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Abstract
BACKGROUND 
Mesenchymal stem cells (MSCs) as living biopharmaceuticals with unique 
properties, i.e., stemness, viability, phenotypes, paracrine activity, etc., need to be 
administered such that they reach the target site, maintaining these properties 
unchanged and are retained at the injury site to participate in the repair process. 
Route of delivery (RoD) remains one of the critical determinants of safety and 
efficacy. This study elucidates the safety and effectiveness of different RoDs of 
MSC treatment in heart failure (HF) based on phase II randomized clinical trials 
(RCTs). We hypothesize that the RoD modulates the safety and efficacy of MSC-
based therapy and determines the outcome of the intervention.

AIM 
To investigate the effect of RoD of MSCs on safety and efficacy in HF patients.

METHODS 
RCTs were retrieved from six databases. Safety endpoints included mortality and 
serious adverse events (SAEs), while efficacy outcomes encompassed changes in 
left ventricular ejection fraction (LVEF), 6-minute walk distance (6MWD), and 
pro-B-type natriuretic peptide (pro-BNP). Subgroup analyses on RoD were 
performed for all study endpoints.

RESULTS 
Twelve RCTs were included. Overall, MSC therapy demonstrated a significant 
decrease in mortality [relative risk (RR): 0.55, 95% confidence interval (95%CI): 
0.33-0.92, P = 0.02] compared to control, while SAE outcomes showed no 
significant difference (RR: 0.84, 95%CI: 0.66-1.05, P = 0.11). RoD subgroup analysis 
revealed a significant difference in SAE among the transendocardial (TESI) 
injection subgroup (RR = 0.71, 95%CI: 0.54-0.95, P = 0.04). The pooled weighted 
mean difference (WMD) demonstrated an overall significant improvement of 
LVEF by 2.44% (WMD: 2.44%, 95%CI: 0.80-4.29, P value ≤ 0.001), with only 
intracoronary (IC) subgroup showing significant improvement (WMD: 7.26%, 

https://www.f6publishing.com
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95%CI: 5.61-8.92, P ≤ 0.001). Furthermore, the IC delivery route significantly improved 6MWD by 115 m (WMD = 
114.99 m, 95%CI: 91.48-138.50), respectively. In biochemical efficacy outcomes, only the IC subgroup showed a 
significant reduction in pro-BNP by -860.64 pg/mL (WMD: -860.64 pg/Ml, 95%CI: -944.02 to -777.26, P = 0.001).

CONCLUSION 
Our study concluded that all delivery methods of MSC-based therapy are safe. Despite the overall benefits in 
efficacy, the TESI and IC routes provided better outcomes than other methods. Larger-scale trials are warranted 
before implementing MSC-based therapy in routine clinical practice.

Key Words: Clinical trial; Heart failure; Mesenchymal stem cells; Living biodrug; Meta-analysis; Stem cells; Systematic review

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Route of delivery (RoD) remains a critical determinant of safety and efficacy in cardiac stem cell therapy, partic-
ularly in heart failure (HF) patients. HF occurs when the heart’s pumping ability is inadequate to meet the body’s metabolic 
needs. Mesenchymal stem cells (MSCs) are living biopharmaceuticals with unique properties that need to be administered 
such that they reach the target site and are retained there to participate in the repair process. This systematic review and 
meta-analysis of phase II randomized clinical trials determine the RoD effect on the safety and efficacy of MSCs during HF 
treatment.

Citation: Jihwaprani MC, Sula I, Charbat MA, Haider KH. Establishing delivery route-dependent safety and efficacy of living biodrug 
mesenchymal stem cells in heart failure patients. World J Cardiol 2024; 16(6): 339-354
URL: https://www.wjgnet.com/1949-8462/full/v16/i6/339.htm
DOI: https://dx.doi.org/10.4330/wjc.v16.i6.339

INTRODUCTION
According to the updates from the American Heart Association, the prevalence of heart failure (HF) is expected to 
increase by 46% from 2012 to 2030, affecting approximately eight million individuals aged 18 years and older, 
highlighting a substantial increase in healthcare financial burden globally[1]. The contemporary treatment modalities 
provide only symptomatic relief without addressing the underlying issues, primarily attributed to the loss of functioning 
cardiomyocytes (CMs) and accentuated by the limited intrinsic repair mechanism to replace the lost CMs. This remains a 
challenge for the contemporary treatment options to compensate for the massive loss of functioning CMs, which enter the 
heart into a vicious cycle of remodeling, the hallmark of both ischemic and non-ischemic HF[2]. Hence, there is an urgent 
need to develop novel therapeutic strategies to address this issue that can repopulate the ischemically damaged 
myocardium with morphofunctionally competent CMs[3,4].

Mesenchymal stem cells (MSCs) are emerging as a promising living bio-drug for treating HF patients[5,6]. Since the 
reporting of the first clinical study by Hamano et al[7] using autologous bone marrow-derived MSCs (BM-MSCs) as an 
adjunct to coronary artery bypass graft surgery in five patients, several clinical trials have established the safety of MSC-
based therapy in cardiac and non-cardiac diseases[8]. Current clinical trials to evaluate the efficacy of MSCs in HF 
patients have increased exponentially, among which are the Congestive Heart Failure Cardiopoietic Regenerative 
Therapy (CHART-1)[9], Double-Blind Randomized Assessment of Clinical Events With Allogeneic Mesenchymal 
Precursor Cells in Heart Failure[10], Cardiopoietic stem Cell therapy in heart failure (C-CURE) study[11], and Prospective 
Randomized Study of MSC Therapy in Patients Undergoing Cardiac Surgery[12] besides several randomized clinical 
trials (RCTs) advancing to phase III as well[13,14]. Despite these advancements and some encouraging data, there is little 
consensus on the best cell route of delivery (RoD) for the heart, which has been shown to significantly modulate the 
survival and efficacy of the delivered MSCs[15].

To date, numerous studies have investigated the efficacy of MSCs using various RoD, with the most commonly 
employed methods being transendocardial (TESI), transepicardial injection (TEPI) under direct vision, IC infusion, and 
intravenous (IV) infusion[16]. Each RoD has its own set of advantages and limitations, encompassing factors such as 
delivery method convenience, invasiveness level, capability for site-directed cell delivery, the need for adjunct 
procedures, i.e., left ventricular (LV) assist device (LVAD), coronary artery bypass grafting, eligibility for multiple or 
repeated dose administrations, and potential side-effect profiles.

This systematic review and meta-analysis primarily focus on evaluating phase II RCT data to investigate the effect of 
RoD of MSCs for safety and efficacy in HF patients. We hypothesize that the route of cell delivery modulates the safety 
and efficacy of MSC-based therapy and determines the outcome of the intervention. To the best of our knowledge, this is 
the first systematic review and meta-analysis to evaluate the effect of the route of administering MSCs on HF patients 
derived from early phase-II RCTs.

https://www.wjgnet.com/1949-8462/full/v16/i6/339.htm
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MATERIALS AND METHODS
Protocol and registration
This study used the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) protocol. Its design 
was comprehensively developed and prospectively registered in the PROSPERO International Prospective Register of 
Systematic Reviews, registration number CRD42023484749.

Literature search strategy
The identification of relevant studies was conducted from October 18 to November 19, 2023, using the following 
databases: PubMed/MEDLINE, Clinicaltrials.gov, ScienceDirect, Cochrane CENTRAL, EBSCOHost, and the European 
Union Drug Regulating Authorities Clinical Trials (EudraCT). The keyword ‘heart failure’ was adopted as a MeSH term. 
In contrast, the terms “Mesenchymal Stem Cells”, “Mesenchymal Precursor Cells”, “Mesenchymal Progenitor Cells”, and 
equivalent terms were used as a text field search. We incorporated all the predefined keywords with the Boolean 
operators “AND” and “OR”. Lastly, we thoroughly snowballed the references from retrieved articles for potentially 
relevant studies.

Eligibility criteria
Using our predefined eligibility criteria, the review included all studies which were: (1) Phase II RCT; (2) recruited adult 
patients aged over 18 years old with HF; (3) had a control arm; (4) intervention arm received MSC therapy; and (5) 
written in the English language. Any studies that did not fulfill the aforementioned inclusion criteria were therefore 
excluded. Following the literature compilation, two reviewers (MJ and IS) independently screened the retrieved studies 
for duplicates and compliance with eligibility criteria. Any discrepancies were solved by discussion between the 
reviewers and, when appropriate, the involvement of the remaining two authors (MC and KH).

Data extraction
After the initial abstract and title screening, the studies were further screened for full-text review and data extraction. The 
data extraction was accomplished using the predefined Excel sheet that incorporated several primary variables, including 
the trial registry, name of primary author, year of publication, design of the RCT, blinding status, country, sample size, 
mean age, type of MSC and its source, type of control arm, the RoD, MSC dose, New York Heart Association (NYHA) 
status at baseline, imaging modalities used for LV assessment, and time to follow up for primary outcomes and LV 
ejection fraction (LVEF) assessment. Furthermore, the five outcome variables were recorded, including the number of 
serious adverse events (SAE), number of death, LVEF (percentage), 6-minute walk distance (6MWD) (meters), and Pro-B-
type natriuretic peptide (pro-BNP) (in pg/mL). The outcome variables were recorded at baseline and upon follow-up 
when relevant.

Quality assessment
We assessed the included RCTs using the Jadad scale to evaluate the risk of bias. In summary, the Jadad scale assesses 
three items: randomization (up to two points), double-blinding (up to two points), and correct reporting of withdrawals 
and dropouts (up to one point)[17]. Upon completion of the evaluation process, the scores ranging from zero to five were 
added to determine the quality score for each trial. A study with 0-2 was considered low quality, while the one scoring ≥ 
3 was considered superior quality.

Outcome measures and statistical analysis
The endpoints of this study included safety and efficacy outcomes. Safety outcomes were defined as the number of deaths 
and SAEs on follow-up. Efficacy outcomes, on the other hand, encompassed functional, clinical, and biochemical 
outcomes, which were determined by changes in LVEF (percentage), 6MWD (meters), and pro-BNP (pg/mL) compared 
to their respective baseline values. Regenerative capacity, ideally evaluated by LV wall thickness, was not included in the 
efficacy outcome measure due to a lack of data almost uniformly across all the included trials. Safety outcomes were 
regarded as dichotomous variables and were reported in relative risk (RR). In contrast, the efficacy outcomes were 
regarded as continuous and reported in weighted mean difference (WMD). The random-effect model was used due to a 
variety of population origins. The RR was considered statistically significant if the 95% confidence interval (CI) did not 
contain the value of 1, i.e., the null hypothesis value. On the other hand, if the WMD’s 95%CI included the value of 0, the 
value was considered not statistically significant. Further, as our study focuses on the influence of different RoD on the 
outcomes, we run a subgroup analysis of the RoD in all outcome variables.

Heterogeneity analysis was evaluated with I2 statistics and τ2. The I2 values of < 25% represent a low heterogeneity, 
with 25%-75% as moderate probability, whereas > 75% is considered high probability. The funnel plot assessed 
publication bias visually, using Egger’s regression test for statistical assessments. Subgroup meta-analyses were 
implemented to identify the sources of heterogeneity. We also performed standard leave-one-out sensitivity analyses to 
safety and efficacy endpoints to identify studies that significantly influenced the pooled estimates. Results were 
considered to be statistically significant at P value ≤ 0.05. This statistical analysis used the IBM SPSS Statistics for Mac 
(Version 28.0. IBM Corp., Armonk, NY, United States) and Stata (Stata Statistical Software: Version 17, College Station, 
TX: Stata Corp LP).
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Figure 1 PRISMA flow chart. RCT: Randomized controlled trials.

RESULTS
A literature search from the databases
A total of 404 studies were identified from six databases, i.e., Clinicaltrials.gov (n = 10), CENTRAL (n = 120), ScienceDirect 
(n = 169), PubMed/MEDLINE (n = 46), EBSCOHost (n = 50), and EudraCT (n = 9). Initial screening identified duplicates (
n = 56), with further abstract/title screening excluded studies for animal studies (n = 91), book chapter (n = 5), corres-
pondence (n = 3), editorial (n = 9), in-vitro studies (n = 35), incomplete study status (n = 13), study protocol (n = 13), 
review article (n = 62), observational study (n = 7), irrelevant subject (n = 49), non-English articles (n = 9), abstract only (n 
= 9), and not available articles (n = 8). Upon full-text assessment of the remaining 35 studies, 24 studies were excluded 
from the review for non-RCT study (n = 3), non-phase II RCT (n = 12), posthoc analysis (n = 1), no available control arm (n 
= 4), and irrelevant subject (n = 4). In addition, handpicking from the references of retrieved papers yielded one study, 
leaving us with twelve studies for inclusion in systematic review and meta-analysis, as depicted in the PRISMA flow 
diagram of the study (Figure 1).

Description of studies included in the meta-analysis
Table 1 shows the baseline characteristics of the 12 RCTs included in our study that were published between 2014 and 
2023. Male participants represented most of the sample, with the mean age ranging from 40 to 70. Nine of the 12 RCTs 
were double-blinded. Nine studies used BM-MSC as an intervention, seven of which were allogeneic MSCs retrieved 
from healthy donors. On the other hand, only two and one RCTs used adipose-derived MSC (A-MSC) and umbilical 
cord-derived MSC, all of which were allogeneic. Ten RCTs used placebo-treated patients (e.g., isotonic saline) for 
comparison. In contrast, Florea et al[18] had BM-MSC at a lower dose, i.e., 20 million, as a control arm (compared to 100 
million in the treatment arm). In contrast, Zhao et al[19] only used standard care as the control arm, i.e., drug only, instead 
of injecting a placebo-containing solution.
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Table 1 Baseline characteristics of the included trials

Sex (n) NYHA
Ref. Trial registry Study design, 

phase, blinding
Sample size 
(n)

Size at each arm 
(n) M F

Age (yr) Intervention Source Cell type RoD Dose 
(million) I II III IV

Exp 20 17 3 55.10 ± 
15.40

BM-MSC NA Allo TEPI 25 0 0 3 17Ascheim et al
[21], 2014

NCT01442129 RCT, II, double-
blind

30

Ctrl 10 8 12 62.20 ± 
7.80

Placebo 0 1 2 7

Exp 45 44 1 62.20 ± 
10.30

BM-MSC Iliac crest Allo TESI 25, 75, 150 0 31 6 0Perin et al[27], 
2015

NCT00721045 RCT, II, double-
blind

60

Ctrl 15 11 4 62.70 ± 
11.20

Placebo 0 14 9 0

Exp 40 36 6 66.10 ± 
7.70

BM-MSC NA Auto TESI NA 0 11 29 0Mathiasen et al
[25], 2015

NCT00644410 RCT, II, double-
blind

60

Ctrl 20 14 6 64.20 ± 
10.60

Placebo 0 5 15 0

Exp 30 24 6 52.90 ± 
16.32

UC-MSC Fetal UC Allo IC NA NA NA NA NAZhao et al[19], 
2015

NA RCT, NA, NA 59

Ctrl 29 19 10 53.21 ± 
11.46

Standard care NA NA NA NA

Exp 58 55 3 65.30 ± 
8.49

BM-MSC Iliac crest Auto TESI NA 0 2 52 4Patel et al[23], 
2016

NCT01670981 RCT, II, double-
blind

109

Ctrl 51 45 6 64.70 ± 
9.94

Placebo 0 2 47 2

Exp 10 BM-MSC NA Allo IV 1.5/kgButler et al[22], 
2017

NCT02467387 RCT, II, single-
blind

22

Ctrl 12

13 9 47.30 ± 
12.80

Placebo

0 21 1 0

Exp 17 12 5 51.60 ± 
12.20

BM-MSC Iliac spine Auto IC NA NA NA NA NAXiao et al[29], 
2017

NA RCT, NA, double-
blind

37

Ctrl 20 14 6 15.40 ± 
11.60

Placebo NA NA NA NA

Exp 15 15 0 65.60 ± 
9.40

BM-MSC NA Allo TESI 100 6 7 1 1Florea et al[18], 
2017

NCT02013674 RCT, II, double-
blind

30

Ctrl 15 12 3 66.80 ± 
12.20

BM-MSC NA Allo TESI 20 4 8 3 0

Exp 106 94 12 55.50 ± 
12.30

BM-MSC NA Allo TEPI 150 0 0 31 75Yau et al[20], 
2019

NCT02362646 RCT, II, NA 159
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Ctrl 53 47 6 56.90 ± 
11.70

Placebo 0 0 12 41

Exp 62 58 4 61.35 ± 
8.90

BM-MSC ± CPC NA Allo TESI 150 2 46 14 0Bolli et al[26], 
2021

NCT02501811 RCT, II, double-
blind

94

Ctrl 32 31 1 63.10 ± 
8.80

Placebo 1 28 3 0

Exp 54 44 10 67.00 ± 
9.00

A-MSC Abd SC Allo TESI 100 NA NA NA NAQayyum et al
[28], 2023

NCT03092284 RCT, II, double-
blind

81

Ctrl 27 24 3 66.60 ± 
8.10

Placebo NA NA NA NA

Exp 90 84 6 66.40 ± 
8.10

A-MSC Abd SC Allo TESI 100 0 62 28 0Qayyum et al
[28], 2023

NCT02673164 RCT, II, double-
blind

133

Ctrl 43 38 5 64.00 ± 
8.80

Placebo 0 30 13 0

A-MSC: Adipose cell-derived mesenchymal stem cells; Abd SC: Abdominal subcutaneous fat; Allo: Allogenic; Auto: Autologous; BM-MSC: Bone marrow-derived mesenchymal stem cells; CPC: c-kit positive cardiac cells; Ctrl: Control 
arm; Exp: Exposure arm; IM: Intramyocardial injection; IV: Intravenous infusion; NA: Not applicable; NYHA: New York Heart Association; RCT: Randomized controlled trials; TESI: Transendocardial stem cell injection; UC-MSC: 
Umbilical cord-derived mesenchymal stem cells.

Regarding RoD, seven studies employed the TESI RoD, whereas both TEPI and IC routes accounted for two studies 
each. Only one study used IV RoD for MSC delivery. Out of the total sample of 874 participants, the TESI route 
contributed to the largest sample size (total n = 567, intervention arm n = 364, control arm n = 203), followed by TEPI 
(total n = 189, intervention arm n = 126, control arm n = 63), IC (total n = 96, intervention arm n = 47, control arm n = 49), 
and IV infusion (total n = 22, intervention arm n = 10, control arm n = 12). Two studies, i.e., Yau et al[20] and Ascheim et al
[21], included populations necessitating the placement of LVAD with the TEPI-administered MSCs or placebo during the 
placement of LVAD. There was a large variability in the injected dose of the MSCs, ranging from 25-150 million cells. The 
follow-up for primary outcomes and LVEF assessment was conducted beyond six months for all studies except Butler et 
al[22], which assessed the LVEF three months after the procedure. The measurements of LVEF, 6MWD, and pro-BNP on 
the baseline and during the follow-up have been summarized in Table 2.

Quality of studies
Table 3 summarizes the quality results of the twelve studies included in the meta-analysis. Using the Jadad scale risk of 
bias score ranging from 1-5 points, nine studies were of “high” quality (three studies scoring five points[23-25], two 
studies scoring four points[18,26], and four studies scoring three points each[20,21,27,28]. Three studies were considered 
“low” quality (one scoring two points[22], and two studies scoring one point each[19,29].

Publication bias assessment
The funnel plot (Supplementary Figure 1) depicts the visual assessment of publication bias, showing an apparent 
symmetric distribution across all study endpoints. Correspondingly, Egger’s test for small-study effects demonstrated no 
publication bias for death (P = 0.64), SAE (P = 0.99), LVEF (P = 0.33), 6MWD (P = 0.73), and pro-BNP (P = 0.31). Leave-

https://f6publishing.blob.core.windows.net/8c05f449-9a7c-465b-accb-6612303b793e/93255-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/8c05f449-9a7c-465b-accb-6612303b793e/93255-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/8c05f449-9a7c-465b-accb-6612303b793e/93255-supplementary-material.pdf


Jihwaprani MC et al. HF patients and MSCs’ delivery route

WJC https://www.wjgnet.com 345 June 26, 2024 Volume 16 Issue 6

Table 2 Outcome and follow-up characteristics of included trials

FU Imaging LVEF (%) 6MWD (meter) Pro-BNP (pg/mL)
Ref. Trial registry Arm For 1° 

outcome For LVEF Echo CCT CMR SPECT
SAE/death

Baseline FU Baseline FU Baseline FU

Exp 19/0 17.50 ± 3.90 24.00 ± 
3.90

NA 883.00 ± 
233.00

NA NAAscheim et al[21], 
2014

NCT01442129

Ctrl

12 12 Yes No No No

9/3 19.30 ± 5.10 22.50 ± 
5.10

NA 1080.00 ± 
359.50

NA NA

Exp 10/2 31.30 ± 8.58 32.40 ± 
8.70

401.60 ± 96.40 427.30 ± 
115.10

436.80 ± 563.40 347.30 ± 
335.69

Perin et al[27], 
2015

NCT00721045

Ctrl

36 12 Yes No No Yes

5/3 34.60 ± 6.43 33.10 ± 
9.30

319.30 ± 
121.40

346.60 ± 
121.80

217.70 ± 149.60 319.80 ± 
193.02

Exp 13/1 28.20 ± 9.30 33.20 ± 
3.80

401.00 ± 70.00 421.40 ± 76.60 582.69 ± 970.01 NAMathiasen et al
[25], 2015

NCT00644410

Ctrl

6 6 Yes Yes Yes No

16/1 25.10 ± 8.50 23.80 ± 
3.70

385.00 ± 81.00 414.72 ± 79.60 564.08 ± 981.86 NA

Exp 1/2 30.00 ± 4.50 49.00 ± 
5.10

312.17 ± 89.19 466.36 ± 82.90 4376.27 ± 
510.71

1648.96 ± 
304.54

Zhao et al[19], 
2015

NA

Ctrl

6 6 No No No No

0/7 28.00 ± 4.90 39.00 ± 
3.50

295.07 ± 46.87 334.27 ± 43.80 4701.76 ± 
513.53

2835.09 ± 
412.03

Exp 31/2 26.50 ± 5.10 28.10 ± 
6.13

313.00 ± 
100.00

370.62 ± 
114.30

1755.00 ± 
1842.00

NAPatel et al[23], 
2016

NCT01670981

Ctrl

12 12 Yes No No No

41/7 24.40 ± 6.00 25.30 ± 
6.10

302.00 ± 
105.00

353.43 ± 
128.30

2132.00 ± 
2021.00

NA

Exp 0/0 34.30 ± 7.91 34.10 ± 
9.70

NA NA 806.27 ± 
1387.85

768.25 ± 
2945.53

Butler et al[22], 
2017

NCT02467387

Ctrl

6 3 No No Yes No

0/0 34.50 ± 7.49 36.70 ± 
5.40

NA NA NA NA

Exp 5/0 34.10 ± 3.600 41.00 ± 
6.70

309.00 ± 84.70 NA 539.20 ± 213.60 NAXiao et al[29], 2017 NA

Ctrl

12 12 Yes No No Yes

7/2 33.70 ± 4.00 34.30 ± 
5.30

323.30 ± 89.40 NA 575.30 ± 207.60 NA

Exp 2/1 30.10 ± 8.80 33.10 ± 
7.30

434.90 ± 
120.00

463.00 ± 
143.10

377.70 ± NA NAFlorea et al[18], 
2017

NCT02013674

Ctrl

12 12 Yes Yes No No

3/0 37.60 ± 13.30 37.30 ± 
13.00

398.70 ± 
111.60

409.70 ± 
130.20

532.30 ± NA NA



Jihwaprani MC et al. HF patients and MSCs’ delivery route

WJC https://www.wjgnet.com 346 June 26, 2024 Volume 16 Issue 6

Exp 88/15 17.30 ± 5.80 19.00 ± 
9.40

NA NA NA NAYau et al[20], 2019 NCT02362646

Ctrl

12 6 Yes No No No

41/8 16.20 ± 6.00 17.60 ± 
6.20

NA NA NA NA

Exp 19/5 29.23 ± 6.30 30.50 ± 
6.90

367.72 ± 83.85 398.72 ± 93.10 1026.07 ± 
2702.11

640.37 ± 
1512.69

Bolli et al[26], 2021 NCT02501811

Ctrl

12 12 No No Yes No

13/4 29.66 ± 6.18 29.40 ± 
5.90

367.60 ± 85.60 384.88 ± 
101.70

856.72 ± 
1364.72

1072.32 ± 
2161.64

Exp 21/3 34.20 ± 7.90 34.80 ± 
5.80

388.00 ± 92.00 400.00 ± 86.10 1382.71 ± 
1538.32

1850.22 ± 
951.24

Qayyum et al[28], 
2023

NCT03092284

Ctrl

12 6 Yes No No No

11/0 33.76 ± 2.70 33.80 ± 
6.90

416.00 ± 
121.00

447.87 ± 
120.20

1283.77 ± 
1206.81

1589.83 ± 
543.70

Exp 26/3 31.60 ± 7.20 32.80 ± 
7.50

419.00 ± 12.00 432.00 ± 13.00 1495.00 ± 
2242.00

1607.00 ± 
274.00

Qayyum et al[28], 
2023

NCT02673164

Ctrl

12 6 Yes No No No

10/2 32.00 ± 8.90 34.70 ± 
9.70

423.00 ± 18.00 451.00 ± 19 1828.00 ± 
2376.00

1652.00 ± 
595.00

6MWD: 6-minute walk distance; CCT: Cardiac computed tomography; CMR: Cardiac magnetic resonance imaging; Ctrl: Control arm; Echo: Echocardiography; Exp: Exposure arm; FU: Follow-up; LVEF: Left ventricular ejection fraction; 
Pro-BNP: Pro-B-type natriuretic peptide; SAE: Serious adverse events; SPECT: Single-photon emission computed tomography.

one-out sensitivity analyses were performed for all endpoints, as shown in Supplementary Figure 2.

Safety outcome analysis
Death: Mortality was measured in all twelve RCTs included in the meta-analysis. As illustrated in Figure 2, a significant 
reduction in mortality rate was evident, and the result indicated a 45% reduction in mortality among patients treated with 
MSCs (RR: 0.55, 95%CI: 0.33-0.92, P = 0.02). However, subgroup analyses showed no significant mortality reduction 
across all the delivery routes. Leave-one-out sensitivity analysis showed a non-significant decrease in the risk of death 
when a study by either Perin et al[27], Zhao et al[19], or Patel et al[23] was omitted (Supplementary Figure 2). In addition, 
among the TESI subgroup, the risk of death was significantly reduced when a study by Florea et al[18] and Qayyum et al
[28] was omitted (Supplementary Figure 3). The studies largely showed a low overall heterogeneity (I2 = 5.68%); within-
subgroup heterogeneity between subgroups was low (I2 = 0.00%) apart from the TEPI route (I2 = 63.85%). The hetero-
geneity of the IV subgroup could not be analyzed across all study endpoints due to the availability of only one study in 
the subgroup.

SAEs: SAE analysis revealed no overall significant morbidity benefits (RR: 0.84, 95%CI: 0.66-1.05, P = 0.11) (Figure 3) with 
moderate heterogeneity (I2 = 59.08%). Subgroup analysis revealed a significant change in the incidence of SAEs among the 
TESI subgroup, favoring the intervention arm (RR: 0.71, 95%CI: 0.54-0.95, P = 0.04). Other delivery routes demonstrated 
no difference in the risk for SAEs. Within-subgroup heterogeneity was moderate in the TESI subgroup (I2 = 42.40%) and 
low in both TEPI and IC subgroups (I2 = 0.00% in both subgroups).

https://f6publishing.blob.core.windows.net/8c05f449-9a7c-465b-accb-6612303b793e/93255-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/8c05f449-9a7c-465b-accb-6612303b793e/93255-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/8c05f449-9a7c-465b-accb-6612303b793e/93255-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/8c05f449-9a7c-465b-accb-6612303b793e/93255-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/8c05f449-9a7c-465b-accb-6612303b793e/93255-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/8c05f449-9a7c-465b-accb-6612303b793e/93255-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/8c05f449-9a7c-465b-accb-6612303b793e/93255-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/8c05f449-9a7c-465b-accb-6612303b793e/93255-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/8c05f449-9a7c-465b-accb-6612303b793e/93255-supplementary-material.pdf
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Table 3 Jadad scale quality assessment of the included trials (R, randomization; B, blinding; D, dropout)

Jadad scale
Ref. Trial registry

R (0-2) B (0-2) D (0-1) Total
Quality

Ascheim et al[21], 2014 NCT01442129 1 1 1 3 High

Perin et al[27], 2015 NCT00721045 2 0 1 3 High

Mathiasen et al[25], 2015 NCT00644410 2 2 1 5 High

Zhao et al[19], 2015 NA 1 0 0 1 Low

Patel et al[23], 2016 NCT01670981 2 2 1 5 High

Butler et al[22], 2017 NCT02467387 1 0 1 2 Low

Xiao et al[29], 2017 NA 1 0 0 1 Low

Florea et al[18], 2017 NCT02013674 2 1 1 4 High

Yau et al[20], 2019 NCT02362646 2 0 1 3 High

Bolli et al[26], 2021 NCT02501811 1 2 1 4 High

Qayyum et al[28], 2023 NCT03092284 1 1 1 3 High

Qayyum et al[28], 2023 NCT02673164 2 2 1 5 High

Efficacy outcome analysis
Functional outcomes (LVEF): All twelve RCTs have reported changes in LVEF compared to baseline. The imaging 
modalities used to measure the LV systolic performance included echocardiography (n = 9), cardiac computed 
tomography scan (n = 2), cardiac magnetic resonance (n = 3), and single-photon emission computed tomography (SPECT) 
(n = 2), as shown in Table 2. Four studies evaluated the LV functional outcome with multiple imaging modalities[20,27,29,
30]. As illustrated in Figure 4, there was a significant increase in LVEF compared to baseline (WMD: 2.44%, 95%CI: 0.80-
4.29, P ≤ 0.001) with significant overall heterogeneity (I2 = 96.62%). Further subgroup analysis revealed a significant 
increase only in the IC subgroup (WMD: 7.26%, 95%CI: 5.61-8.92, P ≤ 0.001). There was no significant improvement in 
different RoD subgroups, including TESI (WMD: 1.50%, 95%CI: -0.68-3.68), TEPI (WMD: 1.57%, 95%CI: -1.33-4.48), and IV 
routes (WMD: -2.40%, 95%CI: -11.49-6.69). There was a high within-subgroup heterogeneity in both TESI (I2 = 93.89%) 
and TEPI subgroups (I2 = 83.21%) and moderate heterogeneity in the IC subgroup (I2 = 41.88%).

Clinical outcomes (6-minute walk distance): Only nine of the twelve studies assessed 6MWD as a clinical outcome 
parameter (Figure 5). Although Butler et al[22] did not report on baseline and follow-up 6MWD, they incorporated the 
changes in 6MWD in their study endpoints. Overall, there was no significant change in 6MWD (WMD: 19.71 m, 95%CI: -
8.41-47.83, P = 0.17) with high heterogeneity across the studies (I2 = 96.30%). Among the subgroups, IC demonstrated a 
significant rise in 6MWD of 114.99 m (95%CI: 91.48-138.50, P ≤ 0.001). There was no significant increase among the IV 
(WMD: 38.23 m, 95%CI: -0.83-77.29, P = 0.05) and TESI subgroups (WMD: 0.56 m, 95%CI: -11.68-12.80, P ≥ 0.05). There 
were no studies within TEPI RoD reporting the 6MWD outcome. Within-subgroup heterogeneity revealed moderate 
heterogeneity among the TEPI subgroup (I2 = 74.24%), whereas both IC and IV subgroups were not assessed for hetero-
geneity because of single-study subgroups.

Biochemical outcome (pro-BNP Test): Only six studies assessed the biochemical outcome, i.e., pro-BNP, as displayed in 
Figure 6. There was no significant overall change in the pro-BNP level (WMD: -160.35 pg/mL, 95%CI: -689.98-369.29, P = 
0.54) with high heterogeneity across the studies (I2 = 98.91%). Among subgroups, the IC delivery route significantly 
reduced the pro-BNP level (WMD = -860.64 pg/mL, 95%CI: -944.02 to -777.26, P value = 0.001). TESI significantly reduced 
the pro-BNP level among the subgroups (WMD: -860.64 pg/mL, 95%CI: -944.02 to -777.26, P value ≥ 0.05). Significant 
heterogeneity was found among the TESI subgroup (I2 = 98.91%).

DISCUSSION
The emergence of MSCs as living bio-drugs has given rise to unique challenges regarding RoD, as it remains a crucial 
determinant of their safety and efficacy in clinical settings. MSCs are distinct from routine pharmaceuticals in molecular 
weight, size, shape, and above all, being with a living status; they need to be administered such that they reach the target 
site, i.e., damaged myocardium, in large enough numbers with high viability, maintain their stemness and original 
phenotype and are retained at the injury site for long enough time to participate in the repair process with minimal off-
target accumulation. Some commonly used RoD in the reported clinical studies encompass IM, IC, retrograde 
intracoronary (IC) sinus, IV, TESI, and scaffold-based delivery methods, each with advantages and limitations[16]. Our 
study provides a systematic review and meta-analysis of twelve published phase II RCTs to determine if different RoD 
affect the safety and efficacy of MSCs during HF treatment. The essential findings of the study are: (1) MSC-based 
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Figure 2 Relative risk of death between groups. IC: Intracoronary; IV: Intravenous injection; TEPI: Transepicardial injection; TESI: Transendocardial 
injection; 95%CI: 95% confidence interval.

treatment resulted in a significant reduction in all-cause mortality compared to the control; (2) there was no significant 
change in the incidence of SAEs depending upon the RoD; and (3) both TESI and IC injection yielded superior efficacy 
outcomes compared to other routes. We will discuss the effect of each RoD on MSC delivery in the following sections.

Though invasive, TEPI under direct vision as an adjunct to LVAD allows site-directed delivery of cells with a better 
retention rate. In our meta-analysis, however, two out of twelve studies used TEPI RoD without significantly reducing 
all-cause mortality and morbidity. Also, there was no significant improvement in LVEF, 6MWD, and pro-BNP levels 
compared to the baseline. These data contradict a meta-analysis by Soetisna et al[31], which reported an increase in the 
6MWD in patients with ischemic heart disease treated. Nevertheless, apart from suggested efficacy limitations in our 
findings, one of the significant drawbacks to implementing the TEPI RoD is its invasive nature, which may also lead to 
perforation and arrhythmia. Therefore, this approach only offers superior advantages to other RoDs.

TESI RoD was our meta-analysis’s second most utilized RoD in seven of the twelve studies. TESI is one of the 
minimally invasive RoDs for site-directed implantation of cells using electromagnetic mapping. Our meta-analysis did 
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Figure 3 Relative risk of serious adverse events between groups. IC: Intracoronary; IV: Intravenous injection; TEPI: Transepicardial injection; TESI: 
Transendocardial injection; 95%CI: 95% confidence interval.

not reveal a significant reduction in mortality but a significant overall morbidity reduction. The finding contradicted 
Gyöngyösi et al[30], who reported a significant reduction of all-cause mortality in their pooled analysis of eighteen 
studies. However, it was noteworthy that the heterogeneity of the TESI RoD subgroup was substantial across all study 
endpoints. As such, our study found a significant reduction in mortality when excluding a Danish phase II trial by 
Qayyum et al[28] among the TESI arm subgroup. In this study, the MSC-treated arm had 3 cases of death, whereas the 
control arm demonstrated no mortality. Nevertheless, the leave-one-out sensitivity analysis failed to demonstrate the 
efficacy benefits of the TESI route, including LVEF, pro-BNP, and 6MWD. Despite the early trials demonstrating a 
promising efficacy performance of the TESI route, the recent SCIENCE and Danish trials (2023) did not demonstrate 
improvement in any of the efficacy parameters[24,28]. As such, our findings contradicted an earlier meta-analysis by Fan 
et al[32], which found an improvement in LVEF among HF patients treated with MSC therapy using the TESI delivery 
route.
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Figure 4 Changes in left ventricular ejection fraction compared to baseline between groups. IC: Intracoronary; IV: Intravenous injection; TEPI: 
Transepicardial injection; TESI: Transendocardial injection; WMD: Weighted-mean difference; 95%CI: 95% confidence interval.

IC RoD is technically less invasive, safe, catheter-based, and easy to manipulate in cell delivery. Still, it may not be 
feasible for large-size cells like MSCs and high doses of cells, especially high-consistency cell preparations. IC route 
demonstrated insignificant pooled safety benefits, including all-cause mortality and SAEs. However, the IC route outper-
formed other RoD in all efficacy endpoints, including overall superiority in improving clinical, functional, and 
biochemical parameters. Our data supported the use of IC routes, consistent with data reported by Fan et al[32] that 
demonstrated the superiority of MSC-based therapy via IC RoD in improving exercise capacity in HF patients. 
Nevertheless, despite the seemingly encouraging findings, the pooled data in this study was considerably low (n = 96) 
compared to other RoDs, such as TESI and TEPI injections (n = 567 and n = 189, respectively). The low number of 
analyzed samples was also compounded by the low quality of RCTs (Jadad score of 1/5 in both studies).

The assessment of the IV RoD was limited due to the inclusion of only one RCT. This study had a relatively small 
sample size and scored low on the Jadad scale. The IV route showed no significant reduction in both mortality and 
morbidity. Unfortunately, the functional and biochemical outcomes were not reported, and the clinical outcomes of 
6MWD were also insignificant. At the same time, other systematic reviews have noted an increase in clinical outcomes
[32]. Studies did not find significant improvements in LVEF or mortality rate for cardiac patients[32,33]. The limited 
effectiveness of the IV route may be attributed to the low number of cells reaching the target site and the low cell 
retention rate associated with systemic delivery approaches[34]. Despite the simplicity and non-invasiveness of the IV 
route, the current evidence needs to be more comprehensive to support its use in HF patients.

Our meta-analysis implemented strenuous efforts in study design and data analysis to evaluate the optimal RoD for 
MSC-based therapy. We have also included MSCs from different tissue sources, in addition to biochemical parameters, 
i.e., pro-BNP, in efficacy outcome analysis. Most RCTs included scored high in the Jadad score (nine of the twelve 
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Figure 5 Changes in 6-minute walking distance compared to baseline between groups. IC: Intracoronary; IV: Intravenous injection; TEPI: 
Transepicardial injection; TESI: Transendocardial injection; WMD: Weighted-mean difference; 95%CI: 95% confidence interval.

studies), which reduced the risk of bias in each study and enhanced the quality of pooled evidence.
Despite our best endeavors, this study has limitations. Firstly, the analysis encompassed a small pool of RCTs, thus 

having a limited sample size. Also, specific relevant secondary outcomes were not analyzed, such as health-related 
quality of life, hospital readmission, performance status (NYHA classification), and various cardiac function indices (e.g., 
wall motion score, LV end-systolic and diastolic volume, etc.) primarily due to lack of data availability. Notwithstanding 
these constraints, we thoroughly compared MSC-based therapy RoD for HF using the accessible evidence. From a 
practical standpoint, using IC routes can be an attractive choice, given the efficacy, superiority, and feasibility of a 
minimally invasive approach compared to TEPI[35]. Animal studies have also demonstrated an excellent cardiac 
retention rate using IC compared to TESI and IV RoD[36]. However, there is a potential risk of emboli, microinfarction, 
and inaccessibility due to the diseased coronary arteries[37,38]. Hence, the findings in this study need cautious 
interpretation, and we suggest analyzing phase II/III and III RCTs in the future to provide more substantial evidence to 
support their clinical application.

CONCLUSION
In conclusion, this study establishes the safety of IM, IC, IV, and TESI for MSC-based therapy based on pooled available 
data in phase II RCTs. In addition, IC and TESI routes provided superior outcomes compared to other routes in 
improving clinical, functional, and biochemical outcomes. These data in the early phase RCTs provide evidence that 
warrants investigations in phase II/III and phase III clinical trials before their implementation in clinical practice.
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Figure 6 Forest plot of changes in the pro-B-type natriuretic peptide (pg/mL) compared to baseline between groups. IC: Intracoronary; IV: 
Intravenous injection; TEPI: Transepicardial injection; TESI: Transendocardial injection; WMD: Weighted-mean difference; 95%CI: 95% confidence interval.
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