardiography is observer and interpreter de-
pendent. Therefore, the same operator and same interpreter 
were used for this study to minimize the variation. This fur-
ther supported that the study conducted in a single center for 
different stem cells or implantation procedures will have 
higher reliability. For the future study, concomitant MRI or 
other procedure will be better than sole 2D echocardiography 
for ventricular functional evaluation. Arrhythmia has not 
been a problem for our clinical experience as indicated be-
fore [40] and further supported by other clinical trials 
[55,56]. From the MAGIC trial [19], no difference between 
the control and cell treated groups on time to first arrhythmia 
and no death can be attributed to arrhythmic event clearly 
indicated that arrhythmia is not a concern for cellular car-
diomyoplasty even with satellite cells. With two procedures 
that both have the potential to improve cardiac function as 
reported in this study; it will be very hard to delineate which 
one and how much of each procedure contributes to the im-
proved ventricular function. However, with the patients who 
received only cell therapy without revascularization proce-
dure S4 (LVEF 37 to 48%; NYHA III-IV to II) and M5 
(LVEF 37.8 to 55.8%; NYHA II to I) indicated that cell 
therapy can be the major contributor to the improved ven-
tricular function. Unfortunately, the numbers of patients are 
too small for the current pilot study and randomized, con-
trolled, double-blinded study [19] or using cell therapy as the 
sole treatment will be needed to clearly answer this question. 

 Although the optimal time after myocardial infarction for 
cellular cardiomyoplasty has not been established in any 
clinical study [13, 26, 49, 50], performing the treatment at a 
similar time after disease onset as in our study will allow 
more direct comparison between different stem cells em-
ployed. After acute myocardial infraction (MI), the healing 
process can be divided into 4 phases: cardiomyocyte death, 
acute inflammation, tissue granulation, and remodeling or 
repair [57]. It is well known that MI is an inflammatory dis-
ease, and there is compelling evidence that the innate im-
mune response plays an important role in myocardial ische-
mia-reperfusion injury and coronary heart disease [57-61]. 
Ischemia-reperfusion significantly increases tumor necrosis 
factor, interleukins-1, -6, and -8, interferon, and intercellular 
adhesion molecule-1 gene expression in myocardium [61-
63]. These pro-inflammatory and immunoregulatory cytoki-
nes appear to be directly involved in the progression of myo-
cardial ischemia-reperfusion injury, myocardial dysfunction, 
ventricular remodeling, coronary heart disease, and cardiac 
hypertrophy [61-63]. 

 Because innate immune and inflammatory responses are 
involved in myocardial ischemic injury, investigation of the 
innate immune modulation and anti-inflammatory activities 
of stem cells during cellular cardiomyoplasty may reveal the 
beneficial mechanisms. Adult tissues have been used to iso-
late stem cells that show plasticity, escape immune recogni-
tion, and inhibit immune responses. Adult stem cells can 
easily proliferate to vast numbers and be applied to inhibit 
immune responses by suppressing T and B cell proliferation, 
inducing T regulatory cells, modulating B cell and dendritic  
 

cell functions, and have been used to treat transplant rejec-
tion [64-65]. Stem cells do not induce lymphocyte prolifera-
tion and are not the targets for cytotoxic lymphocytes or 
natural killer cells. No adverse events during or after adult 
stem cell transplantation have been observed, and no ectopic 
tissue formation has been noted [64-66]. Other than 
paracrine or endocrine effects, anti-proliferative, anti-
inflammatory, and immunomodulatory effects of stem cells 
to prevent infarct expansion and ventricular remodeling may 
be the major benefits [13, 64-68]. 

 If anti-inflammatory and immunosuppressive effects are 
the primary beneficial mechanisms of cellular cardiomyo-
plasty, this may partially explain why different kinds of stem 
cells and different times of cell treatment (after acute MI or 
an old infarct) resulted in similar favorable outcomes [13, 
67]. Stem cells can mediate immune suppression and anti-
inflammatory effects through secreted soluble factors and 
contact-dependent mechanisms [65, 69]. More importantly, 
mesenchymal stem cells can exert anti-inflammatory effects 
even at the site of inflammation (similar to after MI) [69]. 
Since a significant fraction of the stem cells is lost by apop-
tosis after cellular cardiomyoplasty, and apoptotic cells can 
have long-lasting effects, a major benefit of cell therapy may 
derive from immune modulation and anti-inflammation ef-
fects. This is a pilot clinical trial performed at a single center 
to compare the skeletal muscle satellite cells versus mononu-
clear cells and mesenchymal stem cells derived from bone 
marrow for the possibility of designing a randomized, con-
trolled, double-blinded study. The beneficial mechanisms of 
cellular cardiomyoplasty require additional studies. 

ABBREVIATIONS 

ASTAMI = Autologous stem cell  
   transplantation in acute  
   myocardial infarction 

BOOST = BOne marrOw transfer to enhance  
   ST-elevation infarct regeneration 

BMMC = Bone marrow mononuclear cells 

BMSC = Bone marrow mesenchymal stem  
   cells 

CABG = Coronary artery bypass graft 

FACS = Fluorescence-activated cell sorting 

FBS = Fetal bovine serum 

HSC = Hematopoietic stem cells 

IACT = Intracoronary autologous bone  
   marrow cell transplantation in  
   chronic coronary artery disease 

IMDM = Iscove’s modified Dulbecco  
   medium 

LAD = Left anterior descending coronary  
   artery 

LVDD = Left ventricular diastolic diameter 

LVEF = Left ventricular ejection fraction 

MAGIC = Myoblast autologous grafting in  
   ischemic cardiomyopathy 
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MAGIC Cell-3-DES = Myocardial regeneration
 
and  

   angiogenesis in myocardial  
   infarction with g-csf and intra- 
   coronary

 
stem cell infusion-3- 

   drug eluting stents 

MI = Myocardial infarction 

MSC = Mesenchymal stem cells 

NYHA = New York heart association  
   functional classification 

PCI = Percutaneous coronary intervention 

RCA = Right coronary artery 

REPAIR-AMI = Reinfusion of enriched progenitor  
   cells and infarct remodeling in  
   acute myocardial infarction 

99m
Tc-MIBI = Technetium-99m methoxy- 

   isobutylisonitrile 

TOPCARE-AMI = Transplantation of progenitor cells  
   and regeneration enhancement in  
   acute myocardial infarction 
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