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Background aims: The authors aim to analyze the evidence in the literature regarding the efficacy and safety
of mesenchymal stem cell (MSC) therapy in human subjects with traumatic spinal cord injury (SCI) and iden-
tify its potential role in the management of SCI.
Methods: The authors conducted independent and duplicate searches of electronic databases, including
PubMed, Embase and the Cochrane Library, until May 2020 for studies analyzing the efficacy and safety of
stem cell therapy for SCI. American Spine Injury Association (ASIA) impairment scale (AIS) grade improve-
ment, ASIA sensorimotor score, activities of daily living score, residual urine volume, bladder function
improvement, somatosensory evoked potential (SSEP) improvement and adverse reactions were the out-
comes analyzed. Analysis was performed in R platform using OpenMeta[Analyst] software.
Results: Nineteen studies involving 670 patients were included for analysis. On analysis, the intervention group
showed statistically significant improvement in AIS grade (P< 0.001), ASIA sensory score (P< 0.017), light touch
(P < 0.001), pinprick (P = 0.046), bladder function (P = 0.012), residual urine volume (P = 0.023) and SSEP
(P = 0.002). However, no significant difference was noted in motor score (P = 0.193) or activities of daily living
score (P = 0.161). Although the intervention group had a significant increase in complications (P< 0.001), no seri-
ous or permanent adverse events were reported. On subgroup analysis, low concentration of MSCs (<5 £ 107

cells) and initial AIS grade A presentation showed significantly better outcomes than their counterparts.
Conclusions: The authors’ analysis establishes the efficacy and safety of MSC transplantation in terms of
improvement in AIS grade, ASIA sensory score, bladder function and electrophysiological parameters like
SSEP compared with controls, without major adverse events. However, further research is needed to stan-
dardize dose, timing, route and source of MSCs used for transplantation.

© 2020 International Society for Cell & Gene Therapy. Published by Elsevier Inc. All rights reserved.
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Introduction

Spinal cord injury (SCI) is a debilitating disease with a high rate of
disability involving paralysis, sensorimotor dysfunction, urinary
incontinence and gastrointestinal dysfunction [1,2]. Subsequently,
SCI patients and their families suffer a low quality of life, with the
burden of long-term medical care and disability [3,4]. As a result of
SCI, neuronal cells die in the span of the first 12 h to a few weeks,
which leads to further substantial neuronal and glial cell loss, demye-
lination, cavitation and glial scarring, and this in turn results in loss
of sensory perception, distal motor paralysis and severe functional
limitations [5,6].
Recovery is often difficult because of the limited capability of the
central nervous system to regenerate lost cells, restore disrupted
myelin and reestablish functional neural connections [7], but recent
developments and impulses in molecular and regenerative medicine
have paved the way for the induction of biologically active cells such
as stem cells, bioactive materials and growth factors toward the heal-
ing and tissue regenerative process. In this connotation, mesenchy-
mal stem cells (MSCs) serve as the perfect cell-based tissue
regenerative modality for treating disorders in a minimally invasive
environment without any significant morbidity, which further indu-
ces cellular proliferation, differentiation, characterization, regenera-
tion and rejuvenation of degenerated tissue to attain native
homeostasis [8,9]. The efficacy of such cell therapies in animal models
has been widely recognized [10].

Several pre-clinical studies and clinical trials have revealed that
neuronal progenitor and stem cells can be used to repair SCI because
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of their self-renewal property and capacity for neuronal differentia-
tion into functional neural cells to form new synapses, release various
neurotrophic factors and provide an appropriately conducive micro-
environment to promote neuronal repair [11�13]. Although the reli-
ability of such treatment methodologies for SCI has been tested in
human subjects in a few clinical trials, they provide us with conflict-
ing results and thereby cloud the only ray of hope for SCI patients
[14,15]. Hence, with this meta-analysis, the authors aim to analyze
the evidence in the literature on the efficacy and safety of MSC ther-
apy in human subjects with traumatic SCI and identify its potential
role in the management of SCI.

Methods

This meta-analysis was conducted following the guidelines of the
Cochrane Collaboration Back Review Group [16] and reported based
on the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses statement [17].

Search strategy

Two reviewers performed an independent electronic literature
search for studies evaluating the safety and efficacy of stem cell therapy
for SCI. The authors searched the PubMed, Embase and Cochrane Library
databases up toMay 2020. No language or date restrictions were applied.
Key words used for the search were as follows: “Spinal Cord Injury,”
“Stem Cells,” “Stem Cell Therapy” and “Mesenchymal Stem Cells.”

The reference lists of the selected articles were also searched to
identify studies not identified in the primary search. As per the inclu-
sion and exclusion criteria, eligible studies were included for meta-
analysis. Any discrepancy between the authors was resolved through
discussion until a consensus was obtained. A detailed study selection
flow diagram is given in Figure 1.

Inclusion criteria

Studies were included for quantitative review if they met the fol-
lowing population, intervention, comparator, outcome and study
design criteria:

(i) Population: patients with traumatic SCI.
(ii) Intervention: stem cell therapy.
(iii) Comparator: usual care.
(iv) Outcome: American Spine Injury Association (ASIA) impairment

scale (AIS) scores, including motor score, pinprick score, light
touch score and improvement in ASIA grades; urodynamic
parameters like residual urine volume; functional outcomes for
activities of daily living (ADLs), such as the Barthel Index; radio-
logical outcomes with magnetic resonance imaging changes;
electrophysiological parameters, such as motor evoked potential,
somatosensory evoked potential (SSEP) and adverse events.

(v) Study design: any study design satisfying the above criteria.
Exclusion criteria
Trials were excluded if they had the following characteristics: (i)

animal studies involving stem cell therapy for SCI models and (ii)
review articles and in vitro studies involving stem cell therapy.

Data extraction

Two reviewers retrieved independently relevant data from
articles included for analysis. The following data were extracted:

(i) Study characteristics: year of publication, authors, country, num-
ber of patients enrolled.
(ii) Baseline characteristics: mean age, sex proportions, level of SCI,
time from injury to therapy, source of MSCs, cell count used, pas-
sage number, volume of preparation injected, dosage frequency,
location and method of transplantation, follow-up duration and
assessment parameters utilized.

(iii) Efficacy outcomes: neurological assessment with AIS grade
improvement; ASIA sensory scores, including pinprick score and
light touch score, and ASIA motor score; urodynamic parameters
like residual urine volume; functional outcome measures of
ADLs, such as the Barthel Index; radiological outcomes with mag-
netic resonance imaging changes; electrophysiological improve-
ment with motor evoked potential and SSEP.

(iv) Safety outcomes: adverse events in the included studies. For miss-
ing data, the authors tried to contact the original author first. If
that failed, the authors calculated the missed values from other
available data using formulas in the Cochrane Handbook for Sys-
tematic Reviews of Interventions. Any disagreement in data col-
lection was resolved until a consensus was attained by discussion.
Risk of bias and quality assessment

The methodological quality of the included studies was assessed
independently by two reviewers using the Cochrane Collaboration’s
ROBINS-I tool for non-randomized studies, which has seven domains
of bias assessment [18].

Statistical analysis

Meta-analysis was conducted in the R platform with OpenMeta
[Analyst] [19]. For dichotomous variable outcomes, risk ratio (RR)
with 95% confidence interval (CI) was used, and for continuous vari-
able outcomes, weighted mean difference (WMD) with 95% CI was
used. Heterogeneity was assessed using the I2 test [20]. If I2 <50%
and P> 0.1, the authors used a fixed effects model to evaluate; other-
wise, a random effects model was used. P< 0.05 was considered sig-
nificant. Sensitivity analyses were performed to explore the source of
heterogeneity when it existed. Publication bias was analyzed with a
funnel plot for the outcomes in the included studies.

Results

Search results

Electronic database search resulted in 358 articles, with seven
other articles from bibliographic search resulting in seven additional
articles from the Chinese literature, which, after initial screening for
duplicate removal, gave a total of 321 articles. Title and abstract
screening was done in these 321 articles, and 255 of them were
excluded. Sixty-six articles qualified for full-text review, of which 47
were excluded. Finally, 19 studies [14,15,21�37] with 670 patients
were included for qualitative analysis. Of the 19 articles, 12 qualified
for meta-analysis with a comparator group. Preferred Reporting
Items for Systematic Reviews and Meta-Analyses flow diagram of
study selection is given in Figure 1. Nine of 19 studies under selection
were from China, whereas South Korea and Egypt contributed two
studies each.

There was a high male predominance noted in the included stud-
ies, with 77.9% of the total subjects being male. There was a wide var-
iability noted in the age of the included subjects within individual
studies and among included studies. The mean age of subjects in the
included studies was 34.8 years, with an overall range between 16
and 45 years. Hence, 15 of 19 studies utilizing autologous bone mar-
row MSCs made analysis of the efficacy of MSC therapy based on
donor cell age impractical. Included studies had follow-up ranging
between 3 and 25.2 months. General characteristics of the studies



Fig. 1. PRISMA flow diagram of the included studies.
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included are given in Table 1. Only six of 19 studies mentioned the
number of passages involved in culturing MSCs, which ranged from
three to six cycles. Of 19 studies, five injected MSCs at the injury site,
whereas nine injected them via lumbar puncture below the L3 level
and the rest chose an intravascular route of MSC transplantation. The
transplantation protocol of the included studies is given in Table 2.

SCI was located at the cervical level in four of 19 studies, cervico-
thoracic level in 11 of 19 studies and thoracolumbar level in the
remaining studies. The duration between SCI and MSC therapy in the
included studies ranged between 0.3 and 62.5 months. Although 15
studies utilized autologous MSCs, four utilized an umbilical source of
MSCs. The cell count of the transplanted MSCs ranged from 0.8 £ 107

cells to 100 £ 107 cells. There was variability in the included subjects
on their initial AIS grade from grade A to grade D. To analyze the
impact of the aforementioned factors, the authors stratified the
results of the included studies by their location and duration of SCI,
source and dose of MSCs used and initial AIS grade of the subjects
and performed subgroup analysis, as shown in Table 3.
Quality assessment

The methodological quality of the included studies is mentioned
in Figure 2. None of the included studies had an overall high risk of
bias that would result in exclusion from the analysis.
Efficacy outcomes

AIS grade improvement
Six studies involving 259 patients reported AIS grade improvement

in the neurological status of the patients compared with the controls.
There was no significant heterogeneity observed between the included
studies (I2 = 0.0%, P = 0.899). Hence, a fixed effects model was used for
analysis, which showed a significant improvement in total AIS grade
and AIS grade A in the experimental group compared with the controls
(total AIS grade RR = 1.787, 95% CI, 0.976, 2.598, P < 0.001 and AIS
grade A RR = 1.751, 95% CI, 0.899, 2.603, P< 0.001) (Figure 3A,B). How-
ever, no significant difference was found in AIS grade B, C or D
(RR = 2.140, 95% CI, �0.215, 4.495, P = 0.075) (Figure 3C).

ASIA sensory score
Eleven studies involving 538 patients reported ASIA sensory

scores regarding neurological analysis of the patients compared with
the controls. There was a significant heterogeneity observed among
the included studies (I2 = 88.3%, P < 0.001). Hence, a random effects
model was used for analysis, which showed a significant improve-
ment in general ASIA sensory score (WMD = 13.014, 95% CI, 2.308,
23.721, P = 0.017) (Figure 3D).

Six studies mentioned ASIA light touch scores without heteroge-
neity (I2 = 0%, P = 0.204). Hence, a fixed effects model was used for
analysis, which showed a significant improvement in ASIA light touch
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score in the experimental group compared with the controls
(WMD=6.316,95%CI,2.751,9.881,P<0.001)(Figure3E).

Six studies mentioned ASIA pinprick scores, with significant het-
erogeneity (I2 = 89.1%, P < 0.001). Hence, a random effects model was
used for analysis, which showed a significant improvement in ASIA
pinprick score in the experimental group compared with the controls
(WMD = 12.350, 95% CI, 0.244, 24.456, P = 0.046) (Figure 3F).
ASIA motor score
Eleven studies involving 538 patients reported ASIA motor scores

with regard to neurological analysis of the patients compared with
the controls. There was no significant heterogeneity observed
between the included studies (I2 = 0.0%, P = 0.564). Hence, a fixed
effects model was used for analysis, which showed no significant
improvement in the ASIA motor score in the experimental group
compared with the controls (WMD = 1.294, 95% CI, �0.656, 3.244,
P = 0.193) (Figure 3G).
ADL score
Eight studies involving 348 patients reported ADL scores, with sig-

nificant heterogeneity observed among the included studies
(I2 = 86.5%, P < 0.001). Hence, a random effects model was used for
analysis, which showed no significant improvement in ADL score in
the experimental group compared with the controls (WMD = 4.994,
95% CI, �2.522, 12.510, P = 0.161) (Figure 3H).
Residual urine volume
Three studies with 84 patients reported residual urine volume,

with significant heterogeneity observed between the included stud-
ies (I2 = 72.6%, P = 0.026). Hence, a random effects model was used for
analysis, which showed a significant reduction in residual urine vol-
ume in the experimental group compared with the controls
(WMD = �36.55, 95% CI, �68.105, �4.994, P = 0.023) (Figure 4A).
Bladder function improvement
Two studies with 94 patients reported improvement in bladder

function, without heterogeneity between the included studies
(I2 = 0.3%, P = 0.567). Hence, a fixed effects model was used for analy-
sis. On analysis, a significant improvement in bladder function was
noted in the experimental group compared with the controls
(RR = 2.388, 95% CI, 1.212, 4.706, P = 0.012) (Figure 4B).
SSEP improvement
Three studies with 170 patients reported improvement in electro-

physiological monitoring, such as SSEP, without any heterogeneity
between the included studies (I2 = 0.0%, P = 0.574). Hence, a fixed
effects model was used for analysis. On analysis, a significant return
of somatosensory evoked potentials was noted in the experimental
group compared with the controls (RR = 2.558, 95% CI, 0.936, 4.181,
P = 0.002) (Figure 4C).
Safety
Twelve studies involving 502 patients reported adverse effects,

with low heterogeneity among the included studies (I2 = 0.0%,
P = 0.733). Hence, a fixed effects model was used for analysis. Analysis
of adverse events in patients receiving stem cell transplantation
showed that they experienced more side effects than the control
group (RR = 4.342, 95% CI, 2.248, 6.436, P < 0.001) (Figure 4D). The
commonly reported adverse events of the intervention included
fever, headache and neuropathic pain, which resolved spontaneously
or with treatment. However, no major serious adverse events with
permanent effects, such as death, tumor or immune reaction to the
intervention, were noted during follow-up.



Table 2
Stem cell transplantation protocol of included studies.

Study MSC
source

Donor age Cell count, 107

cells
Culture
passages

Volume Dosage Location of transplant Method of transplant Outcome measures

Cheng et al. [21] UC Full-term, healthy
newborn

4 6�8 50mL Two doses, 10 days
apart

NR Subarachnoid ASIA sensation score, ASIA motor score,
muscle tension scale, ADLs, urody-
namic examination

Dai et al. [22] BM 34.7 years 2 4 25mL One dose Injury site Subarachnoid AIS grading, ASIA motor score, ASIA light
touch score, ASIA pinprick score, resid-
ual urine volume, EMG, SSEP, MRI

El-Kheir et al. [14] BM 16�45 years 0.2 per kg 6 NR Monthly dose until tar-
get dosage level
achieved, median 4
(1�8)

Lumbar puncture Subarachnoid AIS grading, SSEP, MRI, ADLs

Guo et al. [23] BM 37.25 years 1.5 NR NR One dose NR NR AIS grading, ASIA motor score, ASIA light
touch score, ASIA pinprick score, ADLs

Guo et al. [24] UC Full-term, healthy
newborn

2�5 NR NR One dose Lumbar puncture Subarachnoid ASIA motor score, ASIA sensory score,
ADL

Karamouzian
et al. [25]

BM 33.2 years 0.07�0.12 NR NR One dose Lumbar puncture at
L3�L4

Subarachnoid AIS grading, ASIA motor score, ADLs

Kishk et al. [15] BM 31.7 years 0.5�1 per kg NR NR One dose per 6 months Lumbar puncture at
L3�L4/L4�L5

Subarachnoid Barthel trunk muscle assessment, MCS,
FAC, AIS grading, ASIA sensation score,
ASIA motor score, SSEP

Li et al. [26] UC Full-term, healthy
newborn

5 NR NR One dose Lumbar puncture/
intravenous

Subarachnoid/
intravenous

AIS grading, ASIA motor score, ASIA light
touch score, ASIA pinprick score, ADL,
SSEP, MCS, SCS, EMG

Xiao et al. [27] BM 41.5 years 1.4 NR NR One dose Lumbar puncture/
intravenous

Subarachnoid/
intravenous

ASIA motor score, ASIA sensory score

Xie et al. [28] BM 18�49 years 4�10 NR NR One dose Lumbar puncture/
intravenous

Subarachnoid/
intravenous

ASIA sensation score, ASIA motor score,
ADLs, residual urine volume, AIS
grading

Zhang et al. [29] UC Full-term, healthy
newborn

1 NR NR One dose Intravenous Intravenous AIS grading, ASIA motor score, ASIA light
touch score, ASIA pinprick score

Zhang et al. [30] BM 35.5 years 4 NR NR One dose Lumbar puncture below
L3

Subarachnoid ASIA motor score, ASIA sensory score

Geffner et al. [31] BM 33.75 years 9 NR 80 mL One dose Injury site/intravenous Subarachnoid/
intravenous

AIS grading, AIS motor score, ASIA light
touch score, ASIA pinprick score ADL,
bladder functional scale, MRI

Moviglia et al. [32] BM 20 years 50�100 NR NR One dose per 2� 3
months

Femoral artery 3 cm
below inguinal
ligament

Intra-arterial ASIA grading, MEP, SSEP

Oh et al. [33] BM 40.9 years 3.2 NR 2 mL One dose Injury site Subarachnoid ASIA grading, MEP, SSEP, MRI, DTI
Pal et al. [34] BM 33.2 years 0.1 per kg 3 NR Three doses, 1 week

apart
Lumbar puncture below

L3
Subarachnoid ASIA grading, ADLs, SSEP, MEP, MCS, SCS,

MRI
Park et al. [35] BM 35.8 years 20 NR 1.8 mL One dose Injury site Subarachnoid ASIA grading, AIS motor score, ASIA light

touch score, ASIA pinprick score
Park et al. [36] BM 46 years 0.8 5 1 mL Three doses, 4 weeks

apart
Injury site Subarachnoid AIS grading, MRI, SSEP, MEP

Sykova et al. [37] BM 30.05 years 8.9 3 30 mL One dose Femoral artery/cubital
vein

Intra-arterial/
intravenous

AIS grading, ASIA light touch score, ASIA
pinprick score, MRI, SSEP, MEP

DTI, diffusion tensor imaging; EMG, electromyography; FAC, functional ambulation category; MCS, motor conduction study; MRI, magnetic resonance imaging; NR, not reported; SCS, sensory conduction study.
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Table 3
Subgroup analysis of included studies.

Group Subgroup Estimated effect [95% CI] (P value)

AIS grade
improvement

ASIA overall
sensory score

ASIA light touch
score

ASIA pinprick
score

ASIA motor score ADL score Residual urine
volume

Bladder function
improvement

SSEP
improvement

Complications

Location
of SCI

Cervical RR = 1.407
[0.516, 2.298]
(0.002)

WMD = 10.227
[�1.959,
22.413] (0.100)

WMD = 7.545
[1.266, 13.824]

(0.019)

WMD = 13.959
[�3.146, 31.064]
(0.110)

WMD = 1.065
[�0.914, 3.043]

(0.292)

WMD = 5.977
[�1.486, 13.440]
(0.116)

WMD = �36.55
[�68.105,
�4.994]
(0.023)

RR = 2.388
[1.212, 4.706]
(0.012)

RR = 2.558
[0.936, 4.181]
(0.002)

RR = 2.145
[1.186, 3.103]

(0.002)

Thoracolumbar RR = 1.182
[0.048, 2.316]
(0.041)

WMD = 26.180
[15.554,
37.806] (<
0.001)

WMD = 4.808
[�6.551, 16.168]

(0.407)

WMD = 8.531
[�1.367, 18.428]
(0.091)

WMD = 9.153
[�2.421, 20.726]

(0.121)

� � � � RR = 2.085
[0.310, 3.861]

(< 0.001)

Duration
of SCI

Early
(<12 months)

� WMD = 2.718
[�2.788, 8.223]
(0.333)

� � WMD = 0.519
[�2.687, 3.726]

(0.751)

WMD = 1.610
[�4.353, 7.574]
(0.597)

� � � RR = 1.900
[0.528, 3.272]

(0.007)

Late
(>12 months)

RR = 1.396
[0.593, 2.200]
(< 0.001)

WMD = 21.643
[5.383, 37.903]
(0.009)

WMD = 7.383
[1.553, 13.213]

(0.013)

WMD = 13.856
[�0.755, 28.468]
(0.063)

WMD = 3.099
[�0.987, 7.185]

(0.137)

WMD = 8.765
[�3.533, 21.063]
(0.162)

WMD = �33.497
[�81.101,
14.108] (0.168)

RR = 2.388
[1.212, 4.706]
(0.012)

RR = 2.558
[0.936, 4.181]
(0.002)

RR = 2.292
[1.181, 3.404]

(< 0.001)

Source
of
MSCs

BM RR = 1.424
[0.571, 2.277]
(0.001)

WMD = 13.271
[�3.006, 29.549]
(0.110)

WMD = 7.545
[1.266, 13.824]

(0.019)

WMD = 13.959
[�3.146, 31.064]
(0.110)

WMD = 1.305
[�0.786, 3.395]

(0.221)

WMD = 6.822
[�7.492, 21.137]
(0.350)

WMD = �52.624
[�77.699,
27.549] (<
0.001)

� RR = 2.558
[0.936, 4.181]
(0.002)

RR = 2.235
[1.153, 3.317]

(< 0.001)

UC � WMD = 12.293
[0.738, 23.848]
(0.037)

WMD = 4.808
[�6.551, 16.168]

(0.407)

WMD = 8.531
[�1.367, 18.428]
(0.091)

WMD = 1.273
[�4.228, 6.775]

(0.650)

WMD = 3.033
[�1.150, 7.216]
(0.155)

� � � RR = 1.970
[0.622, 3.318]

(0.004)

Dose of
MSCs

<5 £ 107 cells RR = 2.318
[0.294, 4.343]
(0.025)

WMD = 6.548
[1.334, 11.762]
(0.014)

WMD = 5.076
[0.756, 9.397]
(0.021)

WMD = 4.887
[1.266, 8.508]
(0.008)

WMD = 0.920
[�1.281,
3.122] (0.413)

WMD = 3.211
[�1.997,
8.420] (0.227)

WMD = �33.497
[�81.101,
14.108] (0.168)

� � RR = 1.732
[0.670, 2.794]

(0.001)

�5 £ 107 cells RR = 1.186
[0.439, 1.932]
(0.002)

WMD = 23.539
[�0.737, 47.816]
(0.047)

WMD = 7.975
[�2.616, 18.566]

(0.140)

WMD = 17.946
[�7.829, 43.721]
(0.172)

WMD = 5.257
[�2.365, 12.879]

(0.176)

WMD = 7.859
[�9.392, 25.109]
(0.372)

� � RR = 2.358
[0.359, 4.358]
(0.021)

RR = 2.814
[1.425, 4.203]

(< 0.001)

Initial
AIS
grade

Grade A RR = 1.751
[0.899,2.603]
(< 0.001)

WMD = 8.922
[2.913, 14.930]
(0.004)

WMD = 4.683
[0.288, 9.078]

(0.037)

WMD = 4.426
[0.717, 8.135]
(0.019)

WMD = 0.825
[�1.744, 3.395]

(0.529)

WMD = 5.318
[�0.802, 11.438]
(0.089)

WMD = �33.497
[�81.101,
14.108] (0.168)

RR = 2.388
[1.212, 4.706]
(0.012)

RR = 2.151
[0.139, 4.163]
(0.036)

RR = 2.010
[0.483, 3.536]

(0.010)

Grade B/C/D RR = 2.14
[�0.215,4.495]
(0.075)

WMD = 14.630
[�0.696, 29.955]
(0.061)

WMD = 8.676
[0.066, 17.286]

(0.048)

WMD = 16.641
[�3.020, 36.303]
(0.097)

WMD = 2.094
[�1.265, 5.452]

(0.222)

WMD = 4.386
[�5.004, 13.776]
(0.360)

� � � RR = 2.185
[1.172, 3.197]

(< 0.001)
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Fig. 2. Methodological quality and risk of bias assessment of all the included studies.
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Subgroup analysis
The authors performed subgroup analysis based on the location of

SCI, duration of SCI, source of MSCs, concentration of cells used in
transplantation and initial AIS grade before transplantation, as shown
in Table 3. On analyzing the intervention group based on the location
and duration of SCI and source of MSCs, the subgroups did not have
enough studies to perform analysis of all outcome measures, and on
analysis of available outcomes, no significant difference was noted in
the available efficacy and safety outcomes. Although both SCI location
subgroups showed significant improvement in AIS grade compared
with the controls, the magnitude of the effect was greater in those
with cervical injuries (P = 0.002) compared with thoracolumbar inju-
ries (P = 0.041).

The authors categorized the intervention groups into studies
using low (<5 £ 107 cells) and high (�5 £ 107 cells) concentrations
of MSCs for transplantation procedure. On analysis, it was noted
that the low concentration subgroup was not inferior to its compar-
ator in any outcome measure. The analysis also showed a statisti-
cally significant improvement in ASIA sensory light touch score
compared with the controls was noted in the low concentration
group (P = 0.021) which is not seen in the high concentration group
(P = 0.140).



Fig. 3. Forest plot of the included studies comparing stem cell transplantation group with their controls. (A�C) AIS total grade, grade A, grade B/C/D. (D�F) ASIA overall sensory
score, light touch score, pinprick score. (G) ASIA motor score. (H) ADL score. ASIA, American Spinal Injury Association; AIS, ASIA Impairment Scale; CI, Confidence Interval; Ev/Ctrl,
event/control; Ev/Trt, event/treatment; NA, not applicable.
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In addition, the authors made a subgroup analysis based on the
initial AIS grade of the patients before transplantation procedure.
When the intervention was applied to AIS grade A, a significant
improvement was noted in efficacy outcomes like AIS grade (P <

0.001), ASIA overall sensory score (P = 0.004), ASIA pinprick score
(P = 0.019), bladder function (P = 0.012) and SSEP (P = 0.036) com-
pared with grades B, C and D. Both groups did not differ in their safety
outcomes.

Sensitivity analysis
A sensitivity analysis was performed in each analysis. Results (AIS

grade improvement; ASIA sensory scores, including light touch and
pinprick scores; ASIA motor scores; bladder function scores; and
electrophysiological parameters like SSEP) were not significantly
altered by sequentially omitting each study from the meta-analysis.
By contrast, consistency of the results was maintained after reanaly-
sis by changing to the random effects model.

Publications bias
Publication bias was analyzed utilizing a funnel plot and Egger

regression test. With regard to the meta-analysis of the efficacy and
safety of stem cell therapy versus routine rehabilitative care for SCI,
there was no evidence of publication bias by Egger regression test
(P = 0.418) and funnel plot, as shown in Figure 5. All studies fell
within the 95% CI and were distributed evenly about the axes, imply-
ing minimal publication bias.

Discussion

In the field of cellular therapy, various researchers have reported
that MSCs are ubiquitous and possess a unique self-renewal capacity,
plasticity, multilineage differentiation potential, homing ability,
immune-regulatory nature and anti-inflammatory effects [38]. MSCs
are readily accessible and expandable in vitroand have exceptional
genomic stability. The ethical concerns with MSCs are debatable
[39,40].

MSCs are multipotent progenitor cells that have the facility to dif-
ferentiate into mesodermal lineages and induce trophic activities
related to neural cells [41]. They improve neurological deficits by
generating either neural cells or myelin-producing cells. MSCs pro-
mote axonal regeneration by guiding nerve fibers and hence elimi-
nate glial scars in the injured spinal cord [42,43]. The precise
mechanism by which transplantation of bone marrow-derived MSCs
(BM-MSCs) promotes functional recovery after SCI is still unclear.



Fig. 4. Forest plot of the included studies comparing stem cell transplantation group with their controls. (A) Residual urine volume. (B) Bladder function improvement. (C) SSEP
improvement. (D) Adverse events. SSEP, SomatoSensory Evoked Potential; CI, Confidence INterval; Ev/Ctrl, event/control; Ev/Trt, event/treatment; NA, not applicable.
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One plausible explanation is that cytokines (colony-stimulating fac-
tor, nerve growth factor, brain-derived neurotrophic factor and vas-
cular endothelial growth factor) secreted from BM-MSCs may be
neuroprotective and enhance regeneration by ameliorating func-
tional deficits [44]. MSCs also possess angiogenic properties.

The authors hypothesize that improved blood flow and oxygen
supply within the injury area may have contributed to the functional
improvements seen in these SCI patients transplanted with autolo-
gous MSCs [45]. Alternatively, it is well documented that MSCs pro-
mote host endogenous repair [46]. Moreover, significant
improvement in neurological outcome despite the varied routes of
administration used in the included studies could be explained by
the homing properties of MSCs to the site of injury [47]. Granulocyte-
macrophage colony-stimulating factor, a hematopoiesis-stimulating
factor, can increase neural stem cell proliferation and inhibit neuro-
nal apoptosis, resulting in improvement in neurologic function in ani-
mals [48]. MSCs also possess the ability to immunomodulate the
inflamed environment, release bioactive factors, restore axon myelin,
prevent neuronal apoptosis and contribute to neuroregeneration in
individuals with SCI [49].

Although the authors could not investigate the role of age of the
donor cells because of the wider variability of the subject population
in the included studies, studies have shown that age of the MSC
donor does not impair the regenerative potential of MSCs in various
scenarios other than SCI [50]. Included studies had limited data for
analyzing the role of culture passage in obtaining purified MSC line-
ages effective in SCI. However, studies have shown that increase in
passage from P3 to P7 does not affect the immune-modulatory
potential of MSCs [51].

Main findings

The authors comprehensively and systematically reviewed all the
available literature on MSC transplantation for SCI and found that



Fig. 5. Publication bias assessment with funnel plot for adverse events and AIS grade improvement in the included studies. CES, Combined Effect Size.
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patients receiving MSC transplantation showed a statistically signifi-
cant improvement in total AIS grade; AIS grade A; ASIA sensory
scores, including light touch and pinprick scores; bladder function;
and electrophysiological parameters like SSEP compared with reha-
bilitative therapy for SCI. However, no significant difference was
noted in motor scores and ADL scores. In addition, although patients
receiving MSC transplantation had mild and transient complications,
no serious or permanent adverse events were reported. Moreover, on
subgroup analysis, it was noted that the low concentration of cells
used for transplant (<5 £ 107 cells) had outcomes comparable to the
high concentration of cells (�5 £ 107 cells), and patients presenting
with AIS grade A showed significantly better improvement compared
with AIS grades B, C and D on efficacy outcomes.

Comparison with other studies

The authors’ results were concordant with the meta-analysis by
Xu and Yang [52], which included 11 studies and 499 patients. The
major limitation of their study was the lower number of studies
included and the lack of subgroup analysis in terms of duration of SCI
and dosage of MSCs transplanted. The authors of the current study
not only included more studies in the analysis (n = 19 and 670
patients) but also analyzed the subgroup in terms of location and
duration of SCI, source and concentration of MSCs used for transplant
and initial AIS grade before transplantation to throw more light on
the available evidence and identify the potential lacunae in the litera-
ture, which will indirectly widen the scope of future research.

Source of MSCs

The choice of MSCs is debatable. MSCs are found in bone marrow,
umbilical cord cells, adipose tissue, molar teeth and amniotic fluid
[53]. Autologous BM-MSCs avoid immunogenic reactions once
administered [54]. Adipose-derived MSCs are found abundantly in
the human body and are easily accessible. The stem cell activity of
adipose-derived MSCs is three times higher than that of BM-MSCs
[55]. Umbilical cord-derived MSCs (UC-MSCs) are allogeneic in
nature. Combating immunological reactions with allogeneic UC-
MSCs warrants lyophilization of UC-MSCs, which is a complex proce-
dure [56].

Timing of transplantation

The most important factor in cell transplantation in SCI patients is
the time at which the MSCs are transplanted to the site of injury to
exert their targeted actions [57]. There is no clear consensus on the
timing of transplantation, and the studies included for analysis pre-
sented their results based on varied SCI time points. Although animal
models show better outcomes with earlier transplantation [58,59],
human trials on MSCs from the included studies did not show a sig-
nificant difference in outcome measures.

Dosage and route of MSCs

The dosage and route of MSCs to be delivered to the site of spinal
injury are a major concern among regenerative medicine researchers
across the globe. There was no uniformity in route and dose stan-
dardization among the included studies [14,15,21�37]. Although the
authors’ analysis shows equivalence in the outcome measures
between studies using low (<5 £ 107 cells) and high (�5 £ 107 cells)
concentrations of MSCs for transplantation, light has to be thrown on
this gray area of dosing and route of MSCs to ensure the desired
effects in SCI patients.

Direction for future research

Although MSCs play a potential role in the management of SCI, the
scope of regenerative and translational medicine in the field of SCI
has to be evaluated by large, randomized, controlled interventional
trials for the optimization of therapeutic protocols in terms of the
type of MSCs, preparation methods and quality and quantity of MSCs
to be transplanted. Studies are also needed for the validation of tim-
ing and route of administration post-SCI. The scope of induced plurip-
otent stem cells in the field of SCI has to be evaluated. Ethical issues
involved in minimal manipulation of tissue and cellular products and
its functional outcome have to be addressed. The potential of MSCs to
undergo unwanted differentiation with immunomodulatory and
neo-angiogenic properties holds ethical concerns because of the
potential of MSCs to promote tumor growth [60]. However, none of
the studies which evaluated their use in SCI patients reported the
occurence of such major adverse events.

Challenges and logistics involved in channeling stem cell basics
into optimal clinical practice need an interdisciplinary approach to
make this opportunity a reality for SCI patients. One of the main chal-
lenges, despite successful transplantation of the MSCs to the site of
injury, is maintaining their survival and ensuring their neuronal-like
differentiation. Hence, further research to better understand their
mechanism of action and to maintain a conducive environment for
their neuronal-like differentiation is needed. Newer avenues of cell-
free therapeutics such as MSC-derived exosome therapy needs fur-
ther investigation to explore their therapeutic potential in SCI pati-
nets [61].
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Limitations

The authors’ analysis has some limitations. All the included stud-
ies were non-randomized trials. With the established efficacy and
safety of the intervention based on the current evidence in the litera-
ture from the authors’ study, there is a staunch need to conduct a
large, multicentric, randomized controlled trial to evaluate various
aspects of this potential therapeutic option. Heterogeneity was noted
in some of the outcome measures from the included studies on analy-
sis, which may be due to the subjective therapeutic efficacy of the
autologous MSCs in the SCI patients.

Conclusions

MSC transplantation improves the functional quality of life and
neurological outcome in individuals with SCI. The authors’ analysis
establishes the efficacy and safety of MSC transplantation in terms of
improvement in AIS grade, ASIA sensory scores, bladder function and
electrophysiological parameters like SSEP compared with the controls,
without major adverse events. However, future research must be
directed to standardizing the dose, timing, route and source of MSCs
used for transplantation. Indeed, this therapy opens the doorway to
newer avenues of cell-free therapeutics, such as MSC-derived exosome
therapy, for SCI patients, which holds promise for the future.

Funding

No funding was received.

Declaration of Competing Interest

The authors have no commercial, proprietary or financial interest
in the products or companies described in this article.

Author Contributions

Conception and design of the study: SM,MJ. Acquisition of data:
SM,MJ,AG,AA. Analysis and interpretation of data: SM. Drafting or
revising the manuscript: SM,MJ,AG,AA. All authors have approved
the final article.

References

[1] Kooijmans H, Post MWM, Stam HJ, et al. Effectiveness of a Self-Management
Intervention to Promote an Active Lifestyle in Persons With Long-Term Spinal
Cord Injury: The HABITS Randomized Clinical Trial. Neurorehabil Neural Repair
2017;31(12):991�1004.

[2] Li Y, Li D, Raisman G. Functional Repair of Rat Corticospinal Tract Lesions Does Not
Require Permanent Survival of an Immunoincompatible Transplant. Cell Trans-
plant 2016;25(2):293�299.

[3] Branco F, Cardenas DD, Svircev JN. Spinal cord injury: a comprehensive review.
Phys Med Rehabil Clin N Am 2007;18(4):651–79.

[4] Polinder S, Meerding WJ, Mulder S, Petridou E, van Beeck E. EUROCOST Reference
Group. Assessing the burden of injury in six European countries. Bull World
Health Organ 2007;85(1):27�34.

[5] Barnab�e-Heider F, Fris�en J. Stem cells for spinal cord repair. Cell Stem Cell 2008;3
(1):16�24.

[6] Guest JD, Hiester ED, Bunge RP. Demyelination and Schwann cell responses adja-
cent to injury epicenter cavities following chronic human spinal cord injury. Exp
Neurol 2005;192(2):384�393.

[7] Varma AK, Das A, Wallace 4th G, et al. Spinal cord injury: a review of current ther-
apy, future treatments, and basic science frontiers. Neurochem Res 2013;38
(5):895�905.

[8] Yousefifard M, Rahimi-Movaghar V, Nasirinezhad F, et al. Neural stem/progenitor
cell transplantation for spinal cord injury treatment: a systematic review and
metaanalysis. Neuroscience 2016;322:377�397.

[9] Ramesh R, Jeyaraman Madhan, Chaudhari Kartavya, Prajwal GS, Dhamsania Har-
dik J. Mesenchymal stem cells—a boon to orthopedics. Open Journal of Regenera-
tive Medicine 2018;7:19–27.

[10] Salewski RP, Mitchell RA, Shen C, Fehlings MG. Transplantation of neural stem
cells clonally derived from embryonic stem cells promotes recovery after murine
spinal cord injury. Stem Cells Dev 2015;24(1):36�50.
[11] Watanabe S, Uchida K, Nakajima H, et al. Early transplantation of mesenchymal
stem cells after spinal cord injury relieves pain hypersensitivity through suppres-
sion of pain-related signaling cascades and reduced inflammatory cell recruit-
ment. Stem Cells 2015;33(6):1902�1914.

[12] Assinck P, Duncan GJ, Hilton BJ, Plemel JR, Tetzlaff W. Cell transplantation therapy
for spinal cord injury. Nat Neurosci 2017;20(5):637�647.

[13] Serena Silvestro, Placido Bramanti, Oriana Trubiani, Emanuela Mazzon. Stem Cells
Therapy for Spinal Cord Injury: An Overview of Clinical Trials. Int J Mol Sci
2020;21(2). https://doi.org/10.3390/ijms21020659.

[14] El-Kheir WA, Gabr H, Awad MR, et al. Autologous bone marrow-derived cell ther-
apy combined with physical therapy induces functional improvement in chronic
spinal cord injury patients. Cell Transplant 2014;23(6):729�745.

[15] Kishk NA, Gabr H, Hamdy S, et al. Case control series of intrathecal autologous
bone marrow mesenchymal stem cell therapy for chronic spinal cord injury. Neu-
rorehabil Neural Repair 2010;24(8):702�708.

[16] Van Tulder M, Furlan A, Bombardier C, Bouter L. Editorial Board of the Cochrane
Collaboration Back Review Group. Updated method guidelines for systematic
reviews in the Cochrane Collaboration Back Review Group. Spine 2003;28:1290–9.

[17] Moher D, Liberati A, Tetzlaff J, Altman DG. PRISMA Group. Preferred reporting
items for systematic reviews and metaanalyses: the PRISMA statement. PLoS Med
2009;6:e1000097.

[18] Sterne JAC, Hern�an MA, Reeves BC, Savovi�c J, Berkman ND, Viswanathan M, et al.
ROBINS-I: a tool for assessing risk of bias in non-randomized studies of interven-
tions. BMJ 2006;355:i4919.

[19] OpenMetaAnalyst: Wallace Byron C, Dahabreh Issa J, Trikalinos Thomas A, Lau
Joseph, Trow Paul, Schmid Christopher H. Closing the Gap between Methodolo-
gists and End-Users: R as a Computational Back-End. Journal of Statistical Soft-
ware 2012;49:5.

[20] Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency in meta-
analyses. BMJ 2003;327:557–60.

[21] Cheng H, Liu X, Hua R, Dai G, Wang X, Gao J, An Y. Clinical observation of umbilical
cord mesenchymal stem cell transplantation in treatment for sequelae of thoraco-
lumbar spinal cord injury. J Transl Med 2014;12:253.

[22] Dai G, Liu X, Zhang Z, Yang Z, Dai Y, Xu R. Transplantation of autologous bone
marrow mesenchymal stem cells in the treatment of complete and chronic cervi-
cal spinal cord injury. Brain Res 2013;1533:73–9.

[23] Guo ZS, Qin BY, Dai RQ, Shao HZ, Cheng JJ, Zhang HF, Liu WQ. Bone marrow mes-
enchymal stem cells in the treatment of spinal cord injury. Chin J Exp Surg
2014;31(11):2605–7.

[24] Guo GH Shen LF, Li Z. Clinical studies of umbilical cord blood mesenchymal stem
cells transplantation on spinal cord injury. Chinese J Pract Med 2012;39(10):58–60.

[25] Karamouzian S, Nematollahi-Mahani SN, Nakhaee N, Eskand- ary H. Clinical
safety and primary efficacy of bone marrow mesenchymal cell transplantation in
subacute spinal cord injured patients. Clin Neurol Neurosurg 2012;114(7):935–9.

[26] Li M. The Clinical Study of Stem Cells Transplantation for Treatment of Spinal Cord
Injury. Kunming: Kunming Medical University; 2012.

[27] Xiao YL, Li ZM, Zhu JX, Guo CJ, Geng FY, Zhang ZD, Zhong ZL, Han FB. Efficacy
observation of autologous bone marrow-derived mesenchymal stem cell therapy
on early spinal cord injury. Zhonghua Shengwu Yixue Gongcheng Zazhi
2014;20:7–11.

[28] Xie ZW, Cui GX, Li YZ, Li BW, Zhu SW, Song CZ, Shi Q, Hou HS, Shen BJ. Curative
effect of autologous mesenchymal stem cell transplantation on spinal cord injury.
J Clin Rehabil Tissue Eng Res 2007;11:1277–9.

[29] Zhang XB, Li JT, Li W, Gao YX, Yang SQ, He L, Li D. Clinical efficacy of mesenchymal
stem cell transplantation. Asia Pacific Tradition Med 2012;8(3):116–7.

[30] Zhang Z, Dai GH, Liu XB, Wang XD, An YH. Umbilical cord mesenchymal stem cell
transplantation for spinal cord injury. Zhonghua Shiyong Zhenduan yu Zhiliao
Zazhi 2015;29:478–80.

[31] Geffner LF, Santacruz P, Izurieta M, et al. Administration of autologous bone mar-
row stem cells into spinal cord injury patients via multiple routes is safe and
improves their quality of life: comprehensive case studies. Cell Transplant
2018;17(12):1277�1293.

[32] Moviglia GA, Fernandez Vi~na R, Brizuela JA, et al. Combined protocol of cell ther-
apy for chronic spinal cord injury. Report on the electrical and functional recovery
of two patients. Cytotherapy. 2006;8(3):202�209.

[33] Oh SK, Choi KH, Yoo JY, Kim DY, Kim SJ, Jeon SR. A Phase III Clinical Trial Showing
Limited Efficacy of Autologous Mesenchymal Stem Cell Therapy for Spinal Cord
Injury. Neurosurgery 2016;78(3):436�447.

[34] Pal R, Venkataramana NK, Bansal A, Balaraju S, Jan M, Chandra R, et al. Ex vivo
expanded autologous bone marrow-derived mesenchymal stromal cells in
human spinal cord injury/paraplegia: a pilot clinical study. Cytotherapy. 2009;11
(7):897–911.

[35] Park HC, Shim YS, Ha Y, et al. Treatment of complete spinal cord injury patients by
autologous bone marrow cell transplantation and administration of granulocyte
macrophage colony stimulating factor. Tissue Eng 2005;11(5-6):913�922.

[36] Park JH, Kim DY, Sung IY, Choi GH, Jeon MH, Kim KK, et al. Long-term Results of
Spinal Cord Injury Therapy Using Mesenchymal Stem Cells Derived From Bone
Marrow in Humans. Neurosurgery. 2011;70(5):1238–47.

[37] Sykov�a E, Homola A, Mazanec R, et al. Autologous bone marrow transplantation
in patients with subacute and chronic spinal cord injury. Cell Transplant 2006;15
(8-9):675�687.

[38] Ullah I, Subbarao RB, Rho GJ. Human mesenchymal stem cells—current trends and
future prospective. Biosci Rep. 2015;35(2):e00191.

[39] Wei X, Yang X, Han ZP, Qu FF, Shao L, Shi YF. Mesenchymal stem cells: a new
trend for cell therapy. Acta Pharmacol. Sin. 2013;34:747–54.

http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0001
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0001
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0001
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0001
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0001
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0002
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0002
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0002
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0002
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0003
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0003
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0004
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0004
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0004
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0004
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0005
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0005
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0005
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0005
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0005
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0006
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0006
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0006
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0006
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0007
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0007
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0007
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0007
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0008
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0008
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0008
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0008
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0009
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0009
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0009
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0010
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0010
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0010
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0010
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0011
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0011
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0011
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0011
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0011
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0012
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0012
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0012
https://doi.org/10.3390/ijms21020659
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0013
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0013
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0013
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0013
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0014
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0014
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0014
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0014
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0015
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0015
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0015
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0016
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0016
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0016
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0017
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0017
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0017
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0017
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0017
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0018
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0018
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0018
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0018
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0019
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0019
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0020
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0020
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0020
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0021
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0021
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0021
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0022
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0022
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0022
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0023
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0023
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0024
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0024
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0024
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0025
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0025
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0026
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0026
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0026
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0026
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0027
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0027
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0027
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0028
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0028
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0029
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0029
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0029
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0030
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0030
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0030
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0030
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0030
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0031
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0031
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0031
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0031
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0031
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0032
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0032
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0032
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0032
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0033
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0033
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0033
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0033
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0034
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0034
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0034
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0034
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0035
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0035
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0035
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0036
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0036
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0036
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0036
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0036
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0037
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0037
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0038
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0038


ARTICLE IN PRESS

12 S. Muthu et al. / Cytotherapy 00 (2020) 1�12
[40] Wagner W, Wein F, Seckinger A, Frankhauser M, Wirkner U, Krause U, et al. Com-
parative characteristics of mesenchymal stem cells from human bone marrow,
adipose tissue, and umbilical cord blood. Exp. Hematol. 2005;33:1402–16.

[41] Himes BT, Neuhuber B, Coleman C, Kushner R, Swanger SA, et al. Recovery of
function following grafting of human bone marrow-derived stromal cells into the
injured spinal cord. Neurorehabil Neural Repair 2006;20:278–96.

[42] Bossolasco P, Cova L, Calzarossa C, Rimoldi SG, Borsotti C, Deliliers GL, et al. Neu-
roglial differentiation of human bone marrow stem cells in vitro. Experimental
Neurology. 2005;193(2):312–25.

[43] Sasaki M, Li B, Lankford KL, Radtke C, Kocsis JD, et al. Remyelination of the injured
spinal cord. Progress in Brain Research 2007;161:419.

[44] Kim KN, Oh SH, Lee KH, Yoon DH. Effect of human mesenchymal stem cell trans-
plantation combined with growth factor infusion in the repair of injured spinal
cord. Acta Neurochir Suppl 2006;99:133.

[45] Hofstetter CP, Schwarz EJ, Hess D, Widenfalk J, El Manira A, Prockop DJ, Olson L.
Marrow stromal cells form guiding strands in the injured spinal cord and pro-
mote recovery. Proc. Natl. Acad. Sci. USA 2002;99:2199–204.

[46] Ullah M, Liu DD, Thakor AS. Mesenchymal Stromal Cell Homing: Mechanisms and
Strategies for Improvement. iScience. 2019;15:421–38.

[47] Chopp M, Zhang XH, Li Y, Wang L, Chen J, Lu D, et al. Spinal cord injury in rat:
treatment with bone marrow stromal cell transplantation. Neuroreport
2000;11:3001–5.

[48] Ha Y, Kim YS, Cho JM, Yoon SH, Park SR, Yoon DH, et al. Granulocyte macro-
phage colony stimulating factor (GM-CSF) prevents apoptosis and improves
functional outcome in experimental spinal cord contusion injury. J. Neurosurg.
2005;2:55.

[49] Garbossa D, Boido M, Fontanella M, Fronda C, Ducati A, et al. Recent therapeutic
strategies for spinal cord injury treatment: possible role of stem cells. Neurosurg
Rev 2012;35:293–311.

[50] Ullah M, Liu DD, Thakor AS. Mesenchymal Stromal Cell Homing: Mechanisms and
Strategies for Improvement. iScience. 2019;15:421–38.
[51] Sareen N, Sequiera GL, Chaudhary R, et al. Early passaging of mesenchymal stem
cells does not instigate significant modifications in their immunological behavior.
Stem Cell Res Ther 2018;9:121.

[52] Xu P, Yang X. The Efficacy and Safety of Mesenchymal Stem Cell Transplantation
for Spinal Cord Injury Patients: A Meta-Analysis and Systematic Review. Cell
Transplant 2019;28(1):36�46.

[53] Chahla J, Mannava S, Cinque ME, Geeslin AG, Codina D, LaPrade RF. Bone Marrow
Aspirate Concentrate Harvesting and Processing Technique. Arthrosc Tech 2017;6
(2):e441–5.

[54] Sakai S, Mishima H, Ishii T, Akaoqi H, Yoshioka T, Uemura T, Ochiai N. Concentra-
tion of bone marrow aspirate for osteogenic repair using simple centrifugal meth-
ods. Acta Orthop. 2008;79(3):445–8.

[55] Han S, Sun HM, Hwang KC, Kim SW. Adipose-Derived Stromal Vascular Fraction
Cells: Update on Clinical Utility and Efficacy. Crit Rev Eukaryot Gene Expr
2015;25(2):145–52.

[56] Nagamura-Inoue T, He H. Umbilical cord-derived mesenchymal stem cells: their
advantages and potential clinical utility. World J Stem Cells 2014;6(2):195–202.

[57] Oudega M, Ritfeld G. Bone Marrow-derived Mesenchymal Stem Cell Transplant
Survival in the Injured Rodent Spinal Cord. J Bone Marrow Res 2014;2:146.

[58] Tan Y, Uchida K, Nakajima H, Guerrero AR, Watanabe S, et al. Blockade of interleu-
kin 6 signaling improves the survival rate of transplanted bone marrow stromal
cells and increases locomotor function in mice with spinal cord injury. J Neuropa-
thol Exp Neurol 2013;72:980–93.

[59] Torres-Espin A, Redondo-Castro E, Hernandez J, Navarro X. Bone marrow mesen-
chymal stromal cells and olfactory ensheathing cells transplantation after spinal
cord injury—a morphological and functional comparison in rats. Eur J Neurosci
2014;39:1704–17.

[60] Volarevic V, Markovic BS, Gazdic M, et al. Ethical and Safety Issues of Stem Cell-
Based Therapy. Int J Med Sci 2018;15(1):36–45.

[61] Zhang ZG, Buller B, Chopp M. Exosomes—beyond stem cells for restorative ther-
apy in stroke and neurological injury. Nat Rev Neurol 2019;15:193–203.

http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0039
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0039
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0039
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0040
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0040
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0040
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0041
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0041
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0041
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0042
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0042
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0043
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0043
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0043
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0044
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0044
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0044
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0045
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0045
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0046
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0046
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0046
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0047
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0047
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0047
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0047
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0048
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0048
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0048
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0049
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0049
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0050
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0050
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0050
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0051
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0051
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0051
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0051
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0052
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0052
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0052
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0053
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0053
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0053
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0054
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0054
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0054
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0055
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0055
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0056
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0056
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0057
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0057
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0057
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0057
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0058
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0058
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0058
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0058
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0059
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0059
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0060
http://refhub.elsevier.com/S1465-3249(20)30860-4/sbref0060

	Current evidence on mesenchymal stem cell therapy for traumatic spinal cord injury: systematic review and meta-analysis
	Introduction
	Methods
	Search strategy
	Inclusion criteria
	Exclusion criteria
	Data extraction
	Risk of bias and quality assessment
	Statistical analysis

	Results
	Search results
	Quality assessment
	Efficacy outcomes
	AIS grade improvement
	ASIA sensory score
	ASIA motor score
	ADL score
	Residual urine volume
	Bladder function improvement
	SSEP improvement
	Safety
	Subgroup analysis
	Sensitivity analysis
	Publications bias


	Discussion
	Main findings
	Comparison with other studies
	Source of MSCs
	Timing of transplantation
	Dosage and route of MSCs
	Direction for future research
	Limitations
	Conclusions
	Funding
	Declaration of Competing Interest
	Author Contributions

	References


