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Background and Objectives: The HUC-HEART Trial (ClinicalTrials.gov Identifier: NCT02323477) was a controlled, 
prospective, phase I/II, multicenter, single-blind, three-arm randomized study of intramyocardial delivery of human 
umbilical cord-derived mesenchymal stromal cells (HUC-MSCs) combined with coronary artery bypass-grafting (CABG) 
in patients with chronic ischemic cardiomyopathy (CIC). The trial aimed to assess (i) the safety and the efficacy of 
cell transplantation during one-year follow-up, (ii) to compare the efficacy of HUC-MSCs with autologous bone-mar-
row-derived mononuclear cells (BM-MNCs) in the same clinical settings.
Methods and Results: Fifty-four patients who were randomized to receive HUC-MSCs (23×106) (n=26) or BM-MNCs 
(70×107) (n=12) in combination with CABG surgery. The control patients (n=16) received no cells/vehicles but CABG 
intervention. All patients were screened at baseline and 1, 3, 6, 12 months after transplantation. Forty-six (85%) patients 
completed 12 months follow-up. No short/mid-term adverse events were encountered. Decline in NT-proBNP (baseline∼
6 months) in both cell-treated groups; an increase in left ventricular ejection fraction (LVEF) (5.4%) and stroke volume 
(19.7%) were noted (baseline∼6 or 12 months) only in the HUC-MSC group. Decreases were also detected in necrotic 
myocardium as 2.3% in the control, 4.5% in BM-MNC, and 7.7% in the HUC-MSC groups. The 6-min walking test 
revealed an increase in the control (14.4%) and HUC-MSC (23.1%) groups.
Conclusions: Significant findings directly related to the intramyocardial delivery of HUC-MSCs justified their efficacy 
in CIC. Stricter patient selection criteria with precisely aligned cell dose and delivery intervals, rigorous follow-up 
by detailed diagnostic approaches would further help to clarify the responsiveness to the therapy.
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Introduction 

  Chronic ischemic cardiomyopathy (CIC) with moder-
ate-to-severe left ventricle (LV) systolic dysfunction is fre-
quently associated with scar tissue formation resulting 
from an acute infarction of the myocardium and loss of 
cardiomyocytes. The regeneration process of the infarcted 
myocardium requires to clearing damaged and dysfunctio-
nal dead tissue, regulating inflammation, suppressing ove-
ractive fibrosis (scar tissue), and reconstituting and in-
tegrating healthy cardiomyocytes, extracellular matrix, 
blood and lymphatic vessels (1). Besides medical and in-
terventional care of CIC, several therapeutic attempts have 
been performed to improve the clinical conditions of pa-
tients by promoting the replacement of the scar tissue and 
therefore the lost cardiomyocytes and by activating cardiac 
repair.
  Different cell types including skeletal myoblasts, bone 
marrow-originated stem cells and mesenchymal stromal 
cells from different tissue origins, cardiac resident cells, 
and finally, embryonic stem cells have been tested in clin-
ical trials, as listed and briefly reviewed by Ghiroldi et al. 
(2) demonstrating varying degrees of effectiveness. In gen-
eral, clinical trials have produced conflicting and incon-
clusive results using a range of stem cells, and there is 
still debate regarding the best patient group, source of 
cells, and the route and timing of administration. Clear-cut 
evidence on what type of cells should be adopted to CIC 
is still lacking, because results show significant hetero-
geneity in terms of efficacy. Most clinical trials used autol-
ogous bone marrow mononuclear cells (BM-MNCs), which 
comprise predominantly mononuclear cells, with small 
sub-populations of hematopoietic stem cells and mesen-
chymal stromal cells (MSC) (3, 4). According to two 
meta-analysis of more than 20 clinical trials on the effec-
tiveness of BM-MNCs for cardiac regeneration following 
acute myocardial infarction (MI), it is clear that no sig-
nificant improvement was observed in the mortality and 
morbidity of patients who received BM-MNCs, although 
a significant and sustained improvement in left ven-
tricular ejection fraction (LVEF) was reported (5, 6). The 
use of autologous and allogeneic MSCs in various clinical 
settings has increased in recent years. A number of clinical 
trials have been conducted to test the effects of MSCs on 
cardiac repair and regeneration aiming to restore damaged 
heart muscle tissue, with these cells being credited with 
displaying stemness properties. Accumulating evidence 
from those clinical trials supports the notion that ex vivo- 
expanded MSCs are safe and possess the capacity for re-
pair, making them a potential treatment of chronic heart 

diseases characterized by fibrotic scar tissue. However, 
comparing the different trials is a challenging task owing 
to the vast differences in patient profiles, cell phenotypes, 
dosing, routes of delivery, study endpoints and design, 
which ranged from small, open-label protocols lacking 
true controls and clouded by concomitant procedures such 
as coronary artery bypass graft (CABG) surgery, to rigor-
ously conducted, randomized, adequately powered, place-
bo-controlled, blinded designs with outcome measures 
based on clinically relevant markers.
  Human umbilical cord-derived mesenchymal stromal 
cells (HUC-MSCs), considered as perinatal stem cells, 
have been of great interest because of their higher capacity 
of self-renewal compared to adult MSCs, senescence-re-
sistant, and higher angiogenic and paracrine effects be-
cause they hold the properties of both embryonic and 
adult stem cells (7). To date, more than 100 clinical stud-
ies have been conducted and finalized regarding the safety 
and efficacy of HUC-MSC transplantation in publicly im-
portant major disorders including cardiac diseases and 
dysfunctions (8), in which they have shown promising re-
sults mainly due to their pro-angiogenic and anti-in-
flammatory properties. However, no trial has yet been 
published of direct application of these cells into the in-
farcted myocardium. Over recent years, the safety and effi-
cacy of HUC-MSCs on a relatively small number of pa-
tients with ischemic cardiomyopathy were examined where 
cells were delivered via intravenous or intracoronary routes 
(9-16).
  This pioneering study, named as the HUC-HEART 
Trial (ClinicalTrials.gov Identifier: NCT02323477) for 
short, has been designed as a phase 1/2, controlled, multi-
center, single-blind, randomized, three-arm clinical study 
of the intramyocardial delivery of allogeneic HUC-MSCs 
in patients with CIC. Patients undergoing CABG but not 
receiving any cells or vehicle served as the control group. 
The rationale of using autologous BM-MNCs as an anoth-
er group originated from the facts that (i) BM-MNCs are 
one of the most commonly tested cell types among the oth-
er stem/progenitor cells that exhibited crucial improve-
ments in ventricular functions including LVEF increase 
and reduced infarct size (reviewed in (1, 2)); (ii) the rela-
tive ease of cell collection by a minimally invasive proce-
dure and requiring minimal manipulation before admin-
istration; (iii) being a heterogeneous population of stem 
cells isolated from the bone marrow. The detailed study 
schema including inclusion, exclusion criteria and pri-
mary, secondary endpoints was previously published else-
where in 2015 (14). The ultimate aim of this study was 
to address the issues mentioned above by providing evi-
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dence of the effects of HUC-MSC transplantation in com-
bination with CABG on ventricular function, as well as 
on patient clinical outcomes. The preliminary results per-
taining to few patients from each group were presented 
as a poster at a meeting in 2017 (9). Here, we report the 
results of the overall study, which was finalized in December 
2018 when the last patient was evaluated following one-year 
of follow-up. 

Materials and Methods

Patient selection and study design
  The study design was primarily approved by the Institu-
tional Ethical Review Board (11/25/2013, #18-704-13); the 
onset and legislative issues were officially permitted by the 
Ministry of Health and the Advisory Board of Stem Cell 
Transplantations (1/30/2014, #19738). The HUC-HEART 
Trial enrolled patients between May 2015 and November 
2017; the surgical interventions were performed in three 
hospitals. Informed consent was obtained from all in-
dividual participants included in the study. The trial was 
terminated on December 2018 when reaching the offi-
cially-allowed time point and budget limit. For eliminat-
ing the confounder factor arising from the sex variation, 
and because of the higher incidence of male patients with 
CIC requiring CABG, only male subjects aged between 30∼
80 years who presented with CIC with an indication for 
CABG and decreased global left ventricular ejection frac-
tion (LVEF) as determined via baseline cardiac magnetic 
resonance imaging (MRI) and echocardiography (Echo) 
were included. Inclusion and exclusion criteria were listed 
in Supplementary Table S1. Primary endpoint was as-
signed as the emergence of major adverse cardiac event 
rate compared with the control group (defined as the com-
posite incidence of death, hospitalization for worsening 
heart failure, or nonfatal recurrent myocardial infarction, 
and ventricular arrhythmia); secondary endpoints were as-
signed as significant changes in LVEF (time frame: pre-
operatively, postoperatively (12 months), or in infarcted 
area. The assignment of patients into groups was im-
plemented by two of the authors, based on the block ran-
domization protocol using the Random Allocation Software 
version 1.0, and the block randomization method (14). 
  The following null hypothesis was used in order to cal-
culate the required sample size; patients undergoing HUC- 
MSC injections in association with CABG would not ex-
hibit different LVEF values than those undergoing either 
BM-MNC administration and CABG or CABG alone, dur-
ing a 12-month follow-up. Three independent groups of 
patients were included in the HUC-HEART Trial in a 1：

1：2 pattern. The sample size and the study power were 
calculated using computer-based software and published 
previously (14). Following numbers of patients could com-
plete the total follow-up; the first group served as the con-
trol group (n=15); these patients did not undergo cell 
transplantation. The second group (n=9), which received 
autologous BM-MNCs, served as the second control group. 
The third group (n=22) received allogeneic HUC-MSCs 
(Fig. 1A). All interventions were performed in combina-
tion with CABG surgery. MR, SPECT (Single-photon 
emission computed tomography), and PET (positron emis-
sion tomography) imaging were performed by two core 
facilities. All interventions and imaging analyses were im-
plemented by independent imaging specialists and statis-
ticians who were blinded. The participants were not blind-
ed to their group allocation.

Cells preparation and transfer
  Two different cell isolation procedures were used for the 
BM-MNCs and HUC-MSCs. Autologous BM-MNC iso-
lation was performed as published (14). The concentrate 
consisted of a heterogeneous, nucleated cell population in-
cluding hematopoietic, mesenchymal, other progenitor 
cells, as well as granulocytes and platelets. A total of ap-
proximately 70×107 BM-MNCs were transplanted to each 
patient. A small sample from each transplanted batch of 
cells was subsequently analyzed immunophenotypically 
including CD34＋ and CD45＋ markers as common BM 
stem/progenitor cell indicators (Supplementary Table S2). 
  For patients in group 3, raw umbilical cord sections 
were collected under aseptic conditions via cesarean sec-
tions involving full-term infants following the acquisition 
of written consent from the mother. The cells used were 
obtained from the same cell production facility obtained 
from a single cord donor. All cell isolations, expansions, 
safety and quality validation procedures, as documented 
elsewhere (14) were compliant with good manufacturing 
practice (GMP) guidelines. The final number of transported 
cells (21∼26×106) at 2∼10℃ (Supplementary Table S2) 
was diluted in 4 ml Ringer’s lactate solution containing 
1% human serum albumin (17).

Surgical procedure, intervention and follow-up
  On the day of cell preparation and delivery, patients un-
derwent conventional CABG surgery with/without car-
diopulmonary bypass. After completion of the distal coro-
nary anastomoses, intraoperative injections into 10 peri- 
infarct areas were performed using standardized 27-gauge 
syringes. To visualize the target areas for the cell injections 
selected via preoperative MRI analysis, a segmental map 
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Fig. 1. (A) Subject throughput from enrollment (n=73) to data analysis (n=46). (B) A patient follow-up chart. BM-MNC: bone marrow 
mononuclear cells, HUC-MSC: human umbilical cord mesenchymal stromal cells, MI: myocardial infarction, CABG: coronary artery bypass 
grafting, ▲: cardiac evaluation including electrocardiography (ECG); echocardiography (Echo); Holter rhythm monitoring; 6-min walking 
test; cardiac enzymes (CK-MB, LDH, troponin I); 27-parameter blood tests, including complete blood count; 22-parameters biochemical 
tests; and NT-proBNP measurements, ■: MRI, SPECT and PET.

of the LV myocardium was used to designate the targeted 
myocardial regions. These data also enabled exact analysis 
of segmental changes in ventricular function during the 
follow-up. All patients were screened both before (baseline) 
and at 1, 3, 6, and 12 months after cell transplantations 
(Fig. 1B).

Diagnostic cardiac imaging
  Cardiac MR imaging was performed using a 1.5-T im-
ager (Siemens GmbH). Regional contractility was assessed 
using a fast, electrocardiography-gated breath-hold steady- 
state free precession sequence in long axis 2-, 3-, and 4- 
chamber views, as well as LV short axis views. For quanti-
tative analyses, multiple contiguous 10-mm short-axis slices 
covering the entire ventricle from apex to base were 
acquired. Bolus injections of a contrast agent (0.1 mmol 
gadoversetamide) were started, and viability imaging was 
performed beginning after 5 min by use of phase sensitive 
inversion recovery segmented gradient echo sequences cov-
ering the entire LV myocardium in 2-chamber, 4-chamber, 
and short-axis planes and repeated until 10 min after con-

trast administration. All MR images were evaluated on a 
workstation (Synapse 3D, Fujifilm). The right and left 
ventricular insertion points were defined as reference 
points for the American Heart Association’s (AHA) 16 seg-
ment model. Regional wall motion (WM) was evaluated 
for each segment and classified as normal 1, hypokinesia 
2, akinesia 3, and dyskinesia 4. Global LV systolic func-
tion parameters were quantified and LVEF was measured. 
Myocardial wall thickness (WT) was measured manually 
in the end diastolic phase. Myocardial scar size (SS) was 
quantified automatically using a dedicated software (De-
layed Enhancement, Synapse3D), and was calculated as 
the percent of myocardial WT in relation to the segment 
and graded as 1 (0∼25%), 2 (26∼50%), 3 (51∼75%), and 
4 (76∼100%). Myocardial mass (MM) was calculated and 
expressed in grams.
  Cardiac Tc-99m-MIBI SPECT imaging was performed 
using the previously described protocol (18). Myocardial 
perfusion was applied to patients following 4 h fasting and 
555∼740 MBq of 99mTc-MIBI was administered intra-
venously at rest. Gated Tc-99m-MIBI SPECT was per-
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formed whenever possible. The patients were scanned on 
dual head SPECT gamma camera (Siemens e-cam) 45∼60 
min after the injection. 
 18F-FDG PET imaging was performed as described pre-
viously (19) to ensure the uptake by ischemic tissue and 
optimized suppression of 18-F-FDG uptake by normal 
myocytes (reduce nonspecific uptake). Patients were im-
aged on a PET CT scanner (GE Discovery) using a stand-
ard protocol after 45∼90 min after FDG injection.
  The SPECT and PET images were reconstructed and re-
oriented into standard cardiac planes (short axis, vertical 
long axis, and horizontal long axis) for interpretation. 
SPECT and PET imaging were performed with no more 
than a 1-week interval between each imaging.

Study oversight and monitoring
  A separately constituted data safety and independent 
monitoring board reviewed the progress of the study, all 
serious adverse events, and blinded outcomes at 3-month 
intervals. This board recommended continuation of the trial 
after each review.

Methods for the assessment of secondary outcomes
  The 6-min walking test, a submaximal exercise test that 
entails measurement of distance walked over a span of 6 
minutes, has been performed due to the American Thora-
cic Society (ATS) guidelines (20) at designated time points 
(baseline, 1, 3, 6, and 12 months). A 30 m distance course 
(hospital corridor) was used where a person was accom-
panied the patient. Interpretation of results was guided by 
functional status of the heart failure and therapeutic 
monitoring. A single value of the test was reported as an 
absolute value in meters.
  For the assessment of the New York Heart Association 
(NYHA) functional classification; patients in one of four 
categories were classified based on their symptoms to ad-
dress how much they were limited during physical activity 
at designated time points (baseline, 1, 3, 6, and 12 months). 
Category I, no limitation of physical activity. Category II, 
slight limitation of physical activity, comfortable at rest. 
Category III, marked limitation of physical activity, com-
fortable at rest. Category IV, unable to carry on any phys-
ical activity without discomfort, symptoms of heart failure 
at rest. 

Statistical analysis
  The Shapiro-Wilk test was used to test whether con-
tinuous variables were normally distributed. Continuous 
variables are presented as the mean±standard error (SE) 
unless otherwise stated. One-way analysis of variance 

(ANOVA) was performed to compare Echo LVEF values 
between the groups that were normally distributed. Non-
parametric analysis of variance (Kruskal-Wallis) was used 
to compare continuous variables. When a significant dif-
ference was noted, a post-hoc pairwise comparison with a 
Bonferroni-corrected Mann-Whitney test was performed to 
analyze the difference between individual groups. The 
Wilcoxon signed-rank test was performed to compare the 
baseline and 12-month follow-up data for each group, 
whereas the paired sample t-test was used to compare my-
ocardial mass. Echo LVEF measurements were analyzed 
using Friedman non-parametric variance analysis of re-
peated measurements test (post-hoc Wilcoxon with Bonfe-
rroni corrections). Dichotomous variables of groups in-
cluding smoking, consumption of alcohol or type 2 dia-
betes were compared using the Chi-square test. Statistical 
analyses were performed using the IBM SPSS Statistics 
22.0 software package (IBM Corp. Released 2013. IBM 
SPSS Statistics for Windows, Version 22.0. Armonk, NY: 
IBM Corp.). p＜0.05 was considered as an indicator of 
statistical significance in all analyses. See, Supplementary 
Table S3 for all statistical tests used to analyze the clinical 
and the laboratory tests in the HUC-HEART Trial. 

Results

  Seventy-three patients were found eligible; 19 were ex-
cluded for needing urgent surgery or refusing to partic-
ipate (Fig. 1A). The remaining 54 patients were random-
ized in a 1：1：2 pattern and 46 patients completed the 
1-year follow-up (Fig. 1B). The patients’ demographic data 
and history are given in Table 1. 

Safety evaluation
  The rate of predefined treatment-related serious adverse 
events such as anaphylaxis and malignant arrhythmias 
during follow-up did not occur in any patient. One patient 
in the control group, 2 patients in the BM-MNC group, 
and 1 patient in the HUC-MSC group died of low cardiac 
output within 1∼3 months with no direct relation to cell 
transplantation. No peri-operative myocardial infarction, 
stroke, infection or delirium was noted. Reactions sugges-
tive of an acute immunogenic reaction such as fever, urti-
caria, hemolysis, hypotension, liver dysfunction, and/or 
thrombocytopenia did not occur in any patient following 
cell transplantations. Twenty-three-parameter laboratory 
tests showed no significant difference between the groups 
except the baseline value of the myocardial marker, crea-
tine kinase-muscle/brain (CK-MB), between the control 
and the BM-MNC groups, albeit within the normal range 
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Table 1. Demographics and history of participants who were all Caucasian 

Variables Control (n=16) BM-MNC (n=12) HUC-MSC (n=25) Significance*

Age (mean±SE), yr 65.3±1.7 56.9±1.5 61.8±2.0 χ
2=8.049; p=0.018a

Sex (M/F) 16/0 12/0 25/0 N/A
Body mass index (mean±SE) 26.6±1.2 26.2±0.9 26.5±0.9 p=0.96
Smoking (n/%) 15/88.2 11/91.6 21/84.0 χ2=0.161; p=0.923
Alcohol (n/%) 3/17.6 2/16.6 2/8.0 χ

2=0.984; p=0.611
Type II DM (n/%) 9/52.9 4/33.3 16/66.7 χ2=4.376; p=0.112
Hypercholesterolemia 6/42.9 1/8.3 10/43.5 χ

2=5.083; p=0.079
Hypertension (n/%) 11/64.7 6/50.0 15/60.0 χ

2=1.104; p=0.576
TIA (previously) (n/%) 1/5.9 0/0.0 2/8.3 χ

2=1.798; p=0.407
Stroke (previously) (n/%) 0/0 0/0 1/4.3 χ

2=1.695; p=0.429
No. of bypass grafts (mean±SE) 3.2±0.2 3.1±0.3 3.2±0.2 χ2=0.134; p=0.935

aThe age difference between control and BM-MNC groups were significant (p=0.018). No significant age difference was noted between 
control and HUC-MSC groups or BM-MNC and HUC-MSC groups (p＞0.05). 
T2D: type 2 diabetes, TIA: Transient ischemic attack.
*χ2: in age, no. of bypass grafts was calculated by Kruskal-Wallis. Others was calculated by Chi-square test. 

Table 2. Holter rhythm monitoring (ventricular extrasystoles) at baseline and 12 months after cell transplantation

Test time Control (n=13) BM-MNC (n=5) HUC-MSC (n=13)

Baseline 715.2±476.2 2,505.2±1,239.7 859.2±448.0
12 months 673.4±432.7 1,710.8±436.8 671.2±548.3
Time comparison* Z=0.140; p=0.889 Z=0.405; p=0.686 Z=1.433; p=0.152

No significant difference was noted between baseline and 12 months follow-up.
All values are given as mean±SE.
*Z: Wilcoxon test results.

(Supplementary Table S4). NT-proBNP levels at baseline 
were comparable between groups (p=0.153). However, NT- 
proBNP levels between baseline and the follow-up sig-
nificantly decreased in the BM-MNC group from base-
line-month 3 (p=0.017), 1∼3 months (p=0.043), and in 
the HUC-MSC group from baseline∼month 3 (p=0.035), 
baseline∼month 6 (p=0.001), month 1∼6 (p=0.001), and 
month 3∼6 (p=0.010).
  Cardiac supraventricular arrhythmia developed in 1 pa-
tient in the BM-MNC group and 1 patient in the HUC- 
MSC group who were successfully controlled with antiar-
rhythmic treatment in the intensive care unit during 2∼5 
days post-operative. Holter rhythm monitoring values did 
not differ significantly between baseline and the 12-month 
follow-up (Table 2). Two extreme results (20,328 and 46,165 
ventricular extrasystoles/24 h) were detected in 2 patients 
in the BM-MNC group, only at month 3, which disappeared 
afterwards.

Primary outcomes
  During the follow-up, LVEF significantly increased (p= 
0.004) only in the HUC-MSC group (baseline to 12 months) 

as assessed in MRI (Fig. 2A). LVEF did not significantly 
change in the control (p=0.139) or BM-MNC groups (p= 
0.080) (Fig. 2A). SPECT imaging yielded a significant 
LVEF increase (baseline to 12 months) both in the 
BM-MNC (p=0.015) and HUC-MSC (p=0.044) groups, but 
not in the control group (p=0.492) (Fig. 2B). The assess-
ment of LVEF by Echo at consecutive time points showed 
that there was a significant difference (p=0.017) between 
baseline and 6 months which was restricted to the HUC- 
MSC group, and not in the BM-MNC (p=0.075) or the 
control (p=0.529) groups (Fig. 2C). However, cumulative 
analyses of LVEF change on patient-based analysis using 
MRI, SPECT, and Echo revealed no significance between 
the groups (p=0.376; p=0.110, and p=0.765, respectively) 
(Fig. 2D).
  The AHA’s 16-segment model was mapped using MRI 
to assess the LV remodeling by WT, SS, WM, and MM. 
Segmental healing/worsening (as assessed by four parame-
ters, see Materials and Methods, Diagnostic Cardiac Ima-
ging) between baseline and 12-months assessed by MRI, 
was one of the primary outcomes of this trial, as repre-
sented in Fig. 3 and Fig. 4. Any positively-changed ven-
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Fig. 2. Changes in LVEF (%) measured by MRI (A); SPECT (B); Echo (C), and calculated LVEF change ratio (LVEF) at baseline and after 
12-month follow-up (D). (A) LVEF significantly increased only in HUC-MSC group (p=0.004); did not significantly change in the control 
or BM-MNC groups (see, text for p values). (B) SPECT imaging presented significant LVEF increase both in BM-MNC (p=0.015) and 
HUC-MSC (p=0.044) groups. (C) LVEF (baseline to 6 month) detected using Echo, and was also found different only in HUC-MSC group 
(p=0.017). Mean LVEF (%) and confidence intervals (CI 95%) at certain time-points are given in the table below. (D) Cumulative LVEF 
change ratio in each patient (LVEF) in MRI, SPECT, and Echo revealed no significance between groups (p=0.376; p=0.110, and p=0.765, 
respectively).

tricular parameter was considered as a healing response. 
Based on the results of segmental analysis, responder vs 
nonresponder ratio was calculated and expressed in Fig. 
3A and 3B corresponding to the wall motion and scar 
scores, respectively. The responder ratio was found higher 
in all groups compared with nonresponders regarding these 
two ventricular parameters (green bars vs red bars in Fig. 
3A and 3B). The response ratio was strikingly higher in 
the HUC-MSC group (94% and 87% in WM and SS, re-

spectively). The WT change in the control and the cell 
treatment groups revealed gradual increases among the 
groups (Fig. 3C). In the HUC-MSC group, a 9.2±2.0 mm 
increase and 11.5±2.0 mm decrease was identified. However, 
no significant difference was found between the groups 
(χ2=2.400; p=0.301).
 Finally, MM changes were analyzed using MRI data. 
MM change in grams was not different within each group 
(p＞0.05) or between groups (p=0.621). However, it is 
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Fig. 3. Ratio of responder vs nonresponder and left ventricle measurements based on the segmental MRI evaluations. (A, B) represent 
the ratio of responder (green bars) vs nonresponder (red bars) due to the healing of wall motion (WM) and scar score (SS), respectively. 
(C) Wall thickness (WT) change (mm) showed no significant difference between the groups (χ2=2.400; p=0.301). (D) Myocardial mass 
(MM) change (grams) between the baseline and after the 12-month follow-up was not different within each group (p=0.850) or between 
groups (p=0.440). However, a striking MM increase (16±10.6 g) was noted only in HUC-MSC group, whereas MM decreased in the 
control and BM-MNC groups. Although none of the measured/calculated values based on the segmental analysis (wall motion, scar score, 
wall thickness and myocardial mass) exhibited significant difference among groups, these results demonstrated that a higher degree of healing 
effect in the HUC-MSC group (compare the values in the A∼D).

Fig. 4. Changes (percentage) in hibernating (A) and necrotic area (B) measured by PET. Cell-treated groups demonstrated a decrease in 
hibernating area; no significance difference was noted among groups or within each group. Varying and significant decreases were noted 
in the necrotic myocardium (baseline–12-month) as 2.3% in the control (Z=2.033; p=0.042), 4.5% in BM-MNC (Z=2.666; p=0.008), and
7.7% in the HUC-MSC (Z=3.517; p<0.001) groups. Graphics were drawn using median and error bars were given as IQR/2.
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Table 3. Functional capacity by NYHA grading at baseline and 
at the end of 12-month follow-up

Baseline 
mean (±SE)

Improved
n, (%)

Same
n, (%)

Worsened
n, (%)

Control (n=14) 2.1±0.1 7, (50) 6, (42) 1, (7)
BM-MNC (n=9) 2.2±0.2 6, (66) 3, (33) 0, (0)
HUC-MSC (n=19) 1.9±0.1 8, (42) 10, (52) 1, (5)

No patient has been graded in NYHA IV category. No significant 
difference was noted between groups, p=0.338.

Fig. 5. Changes in 6-min walking distance (in meters) throughout 
the 12-month follow-up. Significant increase was noticed in the 
control (p=0.007) and HUC-MSC (p=0.037) groups only between 
baseline and at the end of the 12-month distances. Mean walked 
distances in meters and confidence intervals (CI 95%) at certain 
time points are given in the table below.

worthwhile mentioning that a remarkable MM increase 
(16±10.6 g) was noticed only in the HUC-MSC group, but 
a decline in the control and BM-MNC groups (Fig. 3D). 
  A series of further measurable parameters listed in 
Supplementary Table S5 demonstrated that stroke volume 
(SV) increased significantly (19.7%) (Z=2.637; p=0.008) 
only in HUC-MSC group at month 12 compared with 
baseline.
  Hibernating and necrotic myocardium was assessed us-
ing PET scans at baseline and at the end of the follow-up. 
Only cell-treated groups demonstrated a decrease in hiber-
nating areas; however, no significant difference was noted 
among the groups or within each group (Fig. 4A). Necrotic 
area calculations revealed varying degrees of decline (base-
line and 12 months) in all groups as 2.3% in the controls 
(Z=2.033; p=0.042), 4.5% in the BM-MNC (Z=2.666; p= 
0.008) and 7.7% in the HUC-MSC (Z=3.517; p＜0.001) 
groups (Fig. 4B). Necrotic area decline was noted in 7/9, 
9/9, and 16/16 patients in the control, BM-MNC, and HUC- 
MSC groups, respectively. One patient remained stable, 
and one patient worsened in the control group.

Secondary (functional) outcomes
  The 6-min walk test revealed a significant increase in 
the control (14.5%; p=0.007) and HUC-MSC (13.8%; p= 
0.037) groups (baseline to 12 months) (Fig. 5). The mean 

distance change in the control group was 76.9±23.0 m (p= 
0.007), 91.1±63.1 m (p=0.199) in the BM-MNC group, and 
102.5±43.6 m (p=0.037) in the HUC-MSC group.
  The New York Heart Association (NYHA) scores im-
proved at the end of follow-up compared with baseline in 
7 patients (50%) in the control, 6 patients (66%) in the 
BM-MNC, and 8 patients (42%) in the HUC-MSC group 
(Table 3). No significant difference was noted between the 
groups at baseline (p=0.338).

Discussion

  The HUC-HEART Trial was designed to assess the safe-
ty and efficacy of allogeneic HUC-MSCs through a com-
parison with no cell implanted controls and patients who 
underwent autologous BM-MNC-transplantation. To the 
best of our knowledge, this is the first study in the liter-
ature in two aspects; (i) the efficacy of HUC-MSCs as ex-
amined upon direct administration into the myocardium; 
(ii) the efficacy of BM-MNC injections was compared 
side-by-side in the same clinical settings. The primary out-
comes were determined as the evaluation of LVEF using 
Echo and more advanced imaging techniques including 
cardiac MRI and SPECT. As being the key point in 
cell-based therapies, the degree of myocardial remodeling 
was also ascertained using MRI-based segmental measure-
ments and scorings (WM, SS, WT and MM). Here, we re-
port a detailed, 16-segmental analysis, rather than just as-
sessing the global recovery of the ventricular functions be-
cause cardiac MRI is considered the gold standard for the 
assessment of fibrosis/scar and is commonly used in the 
evaluation of patients with significant coronary artery dis-
ease and cardiomyopathy prior to formulating a treatment 
strategy (21). Further evaluation of functional cardiomyo-
cyte metabolism with PET (22), provided invaluable data 
on the status of hibernating and necrotic myocardium in 
this trial. Besides the significant increase in LVEF re-
stricted to the cell therapy groups, a more important find-
ing was the improvement in the necrotic areas where sig-
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nificant declines were noted. However, no statistical dif-
ference (p=0.123) was calculated in the mean differences 
between baseline and 12-month among the groups. Never-
theless, it is noteworthy to mention that the highest values 
were obtained in the HUC-MSC group. According to the 
LVEF Echo results as illustrated in Fig. 2C, the control 
and BM-MNC group showed no statistically significance 
starting from baseline to 12 months. Further dissecting 
the values measured at certain time points, the slight drop 
in BM-MNC and HUC-MSC groups after 6 months also 
presented no significance. Among the three groups, only 
the HUC-MSC group exhibited a significant increase in 
the LVEF between baseline and the 6-month follow-up.
  One of the primary outcomes of this trial was the 
MRI-based assessment of four parameters (WM, SS, WT 
and MM), all of which directly reflect that the ventricular 
functions were expressed as segmental healings/worsening. 
Any positivity was considered as “a response” to the inter-
vention, either in CABG alone group (control) or cell- 
treatment groups because all patients had an infarcted ne-
crotic myocardium (single or multiple) at baseline. In oth-
er words, because the healing of a macroscopic necrotic 
tissue in the heart does not normally occur if no treatment 
is administered (1), such parameters do not notably chance, 
when an intervention has not been applied. As such, any 
positively changed parameter in this trial was considered 
as a healing response. Undoubtedly, a 100% response in 
the cell therapy groups would correspond to significant el-
evations in all parameters. We did not note any patient 
displaying 100% response upon CABG＋cell administra-
tion.
  Another supportive finding was the MM increase, which 
was restricted to HUC-MSC group. It is obvious that 
CABG surgery per se may provide myocardial restoration 
(23). However, given that all patients were subjected to 
identical conditions including CABG surgery, the sig-
nificant differences between the groups and/or within 
each group demonstrated the improvement of clinical 
endpoints. Segmental recoveries give further credence to 
the fact that myocardial integration of transplanted MSCs 
(24) was achieved to some extent and exhibited long-last-
ing paracrine effects. 
  MRI measurements and calculations related to the ven-
tricular volumes showed a significant increase only in SV, 
which was exclusive to the HUC-MSC group, although 
lesser degree of increases was also noted in the control and 
BM-MNC groups (close to the limit of significance). This 
situation may directly correspond to the segmental healing 
of the ventricle, particularly in the HUC-MSC group. 
However, the SV increase did not reach to the global heal-

ing level, possibly because of the insignificant increases of 
cardiac output and cardiac index, and therefore stayed in 
the shadow of other parameters.
  Although safety is still considered an important issue 
in cell therapies regarding no-reflow after intracardiac cell 
injections; in the past two decades, several clinical trials 
with adult stem cells of different tissue origins admini-
stered for myocardial restoration report no major adverse 
safety issues (2). More specifically, trials using HUC-MSCs 
in patients with heart failure reported no serious and long- 
term clinical adverse effects (10-13, 15, 16, 25). We also 
encountered no short- or mid-term adverse events includ-
ing malignant ventricular arrhythmia, implying that HUC- 
MSCs are not harmful, at least at the tested doses. NT- 
proBNP measurements simply indicated that the BM-MNC 
and HUC-MSC groups had no detrimental effect on ven-
tricular functions. Moreover, the NT-proBNP levels in 
both cell-treated groups indicated a noteworthy healing ef-
fect compared with the control group, especially during 
the first 6 months of follow-up.
  To date, HUC-MSCs have been administered only in 
seven published clinical trials for the treatment of acute 
or chronic cardiac ischemia or heart failure (10-13, 15, 16, 
25). Based on those seven trials, the cell dose administered 
varied between 3×106∼70×106, so the mean number was 
around 20×106 cells per patient. Cells were not adminis-
tered by the intramyocardial route in any of those trials 
(four intracoronary; two intravenous and one trans-coro-
nary). Obviously, injecting a high volume of cells to the 
peri-infarct myocardium (ischemic area was usually around 
1∼2 cm2) was not feasible. Unlike BM-MNCs, MSCs have 
substantially larger cell size; therefore, the number of cells 
in a diluting media higher than a certain amount may re-
sult in cell clogging during storage and injection. Thus, 
we set the final cell concentration to 2.1∼2.6×106 cells 
per 400 μl diluent to inject a total of 21∼26×106 cells 
divided into approximately ten peri-infarct sites in a total 
of 4 ml diluent. This trial provides no data related to the 
comparison of varying cell doses.
  Preclinical studies have demonstrated that HUC-MSCs 
are superior in expressing structural cardiomyocytic mole-
cules such as troponin-I, connexin-43; thus differentiating 
into cardiomyocyte and endothelial cells in vitro, (26) also 
exerting paracrine effects that enhance vascular regene-
ration, neovascularization and cardiomyocyte protection, 
and reducing myocardial fibrosis and apoptosis (27, 28). 
The incorporation of MSCs into tissues is regulated by 
multiple processes, including cell recruitment, migration, 
and adhesion (29). Bartolucci et al. (10) demonstrated that 
HUC-MSCs had a putative higher tissue-repair paracrine 
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potential compared with other adult tissue-derived MSCs 
and also possessed a greater migration capacity in re-
sponse to patient serum with heart failure, a finding 
which may indicate that HUC-MSCs sense biologic cues 
that are contributory to their therapeutic effect by sys-
temic and/or local deliveries. Nevertheless, route of deliv-
ery of MSCs does matters as intramyocardial injections 
rather than intracoronary infusions had a more profound 
effect on LVEF (30, 31). It was suggested that BM-MSCs 
injected directly into the cardiac muscle or in the periph-
ery of the infarct may be retained more efficiently than 
cells infused via the coronary arteries (31). Cells infused 
into the arteries find the target through their limited ca-
pacity to migrate towards the injured area, whereas by de-
livering cells directly into the cardiac muscle and/or in the 
vicinity of the scar area, the hurdle of recruiting cells to 
the injured tissue would partially be overcome. Nevertheless, 
a well-designed comparative study of intracoronary versus 
intramyocardial HUC-MSC administration is still neces-
sary as the catheter-based intracoronary intervention is ob-
viously less invasive technique than open-chest surgery- 
based intramyocardial delivery. 
  The HUC-MSC trials published so far are still at phase 
I or II, and safety was the primary endpoint in almost all 
studies. Although it is too soon to confirm the therapeutic 
efficacy of these early-phase small-scale clinical trials, con-
trolled studies including ours demonstrate the solid im-
provement of LVEF in HUC-MSC transplantations com-
pared with control groups. In addition to the improvement 
in global LV function, prevention of adverse cardiac re-
modeling in patients with acute myocardial ischemia who 
received intracoronary infusion of HUC-MSCs has also 
been reported (13). Significant improvements were also 
noted in exercise tolerance and clinical status after HUC- 
MSC treatment (11) as well as an increase in 6-min walking 
distances in the present study and by others (11) associated 
with decreases in serum NT-proBNP levels, a finding that 
was identified in BM-MNC- and more strikingly in the 
HUC-MSC-receiving patients. 
  In this phase I/II clinical trial, intramyocardial admin-
istration of HUC-MSCs in combination with CABG dis-
played higher scores in reducing the scar tissue and re-
storation of ventricular wall functions compared with au-
tologous BM-MNCs; thus, HUC-MSCs may have a ther-
apeutic potential for patients with CIC as directly admini-
stered cells seem to integrate to the recipient myocardium 
and exhibited the well-established paracrine functions 
(overall significant results are presented in a graphical ab-
stract). Further larger scale, phase III clinical trials are 
indispensable. Additionally, establishment of appropriate 

facilities to produce large-scale, off-the-shelf HUC-MSCs 
seems mandatory and feasible for further testing the ther-
apeutic use of these cells in cardiomyopathic disorders.

Limitations
  This study has the following limitations, mostly due to 
technical restrictions that occurred during patient enroll-
ment, interventions and/or follow-up: (i) Due to ethical 
concerns, control patients did not receive any placebo my-
ocardial injections. (ii) Due to feasibility reasons, cells had 
to be injected in two different vehicle volumes (10 ml vs. 
4 ml) for the two groups. (iii) Only male patients were 
enrolled in the study. Though, eliminating the confounder 
factor arising from the sex variation yielded more accurate 
results in this relatively small-scale trial. (iv) Due to budg-
et limitations as allocated for a given period, only a lim-
ited number of patients were enrolled using pre-specified 
strict inclusion/exclusion criteria. (v) Some enrolled pa-
tients either missed PET scanning due to blood sugar mal-
adaptation during imaging or failed to undergo MRI dur-
ing follow-up because of implantable cardioverter-defib-
rillator (ICD) implantation.
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