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Abstract
BACKGROUND
Perinatal complications may result in life-long morbidities, among which cerebral
palsy (CP) is the most severe motor disability. Once developed, CP is a non-
progressive disease with a prevalence of 1-2 per 1000 live births in developed
countries. It demands an extensive and multidisciplinary care. Therefore, it is a
challenge for our health system and a burden for patients and their families.
Recently, stem cell therapy emerged as a promising treatment option and raised
hope in patients and their families.

AIM
The aim is to evaluate the efficacy and safety of stem cell treatment in children
with CP using a systematic review and meta-analysis

METHODS
We performed a systematic literature search on PubMed and EMBASE to find
randomized controlled clinical trials (RCT) investigating the effect of stem cell
transplantation in children with CP. After the review, we performed a random-
effects meta-analysis focusing on the change in gross motor function, which was
quantified using the gross motor function measure. We calculated the pooled
standardized mean differences of the 6- and/or 12-mo-outcome by the method of
Cohen. We quantified the heterogeneity using the I-squared measure.
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RESULTS
We identified a total of 8 RCT for a qualitative review. From the initially selected
trials, 5 met the criteria and were included in the meta-analysis. Patients’
population ranged from 0.5 up to 35 years (n = 282). We detected a significant
improvement in the gross motor function with a pooled standard mean
difference of 0.95 (95% confidence interval: 0.13-1.76) favoring the stem cell group
and a high heterogeneity (I2 = 90.1%). Serious adverse events were rare and
equally distributed among both intervention and control groups.

CONCLUSION
Stem cell therapy for CP compared with symptomatic standard care only, shows
a significant positive effect on the gross motor function, although the magnitude
of the improvement is limited. Short-term safety is present and further high-
quality RCTs are needed.

Key words: Cerebral palsy; Perinatal brain injury; Stem cells; Umbilical cord blood;
Mesenchymal stem/stromal cells; Gross motor function; Meta-analysis
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Core tip: Cerebral palsy is a severe motor disability resulting from perinatal
complications. Recently, stem cell therapy emerged as a promising treatment option and
raised hope in patients and their families. However, high-quality randomized clinical
trials investigating the efficacy of stem cell therapy as a treatment for cerebral palsy are
scarce. We included the small number of currently available trials in our meta-analysis.
A slight but significantly positive effect on the gross motor function favoring the stem
cell group can be seen.

Citation: Eggenberger S, Boucard C, Schoeberlein A, Guzman R, Limacher A, Surbek D,
Mueller M. Stem cell treatment and cerebral palsy: Systemic review and meta-analysis. World
J Stem Cells 2019; 11(10): 891-903
URL: https://www.wjgnet.com/1948-0210/full/v11/i10/891.htm
DOI: https://dx.doi.org/10.4252/wjsc.v11.i10.891

INTRODUCTION
Despite advances in perinatal medicine, many infants continue to face serious risks
during pregnancy, parturition, and adaptation after birth. Preterm birth and severe
birth asphyxia are the most frequent complications, which may lead to brain damage
of  the  newborn.  The  clinical  presentation  in  an  individual  child  after  perinatal
complications is complex. This complexity results from multiple potential causal
pathways,  signs  and symptoms of  injury.  Typical  pathology  in  these  newborns
include brain injury and the resulting cerebral palsy (CP). Therefore, CP summarizes
a heterogeneous group of non-progressive disabilities in motor function which range
from slight motor impairment of an isolated body part to the inability of walking or
speaking[1].  Depending  on  the  severity,  typical  symptoms  are  difficulties  in
coordination, stereotypic movement, impossibility of discrete movements, evocation
of primitive reflexes through voluntary movements or co-contraction of agonist and
antagonist  resulting  in  spasticity.  Multiple  other  impairments  such  as  seizure
disorders, altered sensation or perception or musculoskeletal disorders can appear as
additional symptoms[1].  Although the diagnosis of CP does not require cognitive
disability,  about  two-thirds  of  children  with  CP  are  confronted  with  it[2].  Not
surprisingly, CP is the most common motor disability in children with a prevalence of
2  per  1000  live  births  in  developed  countries.  The  prevalence  of  CP  increases
exponentially in preterm infants with decreasing gestational age[3]. For example, the
risk to develop CP is 30 times higher in infants born before 33 wk gestation compared
to term-born infants[3].  Besides  prematurity,  major  risk  factors  include placental
abnormalities, major and minor birth defects, low birthweight, meconium aspiration,
emergency caesarean section, birth asphyxia, neonatal seizures, respiratory distress
syndrome, hypoglycemia, and neonatal infections[4]. Together, CP originates from a
multifactorial pathology with multiple risk factors and in many cases, a distinct cause
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is unclear.
Due to major improvements in neonatal care, half of the children suffering from CP

are preterm infants and the other half are term-born infants[5,6]. This differentiation is
important as prophylactic/therapeutic approaches differ in these two populations.
Currently,  the  only  intervention known to  reduce the  burden of  CP in  the  term
population is hypothermia. Hypothermia is associated with a significant reduction in
death and disability in children subjected to perinatal asphyxia[7]. However, 40%-50%
of infants  treated with hypothermia still  die  or  develop significant  neurological
disability[8].  In  the  preterm  population,  hypothermia  is  contra-productive  and
therapeutic  options  are  lacking.  One  option  is  the  antenatal  magnesium sulfate
prophylaxis at less than 30 wk of gestation, which reduces CP and combined CP and
mortality  rate  at  2-years  of  age.  However,  long-term  neurological  benefits  are
lacking[9,10].  New  avenues  to  treat  CP  emerged  and  stem  cell  treatments  are
particularly promising. We review the potential of a stem cell transplant using a meta-
analysis to evaluate gross motor function after randomized controlled trials (RCTs) in
children with CP.

Which source of stem cells to use?
Stem  cells  are  characterized  as  cells  with  the  capacity  of  self-renewal  and
differentiation into multiple tissues[11]. Their program of division and differentiation is
regulated by the immediate microenvironment, also called the niche. Stem cells are
grouped depending on the number of tissues they can differentiate into[12]. Totipotent
cells can differentiate into any cell type found in an organism. They exist for a very
limited time only in the embryo shortly after fertilization. Pluripotent cells are the
next stage; they occur in the blastocyst and can form cells from each of the three
germinal  sheets.  Multipotent  stem  cells  can  also  be  detected  in  adults.  Their
differentiation  capability  is  restricted  to  cell  types  within  one  germinal  sheet.
Unipotent stem cells are responsible for the renewal of a single tissue lineage. In vitro,
apart from their self-renewal and differentiation capacity, stem cells can be identified
by  markers,  which  are  gene  products  expressed  by  specific  types  of  stem cells.
Therefore, by means of flow cytometry, stem cells can be identified and quantified[11].

Embryonic  or  pluripotent  stem  cells  seem  to  be  very  promising  due  to  their
differentiation ability[11]. However, their unlimited self-renewal and differentiation
capacity  combined  with  a  lack  of  cell-cell-interaction  and  regulation  through
extraembryonic cells may lead to tumor formation[13]. Additionally, the harvesting of
pluripotent cells results in the death of the embryo raising major ethical concerns.
Therefore,  the main stem cell  sources in CP treatment are bone marrow (BM) or
umbilical cord blood (UCB)-derived stem cells.

Umbilical cord blood and bone marrow as a source of stem cells
UCB is a rich source of stem cells. It can be collected after birth and stored in public or
private  banks  for  a  possible  future  use[14].  It  contains  several  types  of  stem and
progenitor  cells,  among  which  hematopoietic  stem  cells  (HSC),  mesenchymal
stem/stromal  cells  (MSC)  and  endothelial  progenitor  cells  (EPC)  are  the  most
relevant.  Further,  the  existence  of  embryonic-like  stem  cells  is  controversially
discussed. Besides the simple isolation without ethical concerns, these cells have a
remarkably low immunogenicity. Compared to stem cells from other sources, UCB
cells tolerate more human leukocyte antigen (HLA)-mismatches without rejection[12].
The reason for this might be the immature fetal immune system. Today, cord blood is
routinely used to treat hematopoietic or immunologic disorders[15]. In the last years,
promising trials have shown that UCB stem cells have great potential in the treatment
of various neurological diseases[16].  A world-wide network of cord blood banks is
available  for  unrelated  cord  blood  transplantations.  For  therapeutic  use,  the
mononuclear fraction is isolated from cord blood by means of a density gradient[17].
The mononuclear fraction includes immunosuppressive cells such as regulatory T-
cells  and  monocyte-derived  suppressor  cells[16].  Each  of  these  cell  types  has
characteristics  that  are  likely  to  contribute  to  neuroprotection.  Notably,  the
composition of those cells depends on the timing of sampling (gestational age of
pregnancy)[18]. For example, UCB derived from preterm placentae is different in its
mononuclear  fraction  from  term-derived,  and  UCB  from  intrauterine  growth
restriction infants has impaired EPC[19].

BM is the major hematopoietic organ localized in the central cavities of axial and
long  bones[20].  Differentiation  and  proliferation  of  the  blood  cells  occur  in  the
hematopoietic  compartment.  It  is  composed  of  HSC  and  the  precursors  for  the
different blood lineages. It used to be the main source of HSC for clinical use, until
recently less invasive techniques allowed to obtain HSC from other sources such as
granulocyte-colony  stimulating  factor-stimulated  peripheral  blood  or  UCB[21].
Importantly, the stroma is responsible for the regulation of the hematopoietic process
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and  contains  MSC  and  EPC  along  with  their  products  of  differentiation  like
fibroblasts and endothelial cells. Compared to UCB, MSC are more frequent in BM.
Although BM harvesting requires an invasive procedure, BM is still the main source
for MSC[22]. Notably, the number of both EPC and MSC in BM decline with age[20,23].

Mesenchymal stem/stromal cells
MSC are a heterogeneous population of multipotent cells that can differentiate into
bone  (osteoblasts),  fat  (adipocytes),  cartilage  (chondroblasts)  and  periosteum
(fibroblasts)[24]. Their differentiation potential into the neurogenic direction is debated,
but the discussion remains controversial[17]. Originally, MSCs were discovered in BM
as part of the mononuclear cell fraction, where they support HSC[25]. Meanwhile, they
have  been  isolated  from  many  other  sources  including  adipose  tissue,  muscle,
placental tissues,  and UCB. The International Society for Cell  and Gene Therapy
elaborated minimal criteria to define MSCs[26]. It remains unclear and much discussed
what MSC’s function in each source is. Some even consider the pericyte to be the cell
of origin of MSC in vivo. Thus, their function could be the regulation of the capillary
blood flow and permeability[27]. There are high expectations for MSC as a therapy in
various diseases.  A special  interest  lies in the treatment of  neurological  diseases
including CP[24]. Also, MSC have become more and more commercialized as source of
replacement for damaged structures. However, injected allogeneic MSC are rejected
by the host immune system and likely to be eliminated soon after the transplantation
and in contrast, autologous ones may persist for some longer time[27]. Not surprisingly,
the therapeutic effect of MSC is attributed not to the differentiation capacity and thus
formation of new tissue, but to the secretome, which contains modulatory factors[28].
These  modulate  oxidative  stress  and  has  angiogenetic,  anti-apoptotic  and  anti-
inflammatory effects[28]. MSC have different characteristics depending on their origin.
Of special interest are those MSC derived from fetal tissues such as UCB, placental or
cord  tissues,  which  are  believed  to  have  a  wider  differentiation  and  greater
proliferation potential[29,30].  Moreover,  they can easily be isolated non-invasively,
rapidly and without ethical concern nor invasive procedures[31]. However, we are not
always successful to isolate a sufficient number of MSC from UCB for clinical use[32].

Hematopoietic stem cells and endothelial progenitor cells
Both HSC and EPC can be found in BM as well  as in UCB. HSC are multipotent
precursor cells with the ability to form all blood cells while maintaining a sufficient
HSC-pool to provide hematopoiesis throughout life[33]. Whilst HSC transplantation
was the first established stem cell transplantation and exclusively for hematologic
disorders,  HSC  now  also  become  interesting  in  the  field  of  non-hematologic
diseases[34].  Of special interest for a possible neuroprotective contribution is their
beneficial effect in ischemic brain injury in animal models[35]. EPC too are believed to
possess  neuroprotective  features.  Apart  from  their  ability  to  differentiate  into
endothelial cells, they are believed to induce neovascularization and reduce hypoxia-
induced apoptosis and destruction of blood vessels[36,37]. Considering these in-vitro
characteristics  of  both  HSC  and  EPC,  they  may  play  a  role  in  neuroprotective
therapies such as the treatment of CP as well.

MATERIALS AND METHODS

Literature search
We followed the PRISMA-statement guidelines to perform a systematic electronic
search using PubMed and EMBASE databases for trials published between January 1,
1990, and February 11, 2019. To be eligible for inclusion, the trial was required to be a
randomized, controlled clinical trial with full-text availability in English. Further, the
study population  must  consist  of  children  diagnosed  with  any  type  of  CP.  The
intervention must  include any kind of  stem cell  treatment  compared to  placebo
and/or  standard  of  care  such  as  rehabilitation.  The  motor  outcome  of  both
intervention and control group must be assessed and reported in the Gross Motor
Function Measure (GMFM). We excluded trials that did not meet these criteria from
the analysis.

We combined terms like “stem cells”, “neural progenitor cells”, “mesenchymal
stem cells” or “umbilical cord blood” to match the intervention with “cerebral palsy”
in both databases. We set the limitations to human-controlled clinical trials in English
only. Also, we detected trials from bibliographies of other articles. We identified the
potentially relevant articles through title and abstract screening and proceeded to the
definite inclusion or exclusion according to their content (supplementary materials).
The study selection process is illustrated in Figure 1.
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Figure 1

Figure 1  Study selection process.

Meta-analysis
We defined the efficacy of stem cell therapy as a change in gross motor function. To
summarize the gross motor outcome from the intervention group compared to the
control group, we performed a random-effects meta-analysis using the method of
DerSimonian  et  al[38].  We  pooled  the  standardized  mean  differences  and  the
heterogeneity was quantified using the I-squared measure, taken from the inverse-
variance fixed-effect model. All analyses were done in Stata version 15 using the
command meta version 3.04.

RESULTS

Study selection and characteristics
After applying the inclusion and exclusion criteria, we identified 8 relevant trials for
further analysis (Figure 1). Four of them have been conducted in China, three in Korea
and one in the United States of America. Publication dates ranged from 2012 to 2018.
The study characteristics are summarized in Table 1. Five trials investigated stem cell
therapy  plus  rehabilitation  to  rehabilitation  only,  one  trial  compared  stem  cell
therapy. only to rehabilitation and two trials compared stem cell therapy only to no
intervention in the control group. Two of the included studies were three-group
randomized clinical trials investigating the additive effect of erythropoietin[39] or using
mononuclear cells[40].  Two other studies were designed as randomized controlled
crossover-trials[41,42]. The age in the study population ranged from 6 mo to 35 years. All
patients included were diagnosed with CP. The severity of CP was measured with the
Gross Motor Function Classification System, which divides the syndrome of CP into 5
levels, whereof level 5 is the most severe motor impairment[43]. The type and dose of
the stem cells differed in the trials. One trial used neural progenitor cells derived from
aborted fetuses’ forebrains[44], while others included umbilical cord- or BM-derived
stem cells[39,41,45-47]. The applied dose ranged from 4 × 106 to 6 × 108 cells. The number of
cells was not always adapted to body weight. The application route was in most cases
the intravenous route. In summary, both the study population and the intervention
characteristics are heterogeneous, which leads to a certain risk of bias summarized in
Table 2 and Figure 2.

Risk of bias
We assessed the risk of bias in individual studies using the Cochrane criteria. The risk
ranged from low to high. The major source of risk of bias was patient and personnel
blinding[40,44-46].  The  number  of  trials  was  not  sufficient  to  estimate  the  risk  for
publication bias.

Outcome measurements
All included trials applied standardized scales to assess the neurodevelopmental
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Table 1  Intervention and study population overview

Study Population Intervention

Ref. Country Sample
size Age (yr) Patient

condition

Interventi
on and
study
groups

Applicati-
on route

Type of
stem cells Source Origin Dose

Chen et
al[45], 2013

China 60 1-35 CP,
GMFCS
level 3 to 5

Group 1:
SC +
rehabilita-
tion Group
2:
Rehabilita-
tion only

Intrathecal Mesenchy-
mal stem
cells in vitro
transfor-
med to
neural
stem cell-
like cells

Bone
marrow

Autolog-
ous

Fixed
quantity of
1-2 × 107

cells, twice

Huang et
al[46], 2018

China 56 3-12 CP Group 1:
SC +
rehabilita-
tion Group
2: Placebo
+
rehabilita-
tion

Intrave-
nous

Mesenchy-
mal stem
cells

Cord blood Allogeneic Fixed
quantity of
5 × 107

cells, 4
times

Kang et
al[47], 2015

South
Korea

36 0.5-20 CP,
GMFCS
level 1 to 5

Group 1:
SC Group
2: Placebo
No
rehabilita-
tion

Intrave-
nous/intra-
arterial

Mononucl-
ear cells

Cord blood Allogeneic1 5.46 × 107

cells/kg,
once

Liu et
al[40], 2017

China 105 0.5-12.5 Spastic CP,
GMFCS
level 2 to 5

Group 1:
MNC
Group 2:
MSC
Group 3:
rehabilita-
tion

Intrathecal Mesenchy-
mal
stromal
cells and
mononucl-
ear cells

Bone
marrow

Autolog-
ous

106

cells/kg, 4
times

Luan et
al[44], 2012

China 91 < 0.5-3.5 CP,
GMFSC
level 1 to 5

Group 1:
SC +
rehabilita-
tion Group
2:
rehabilita-
tion only

Intraventri-
cular

Neural
progenitor
cells

Aborted
healthy
fetuses’
forebrains

Allogeneic Fixed
quantity of
8-10 × 106

cells, once

Min et
al[39], 2013

South
Korea

105 0.8-10 CP Group 1:
SC+ EPO +
rehabilita-
tion Group
2: placebo
SC + EPO +
rehabilita-
tion Group
3: placebo
SC+
placebo +
rehabilita-
tion

Intrave-
nous

Mononucl-
ear cells

Cord blood Allogeneic1 ≥ 3 × 107

cells/kg,
once

Rah et
al[42], 2017

South
Korea

57 2-10 Non-severe
CP

Group 1:
G-CSF at
baseline,
SC 1 mo
later Group
2: G-CSF at
baseline,
placebo 1
mo later
crossover
at 7 mo

Intrave-
nous

Mobilized
mononucl-
ear cells

Peripheral
blood

Autolog-
ous

5.97 × 108

cells/ kg,
once
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Sun et
al[41], 2017

USA 63 1-6 CP of any
type,
GMFCS
Level 2 to 4
or 1 with
hemiplegia

Group 1:
SC +
rehabilita-
tion Group
2: Placebo
+
rehabilita-
tion

Intrave-
nous

Mononucl-
ear cells

Cord blood Autolog-
ous

2 × 107

cells/kg,
once

1Administation of cyclosporine. MNC: Mononuclear cells; MSC: Mesenchymal stem cells; EPO: Erythropoietin; CP: Cerebral palsy; SC: Stem cells; GMFCS:
Gross motor function classification system.

outcome. The fine and gross motor function, cognitive function and spasticity were
measured. In the following analysis, we focused on the gross motor function outcome
only. The gross motor function was evaluated with the GMFM-66 or GMFM-88[43].
Both scores categorize 5 sections: Lying, Sitting, Crawling, Standing and Walking.
Each of these categories is expressed in the percentage of the maximum achievable
points. To determine the total score, the percentages of all categories are added up
and divided by  five  and therefore  expresses  the  average  score  of  all  categories.
Importantly, the total score varies depending on the severity of CP and the patient’s
age. The observation period in the included trials was 6 months in three trials, 12 mo
in another three and 24 in the remaining two trials (see Table 3 for details). Functional
assessments  to  measure  the  outcomes  were  performed  at  baseline,  after  the
observation period, and additionally at one to three points in-between. Most GMFM
data were available for the 6- and 12-mo periods and therefore we decided to proceed
with those for the meta-analysis.

Cell dose, gross motor function and safety
Three trials  from the initial  literature  search had to  be excluded from the meta-
analysis due to the lack of GMFM scores in an averaged format[45], missing standard
deviation or standard error in the GMFM scale[42], or no comparable outcome score of
the control group given[44]. One study did not provide changes in GMFM summary
scores from baseline, but only absolute GMFM dimension scores at baseline, 6 months
and 12 mo[40]. Therefore, we averaged the dimension scores and their variations and
calculated the changes from the baseline. The cell dose used in the included trials
differed but improved motor outcome seems to correlate with a higher cell dose[41,42,47]

(Tables 1 and 3). We generated a forest plot with the available GMFM-scores at 6 and
12 mo (see Figures 3-5). Additionally, we pooled all studies; the resulting forest plot is
presented in Figure 5. Besides the improvement of gross motor function, the studies
assessed the serious adverse  events  (SAE).  Overall,  only two trials  reported the
occurrence of SAEs[39,44] (Table 4). One case of hemorrhagic foci after transplantation
was detected and was presumably linked to the invasive procedure[44]. The other SAEs
mainly consisted of infections or seizures[39]. These SAEs were equally distributed
between both cell recipient and control groups. There is no report of an overdose in
any of the included trials. The highest dose applied was a mean dose of 5.97 × 108

cells/kg and no SAEs were reported[42]. Together, the included RCTs provide short-
term safety, whereas the long-term impact is unclear.

DISCUSSION
Using a systematic literature review, we identified 8 RCTs investigating the effect of
stem cell treatment in children with CP vs  standard care with or without placebo.
Based on our inclusion criteria, we included 5 trials in the meta-analysis with a total of
282 patients (142 control, 140 cell recipient group). By combining the outcome, we
identified a significant improvement in the cell recipient compared to the control
group (Figure 5). The pooled standard mean difference was 0.95 (95% confidence
interval: 0.13-1.76). However, we detected a high heterogeneity (I2 = 90.1%), which
reflects  the  diverse  patient  characteristics  and  needs  to  be  accounted  for  while
discussing the results. Besides, our analysis only includes the results from 5 trials,
which  is  hardly  enough  to  represent  the  whole  CP  population.  A  search  on
clinicaltrials.gov identified 9  ongoing randomized clinical  trials  about  stem cell
therapy in CP. Therefore, evidence might grow stronger in the future with greater
data acquisition.

In  the  included  trials,  the  origin  (autologous  or  allogeneic),  type  (MSC,
mononuclear cells, and neural progenitor cells), and source (BM, brain tissue, UCB) of
the transplanted cells differed. Interestingly, in patients receiving the transplant with
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Table 2  Evaluation of the risk of bias

Ref.

Random
sequence
generation:
Selection bias

Allocation
concealment

Blinding of
participants and
personnel:
Performance bias

Blinding of
outcome
assessment:
Detection bias

Incomplete
outcome data:
Attrition bias

Selective
reporting

Chen et al[45], 2013 High High High Low High High

Huang et al[46], 2018 Unclear Unclear High Low Low Unclear

Kang et al[47], 2015 Low Low Low Low Low Unclear

Liu et al[40], 2017 Low Unclear High Unclear Low Low

Luan et al[44], 2012 Unclear Unclear High Unclear High Unclear

Min et al[39], 2013 Low Low Low Low Low Low

Rah et al[42], 2017 Low Low Low Low High Unclear

Sun et al[41], 2017 Low Low Low Low Low Unclear

fewer  HLA-mismatches,  the  improvement  of  gross  motor  function  was  clearly
evident[39,47]. We speculate that autologous cells may show a greater benefit in motor
function  improvement.  Furthermore,  the  matching  of  HLA  seems  to  have  less
relevance in case of a MSC transplant[46]. For example, both studies with a significant
increase in the motor outcome used a MSC transplant[40,46]. These observations are
further supported by the direct comparison of mononuclear fraction of BM stem cells
and MSC alone[40], which clearly favors a MSC alone approach. Together, the present
studies  suggest  that  MSC are  the  ideal  candidates  to  modulate  the  gross  motor
function in CP. The source may be the UCB as it is less invasive and easily accessible.
However, harvesting a sufficient number of cells can only be achieved in around 40%
of the samples[48],  which limits the use of autologous UCB-derived MSC. Further
studies  are  warranted  especially  as  other  easily  available  MSC sources  such  as
Wharton`s jelly of the umbilical cord are very promising[49,50].

In order to report a proper gross motor function improvement, both the patient’s
age and level of motor impairment need to be considered by using percentiles[51].
However, only one of the included trials used proper percentiles and presented the
results as “greater than expected”[41].  Interestingly, this trial detected a significant
gross motor function improvement using a higher cell  dose (≥ 2 × 107  cells) only.
Another consideration is the use of repeated cell  applications[40,46].  Given that the
pathophysiology of CP consists of persistent inflammation, such repetitive doses
would be plausible[52]. Moreover, the transplanted cells do not persist for a very long
time[53], which further supports concurrent use. Eventually, the included trials do not
clearly provide a specific effective dose of cells, but it should be more than 2 × 107

total nucleated cells and may go up to 6 × 108 without the risk of overdosing[41,42]. The
invasive transplantation routes such as the lumbar puncture were chosen to bypass
the blood-brain barrier but resulted in a higher number of reactions like nausea and
headache[40].  However, the modulation of inflammatory responses by secretion of
factors can be achieved peripherally[54], making the route of application less relevant
for the efficacy of the cells[55].

In conclusion, stem cell therapy for CP compared with symptomatic standard care
only, shows a significant positive effect on the gross motor function, although the
magnitude of the improvement is limited. Especially MSC show a positive outcome.
This novel treatment seems safe, at least in the short term. However, high-quality
RCTs are still lacking.
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Table 3  Raw motor outcome data

Ref. Follow-up assessments
after intervention (mo)

Change in GMFM-88/66
after 6 mo ± SD

Change in GMFM-88/66
after 12 mo ± SD

% improvement compared
to baseline after whole
observation period

Chen et al[45], 2013 1, 3, 6 Numbers inaccurately
indicated

- -

Huang et al[46], 2018 3, 6, 12, 24 Control: + 2.96 ± 1.66; MSC: +
7.62 ± 2.44

Control: + 4.75 ± 1.45; MSC: +
10.27 ± 2.96

Control: 5.67%; UCB: 14.89%

Kang et al[47], 2015 1, 3, 6 Control: 3.85 ± 3.75; UCB: 7.08
± 7.36

Control: 13.1%; UCB: 24.2%

Liu et al[40], 2017 3,6, 12 Control: + 1.85; BMMNC: +
3.1; BMMSC: + 10.45

Control: + 2.91; BMMNC: +
6.46; BMMSC: + 12.52

Control: 7.84%; BMMSC:
33.76%

Luan et al[44], 2012 1, 6, 12 Control: not indicated; NPC: +
8.86

- -

Min et al[39], 2013 1, 3, 6 Control: + 7.8 ± 5.1; EPO only:
+ 9.0 ± 6,3; UCB + EPO: + 9.1
± 6.7

- No baseline score provided

Rah et al[42], 2017 12 mo after treatment resp. 6
mo for crossover-group

- Transplantation at baseline: +
2.9; Transplantation after 6
mo: + 6.37

No baseline score provided

Sun et al[41], 2017 12, 24 - Control: + 6.9 ± 5.5; UCB: +
7.5 ± 6.8 (High dose:
improvement + 4.3 ± 1.5
greater than expected. Low-
dose and placebo: no
significant improvement
beyond expectation.)

Control: 13.3%; UCB: 15.3%

BMMNC: Bone marrow mononuclear cells; BMMSC: Bone marrow mesenchymal stem cells; EPO: Erythropoietin; NPC: Neural progenitor cells; UCB:
Umbilical cord blood; MSC: Mesenchymal stem cells; GMFM: Gross Motor Function Measure.

Table 4  Reported serious adverse events

Ref. Serious adverse events in
cell recipient group

Serious adverse events in
control group Allogenic cells Application route

Chen et al[45], 2013 0/30 0/30 Intrathecal

Huang et al[46], 2018 0/27 0/27 x Intravenous

Kang et al[47], 2015 0/18 0/18 x (+ immunosuppressant) Intravenous/intraarterial

Liu et al[40], 2017 0/68 0/34 Intrathecal

Luan et al[44], 2012 1/45 0/49 x Intraventricular

Min et al[39], 2013 3/36 6/70 x (+ immunosuppressant) Intravenous

Rah et al[42], 2017 0/57 - Intravenous

Sun et al[41], 2017 0/63 - Intravenous

Total 4/344 (1.2%) 6/228 (2.6%)

Figure 2

Figure 2  Overall risk of bias.
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Figure 3

Figure 3  Forest plot showing the effect size of the change in the Gross Motor Function Measure in the intervention group compared to the control group
after 6 mo. GMFM: Gross Motor Function Measure; SMD: Standard mean difference; CI: Confidence interval.

Figure 4

Figure 4  Forest plot showing the effect size of the change in the Gross Motor Function Measure in the intervention group compared to the control group
after 12 mo. GMFM: Gross Motor Function Measure; SMD: Standard mean difference; CI: Confidence interval.

Figure 5

Figure 5  Forest plot showing the effect size of the change in the Gross Motor Function Measure in the intervention group compared to the control group. If
available, measures at 12 mo were used[40,41,46], else, measures at 6 mo were used[39,47]. GMFM: Gross Motor Function Measure; SMD: Standard mean difference;
CI: Confidence interval.

ARTICLE HIGHLIGHTS
Research background
Cerebral  palsy  (CP)  is  a  severe,  uncurable  motor  disability  resulting  from  perinatal
complications. It is a challenge for our health system and a burden for both patients and their
families.

WJSC https://www.wjgnet.com October 26, 2019 Volume 11 Issue 10

Eggenberger S et al. Stem cell treatment and cerebral palsy

900



Research motivation
During the last years, stem cell therapy emerged as a novel treatment option. Clinical trials
report promising results and create high expectations. However, most trials are of poor quality
and neither randomized nor controlled, so the scientific evidence remains doubtful.

Research objectives
The aim of our meta-analysis was to investigate the effect of stem cell treatment on the gross
motor function in children with CP.

Research methods
With  a  systematic  literature  search  on  PubMed  and  EMBASE,  we  identified  the  eligible
randomized controlled clinical trials (RCTs). We performed a random-effects meta-analysis
focusing on the change in gross motor function and calculated the pooled standardized mean
differences of the 6- and/or 12-mo-outcome.

Research results
We identified a total of 8 RCTs for a qualitative review. From the initially selected trials, 5 met
the criteria and were included in the meta-analysis. Patients’ population ranged from 0.5 up to 35
years (n = 282). We detected a significant improvement in the gross motor function with a pooled
standard mean difference of 0.95 (95% confidence interval: 0.13-1.76) favoring the stem cell
group and a high heterogeneity (I2  = 90.1%). Serious adverse events were rare and equally
distributed among both intervention and control groups.

Research conclusions
Stem cell therapy for CP compared with symptomatic standard care only, shows a significant
positive effect on the gross motor function, although the magnitude of the improvement is
limited.

Research perspectives
Considering that this small number may not be enough to represent the whole CP population,
our meta-analysis detected a small but significant improvement in the gross motor function
favoring the stem cell group. However, the magnitude of the effect is limited. In the future, high-
quality research with a more homogenous study population is needed to bring more clarity.

REFERENCES
1 Rosenbaum P, Paneth N, Leviton A, Goldstein M, Bax M, Damiano D, Dan B, Jacobsson B. A report:

The definition and classification of cerebral palsy April 2006. Dev Med Child Neurol Suppl 2007; 109: 8-
14 [PMID: 17370477 DOI: 10.1111/j.1469-8749.2007.tb12610.x]

2 Novak I, Hines M, Goldsmith S, Barclay R. Clinical prognostic messages from a systematic review on
cerebral palsy. Pediatrics 2012; 130: e1285-e1312 [PMID: 23045562 DOI: 10.1542/peds.2012-0924]

3 Oskoui M, Coutinho F, Dykeman J, Jetté N, Pringsheim T. An update on the prevalence of cerebral palsy:
A systematic review and meta-analysis. Dev Med Child Neurol 2013; 55: 509-519 [PMID: 23346889 DOI:
10.1111/dmcn.12080]

4 McIntyre S, Taitz D, Keogh J, Goldsmith S, Badawi N, Blair E. A systematic review of risk factors for
cerebral palsy in children born at term in developed countries. Dev Med Child Neurol 2013; 55: 499-508
[PMID: 23181910 DOI: 10.1111/dmcn.12017]

5 Colver A, Fairhurst C, Pharoah PO. Cerebral palsy. Lancet 2014; 383: 1240-1249 [PMID: 24268104 DOI:
10.1016/S0140-6736(13)61835-8]

6 Van Naarden Braun K, Doernberg N, Schieve L, Christensen D, Goodman A, Yeargin-Allsopp M. Birth
Prevalence of Cerebral Palsy: A Population-Based Study. Pediatrics 2016; 137 [PMID: 26659459 DOI:
10.1542/peds.2015-2872]

7 Jacobs SE, Berg M, Hunt R, Tarnow-Mordi WO, Inder TE, Davis PG. Cooling for newborns with hypoxic
ischaemic encephalopathy. Cochrane Database Syst Rev 2013; CD003311 [PMID: 23440789 DOI:
10.1002/14651858.CD003311.pub3]

8 Edwards AD, Brocklehurst P, Gunn AJ, Halliday H, Juszczak E, Levene M, Strohm B, Thoresen M,
Whitelaw A, Azzopardi D. Neurological outcomes at 18 months of age after moderate hypothermia for
perinatal hypoxic ischaemic encephalopathy: Synthesis and meta-analysis of trial data. BMJ 2010; 340:
c363 [PMID: 20144981 DOI: 10.1136/bmj.c363]

9 Cahill AG, Stout MJ, Caughey AB. Intrapartum magnesium for prevention of cerebral palsy: Continuing
controversy? Curr Opin Obstet Gynecol 2010; 22: 122-127 [PMID: 20179596 DOI:
10.1097/GCO.0b013e3283372312]

10 Doyle LW, Anderson PJ, Haslam R, Lee KJ, Crowther C; Australasian Collaborative Trial of Magnesium
Sulphate (ACTOMgSO4) Study Group. School-age outcomes of very preterm infants after antenatal
treatment with magnesium sulfate vs placebo. JAMA 2014; 312: 1105-1113 [PMID: 25226476 DOI:
10.1001/jama.2014.11189]

11 Slack JMW. What is a stem cell? Wiley Interdiscip Rev Dev Biol 2018; e323 [PMID: 29762894 DOI:
10.1002/wdev.323]

12 Forraz N, McGuckin CP. The umbilical cord: A rich and ethical stem cell source to advance regenerative
medicine. Cell Prolif 2011; 44 Suppl 1: 60-69 [PMID: 21481046 DOI:
10.1111/j.1365-2184.2010.00729.x]

13 Ben-David U, Benvenisty N. The tumorigenicity of human embryonic and induced pluripotent stem cells.
Nat Rev Cancer 2011; 11: 268-277 [PMID: 21390058 DOI: 10.1038/nrc3034]

14 Carroll JE, Mays RW. Update on stem cell therapy for cerebral palsy. Expert Opin Biol Ther 2011; 11:
463-471 [PMID: 21299445 DOI: 10.1517/14712598.2011.557060]

15 Gluckman E. History of cord blood transplantation. Bone Marrow Transplant 2009; 44: 621-626 [PMID:

WJSC https://www.wjgnet.com October 26, 2019 Volume 11 Issue 10

Eggenberger S et al. Stem cell treatment and cerebral palsy

901

http://www.ncbi.nlm.nih.gov/pubmed/17370477
https://dx.doi.org/10.1111/j.1469-8749.2007.tb12610.x
http://www.ncbi.nlm.nih.gov/pubmed/23045562
https://dx.doi.org/10.1542/peds.2012-0924
http://www.ncbi.nlm.nih.gov/pubmed/23346889
https://dx.doi.org/10.1111/dmcn.12080
http://www.ncbi.nlm.nih.gov/pubmed/23181910
https://dx.doi.org/10.1111/dmcn.12017
http://www.ncbi.nlm.nih.gov/pubmed/24268104
https://dx.doi.org/10.1016/S0140-6736(13)61835-8
http://www.ncbi.nlm.nih.gov/pubmed/26659459
https://dx.doi.org/10.1542/peds.2015-2872
http://www.ncbi.nlm.nih.gov/pubmed/23440789
https://dx.doi.org/10.1002/14651858.CD003311.pub3
http://www.ncbi.nlm.nih.gov/pubmed/20144981
https://dx.doi.org/10.1136/bmj.c363
http://www.ncbi.nlm.nih.gov/pubmed/20179596
https://dx.doi.org/10.1097/GCO.0b013e3283372312
http://www.ncbi.nlm.nih.gov/pubmed/25226476
https://dx.doi.org/10.1001/jama.2014.11189
http://www.ncbi.nlm.nih.gov/pubmed/29762894
https://dx.doi.org/10.1002/wdev.323
http://www.ncbi.nlm.nih.gov/pubmed/21481046
https://dx.doi.org/10.1111/j.1365-2184.2010.00729.x
http://www.ncbi.nlm.nih.gov/pubmed/21390058
https://dx.doi.org/10.1038/nrc3034
http://www.ncbi.nlm.nih.gov/pubmed/21299445
https://dx.doi.org/10.1517/14712598.2011.557060


19802032 DOI: 10.1038/bmt.2009.280]
16 McDonald CA, Fahey MC, Jenkin G, Miller SL. Umbilical cord blood cells for treatment of cerebral

palsy; timing and treatment options. Pediatr Res 2018; 83: 333-344 [PMID: 28937975 DOI:
10.1038/pr.2017.236]

17 Galieva LR, Mukhamedshina YO, Arkhipova SS, Rizvanov AA. Human Umbilical Cord Blood Cell
Transplantation in Neuroregenerative Strategies. Front Pharmacol 2017; 8: 628 [PMID: 28951720 DOI:
10.3389/fphar.2017.00628]

18 Messerli M, Wagner A, Sager R, Mueller M, Baumann M, Surbek DV, Schoeberlein A. Stem cells from
umbilical cord Wharton's jelly from preterm birth have neuroglial differentiation potential. Reprod Sci
2013; 20: 1455-1464 [PMID: 23670950 DOI: 10.1177/1933719113488443]

19 Sipos PI, Bourque SL, Hubel CA, Baker PN, Sibley CP, Davidge ST, Crocker IP. Endothelial colony-
forming cells derived from pregnancies complicated by intrauterine growth restriction are fewer and have
reduced vasculogenic capacity. J Clin Endocrinol Metab 2013; 98: 4953-4960 [PMID: 24106289 DOI:
10.1210/jc.2013-2580]

20 Rurali E, Bassetti B, Perrucci GL, Zanobini M, Malafronte C, Achilli F, Gambini E. BM ageing:
Implication for cell therapy with EPCs. Mech Ageing Dev 2016; 159: 4-13 [PMID: 27045606 DOI:
10.1016/j.mad.2016.04.002]

21 Deotare U, Al-Dawsari G, Couban S, Lipton JH. G-CSF-primed bone marrow as a source of stem cells for
allografting: Revisiting the concept. Bone Marrow Transplant 2015; 50: 1150-1156 [PMID: 25915812
DOI: 10.1038/bmt.2015.80]

22 Borges FT, Convento MB, Schor N. Bone marrow-derived mesenchymal stromal cell: What next? Stem
Cells Cloning 2018; 11: 77-83 [PMID: 30510433 DOI: 10.2147/SCCAA.S147804]

23 Stolzing A, Jones E, McGonagle D, Scutt A. Age-related changes in human bone marrow-derived
mesenchymal stem cells: Consequences for cell therapies. Mech Ageing Dev 2008; 129: 163-173 [PMID:
18241911 DOI: 10.1016/j.mad.2007.12.002]

24 Mukai T, Tojo A, Nagamura-Inoue T. Mesenchymal stromal cells as a potential therapeutic for
neurological disorders. Regen Ther 2018; 9: 32-37 [PMID: 30525073 DOI: 10.1016/j.reth.2018.08.001]

25 Hematti P, Viswanathan S, Hematti P. Mesenchymal Stromal Cells: Clinical Experience, Challenges, and
Future Directions. Viswanathan S, Hematti P. Mesenchymal Stromal Cells. Boston: Academic Press 2017;
309-334 [DOI: 10.1016/B978-0-12-802826-1.00012-X]

26 Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Mueller I, Marini F, Krause D, Deans R,
Keating A, Prockop Dj, Horwitz E. Minimal criteria for defining multipotent mesenchymal stromal cells.
The International Society for Cellular Therapy position statement. Cytotherapy 2006; 8: 315-317 [PMID:
16923606 DOI: 10.1080/14653240600855905]

27 Slack JM.  Regeneration, Wound Healing and Cancer. In: The Science of Stem cells. John Wiley and
Sons, Ltd 2017; 217-238 [DOI: 10.1002/9781119235293.ch11]

28 Atkinson K.  The mesenchymal stem cell, the mesenchymal stromal cell, and the mesenchymal stromal
cell exosome. In: The Biology and Therapeutic Application of Mesenchymal Cells. John Wiley and Sons,
Ltd 2016; 1-7 [DOI: 10.1002/9781118907474.ch1]

29 van de Ven C, Collins D, Bradley MB, Morris E, Cairo MS. The potential of umbilical cord blood
multipotent stem cells for nonhematopoietic tissue and cell regeneration. Exp Hematol 2007; 35: 1753-
1765 [PMID: 17949892 DOI: 10.1016/j.exphem.2007.08.017]

30 Joerger-Messerli M, Brühlmann E, Bessire A, Wagner A, Mueller M, Surbek DV, Schoeberlein A.
Preeclampsia enhances neuroglial marker expression in umbilical cord Wharton's jelly-derived
mesenchymal stem cells. J Matern Fetal Neonatal Med 2015; 28: 464-469 [PMID: 24803009 DOI:
10.3109/14767058.2014.921671]

31 Mukai T, Tojo A, Nagamura-Inoue T. Umbilical Cord-Derived Mesenchymal Stromal Cells Contribute to
Neuroprotection in Neonatal Cortical Neurons Damaged by Oxygen-Glucose Deprivation. Front Neurol
2018; 9: 466 [PMID: 29963009 DOI: 10.3389/fneur.2018.00466]

32 Zeddou M, Briquet A, Relic B, Josse C, Malaise MG, Gothot A, Lechanteur C, Beguin Y. The umbilical
cord matrix is a better source of mesenchymal stem cells (MSC) than the umbilical cord blood. Cell Biol
Int 2010; 34: 693-701 [PMID: 20187873 DOI: 10.1042/CBI20090414]

33 Hawley RG, Ramezani A, Hawley TS. Hematopoietic stem cells. Methods Enzymol 2006; 419: 149-179
[PMID: 17141055 DOI: 10.1016/S0076-6879(06)19007-2]

34 Porada CD, Atala AJ, Almeida-Porada G. The hematopoietic system in the context of regenerative
medicine. Methods 2016; 99: 44-61 [PMID: 26319943 DOI: 10.1016/j.ymeth.2015.08.015]

35 Felfly H, Haddad GG. Hematopoietic stem cells: Potential new applications for translational medicine. J
Stem Cells 2014; 9: 163-197 [PMID: 25157450]

36 Tanaka N, Kamei N, Nakamae T, Yamamoto R, Ishikawa M, Fujiwara H, Miyoshi H, Asahara T, Ochi M,
Kudo Y. CD133+ cells from human umbilical cord blood reduce cortical damage and promote axonal
growth in neonatal rat organ co-cultures exposed to hypoxia. Int J Dev Neurosci 2010; 28: 581-587
[PMID: 20673797 DOI: 10.1016/j.ijdevneu.2010.07.232]

37 Murohara T. Therapeutic vasculogenesis using human cord blood-derived endothelial progenitors. Trends
Cardiovasc Med 2001; 11: 303-307 [PMID: 11728877 DOI: 10.1016/s1050-1738(01)00128-1]

38 DerSimonian R, Laird N. Meta-analysis in clinical trials. Control Clin Trials 1986; 7: 177-188 [PMID:
3802833 DOI: 10.1016/0197-2456(86)90046-2]

39 Min K, Song J, Kang JY, Ko J, Ryu JS, Kang MS, Jang SJ, Kim SH, Oh D, Kim MK, Kim SS, Kim M.
Umbilical cord blood therapy potentiated with erythropoietin for children with cerebral palsy: A double-
blind, randomized, placebo-controlled trial. Stem Cells 2013; 31: 581-591 [PMID: 23281216 DOI:
10.1002/stem.1304]

40 Liu X, Fu X, Dai G, Wang X, Zhang Z, Cheng H, Zheng P, An Y. Comparative analysis of curative effect
of bone marrow mesenchymal stem cell and bone marrow mononuclear cell transplantation for spastic
cerebral palsy. J Transl Med 2017; 15: 48 [PMID: 28235424 DOI: 10.1186/s12967-017-1149-0]

41 Sun JM, Song AW, Case LE, Mikati MA, Gustafson KE, Simmons R, Goldstein R, Petry J, McLaughlin
C, Waters-Pick B, Chen LW, Wease S, Blackwell B, Worley G, Troy J, Kurtzberg J. Effect of Autologous
Cord Blood Infusion on Motor Function and Brain Connectivity in Young Children with Cerebral Palsy: A
Randomized, Placebo-Controlled Trial. Stem Cells Transl Med 2017; 6: 2071-2078 [PMID: 29080265
DOI: 10.1002/sctm.17-0102]

42 Rah WJ, Lee YH, Moon JH, Jun HJ, Kang HR, Koh H, Eom HJ, Lee JY, Lee YJ, Kim JY, Choi YY, Park
K, Kim MJ, Kim SH. Neuroregenerative potential of intravenous G-CSF and autologous peripheral blood
stem cells in children with cerebral palsy: A randomized, double-blind, cross-over study. J Transl Med

WJSC https://www.wjgnet.com October 26, 2019 Volume 11 Issue 10

Eggenberger S et al. Stem cell treatment and cerebral palsy

902

http://www.ncbi.nlm.nih.gov/pubmed/19802032
https://dx.doi.org/10.1038/bmt.2009.280
http://www.ncbi.nlm.nih.gov/pubmed/28937975
https://dx.doi.org/10.1038/pr.2017.236
http://www.ncbi.nlm.nih.gov/pubmed/28951720
https://dx.doi.org/10.3389/fphar.2017.00628
http://www.ncbi.nlm.nih.gov/pubmed/23670950
https://dx.doi.org/10.1177/1933719113488443
http://www.ncbi.nlm.nih.gov/pubmed/24106289
https://dx.doi.org/10.1210/jc.2013-2580
http://www.ncbi.nlm.nih.gov/pubmed/27045606
https://dx.doi.org/10.1016/j.mad.2016.04.002
http://www.ncbi.nlm.nih.gov/pubmed/25915812
https://dx.doi.org/10.1038/bmt.2015.80
http://www.ncbi.nlm.nih.gov/pubmed/30510433
https://dx.doi.org/10.2147/SCCAA.S147804
http://www.ncbi.nlm.nih.gov/pubmed/18241911
https://dx.doi.org/10.1016/j.mad.2007.12.002
http://www.ncbi.nlm.nih.gov/pubmed/30525073
https://dx.doi.org/10.1016/j.reth.2018.08.001
https://dx.doi.org/10.1016/B978-0-12-802826-1.00012-X
http://www.ncbi.nlm.nih.gov/pubmed/16923606
https://dx.doi.org/10.1080/14653240600855905
https://dx.doi.org/10.1002/9781119235293.ch11
https://dx.doi.org/10.1002/9781118907474.ch1
http://www.ncbi.nlm.nih.gov/pubmed/17949892
https://dx.doi.org/10.1016/j.exphem.2007.08.017
http://www.ncbi.nlm.nih.gov/pubmed/24803009
https://dx.doi.org/10.3109/14767058.2014.921671
http://www.ncbi.nlm.nih.gov/pubmed/29963009
https://dx.doi.org/10.3389/fneur.2018.00466
http://www.ncbi.nlm.nih.gov/pubmed/20187873
https://dx.doi.org/10.1042/CBI20090414
http://www.ncbi.nlm.nih.gov/pubmed/17141055
https://dx.doi.org/10.1016/S0076-6879(06)19007-2
http://www.ncbi.nlm.nih.gov/pubmed/26319943
https://dx.doi.org/10.1016/j.ymeth.2015.08.015
http://www.ncbi.nlm.nih.gov/pubmed/25157450
http://www.ncbi.nlm.nih.gov/pubmed/20673797
https://dx.doi.org/10.1016/j.ijdevneu.2010.07.232
http://www.ncbi.nlm.nih.gov/pubmed/11728877
https://dx.doi.org/10.1016/s1050-1738(01)00128-1
http://www.ncbi.nlm.nih.gov/pubmed/3802833
https://dx.doi.org/10.1016/0197-2456(86)90046-2
http://www.ncbi.nlm.nih.gov/pubmed/23281216
https://dx.doi.org/10.1002/stem.1304
http://www.ncbi.nlm.nih.gov/pubmed/28235424
https://dx.doi.org/10.1186/s12967-017-1149-0
http://www.ncbi.nlm.nih.gov/pubmed/29080265
https://dx.doi.org/10.1002/sctm.17-0102


2017; 15: 16 [PMID: 28109298 DOI: 10.1186/s12967-017-1120-0]
43 Rosenbaum PL, Walter SD, Hanna SE, Palisano RJ, Russell DJ, Raina P, Wood E, Bartlett DJ, Galuppi

BE. Prognosis for gross motor function in cerebral palsy: Creation of motor development curves. JAMA
2002; 288: 1357-1363 [PMID: 12234229 DOI: 10.1001/jama.288.11.1357]

44 Luan Z, Liu W, Qu S, Du K, He S, Wang Z, Yang Y, Wang C, Gong X. Effects of neural progenitor cell
transplantation in children with severe cerebral palsy. Cell Transplant 2012; 21 Suppl 1: S91-S98 [PMID:
22507684 DOI: 10.3727/096368912X633806]

45 Chen G, Wang Y, Xu Z, Fang F, Xu R, Wang Y, Hu X, Fan L, Liu H. Neural stem cell-like cells derived
from autologous bone mesenchymal stem cells for the treatment of patients with cerebral palsy. J Transl
Med 2013; 11: 21 [PMID: 23351389 DOI: 10.1186/1479-5876-11-21]

46 Huang L, Zhang C, Gu J, Wu W, Shen Z, Zhou X, Lu H. A Randomized, Placebo-Controlled Trial of
Human Umbilical Cord Blood Mesenchymal Stem Cell Infusion for Children With Cerebral Palsy. Cell
Transplant 2018; 27: 325-334 [PMID: 29637820 DOI: 10.1177/0963689717729379]

47 Kang M, Min K, Jang J, Kim SC, Kang MS, Jang SJ, Lee JY, Kim SH, Kim MK, An SA, Kim M.
Involvement of Immune Responses in the Efficacy of Cord Blood Cell Therapy for Cerebral Palsy. Stem
Cells Dev 2015; 24: 2259-2268 [PMID: 25977995 DOI: 10.1089/scd.2015.0074]

48 Amati E, Sella S, Perbellini O, Alghisi A, Bernardi M, Chieregato K, Lievore C, Peserico D, Rigno M,
Zilio A, Ruggeri M, Rodeghiero F, Astori G. Generation of mesenchymal stromal cells from cord blood:
Evaluation of in vitro quality parameters prior to clinical use. Stem Cell Res Ther 2017; 8: 14 [PMID:
28115021 DOI: 10.1186/s13287-016-0465-2]

49 Oppliger B, Joerger-Messerli M, Mueller M, Reinhart U, Schneider P, Surbek DV, Schoeberlein A.
Intranasal Delivery of Umbilical Cord-Derived Mesenchymal Stem Cells Preserves Myelination in
Perinatal Brain Damage. Stem Cells Dev 2016; 25: 1234-1242 [PMID: 27392671 DOI:
10.1089/scd.2016.0027]

50 Mueller M, Oppliger B, Joerger-Messerli M, Reinhart U, Barnea E, Paidas M, Kramer BW, Surbek DV,
Schoeberlein A. Wharton's Jelly Mesenchymal Stem Cells Protect the Immature Brain in Rats and
Modulate Cell Fate. Stem Cells Dev 2017; 26: 239-248 [PMID: 27842457 DOI: 10.1089/scd.2016.0108]

51 Hanna SE, Bartlett DJ, Rivard LM, Russell DJ. Reference curves for the Gross Motor Function Measure:
Percentiles for clinical description and tracking over time among children with cerebral palsy. Phys Ther
2008; 88: 596-607 [PMID: 18339799 DOI: 10.2522/ptj.20070314]

52 Fleiss B, Gressens P. Tertiary mechanisms of brain damage: A new hope for treatment of cerebral palsy?
Lancet Neurol 2012; 11: 556-566 [PMID: 22608669 DOI: 10.1016/S1474-4422(12)70058-3]

53 Schoeberlein A, Mueller M, Reinhart U, Sager R, Messerli M, Surbek DV. Homing of placenta-derived
mesenchymal stem cells after perinatal intracerebral transplantation in a rat model. Am J Obstet Gynecol
2011; 205: 277.e1-277.e6 [PMID: 22071064 DOI: 10.1016/j.ajog.2011.06.044]

54 Rizvanov AA, Kiyasov AP, Gaziziov IM, Yilmaz TS, Kaligin MS, Andreeva DI, Shafigullina AK,
Guseva DS, Kiselev SL, Matin K, Palotás A, Islamov RR. Human umbilical cord blood cells transfected
with VEGF and L(1)CAM do not differentiate into neurons but transform into vascular endothelial cells
and secrete neuro-trophic factors to support neuro-genesis-a novel approach in stem cell therapy.
Neurochem Int 2008; 53: 389-394 [PMID: 18948156 DOI: 10.1016/j.neuint.2008.09.011]

55 Sarnowska A, Braun H, Sauerzweig S, Reymann KG. The neuroprotective effect of bone marrow stem
cells is not dependent on direct cell contact with hypoxic injured tissue. Exp Neurol 2009; 215: 317-327
[PMID: 19063882 DOI: 10.1016/j.expneurol.2008.10.023]

WJSC https://www.wjgnet.com October 26, 2019 Volume 11 Issue 10

Eggenberger S et al. Stem cell treatment and cerebral palsy

903

http://www.ncbi.nlm.nih.gov/pubmed/28109298
https://dx.doi.org/10.1186/s12967-017-1120-0
http://www.ncbi.nlm.nih.gov/pubmed/12234229
https://dx.doi.org/10.1001/jama.288.11.1357
http://www.ncbi.nlm.nih.gov/pubmed/22507684
https://dx.doi.org/10.3727/096368912X633806
http://www.ncbi.nlm.nih.gov/pubmed/23351389
https://dx.doi.org/10.1186/1479-5876-11-21
http://www.ncbi.nlm.nih.gov/pubmed/29637820
https://dx.doi.org/10.1177/0963689717729379
http://www.ncbi.nlm.nih.gov/pubmed/25977995
https://dx.doi.org/10.1089/scd.2015.0074
http://www.ncbi.nlm.nih.gov/pubmed/28115021
https://dx.doi.org/10.1186/s13287-016-0465-2
http://www.ncbi.nlm.nih.gov/pubmed/27392671
https://dx.doi.org/10.1089/scd.2016.0027
http://www.ncbi.nlm.nih.gov/pubmed/27842457
https://dx.doi.org/10.1089/scd.2016.0108
http://www.ncbi.nlm.nih.gov/pubmed/18339799
https://dx.doi.org/10.2522/ptj.20070314
http://www.ncbi.nlm.nih.gov/pubmed/22608669
https://dx.doi.org/10.1016/S1474-4422(12)70058-3
http://www.ncbi.nlm.nih.gov/pubmed/22071064
https://dx.doi.org/10.1016/j.ajog.2011.06.044
http://www.ncbi.nlm.nih.gov/pubmed/18948156
https://dx.doi.org/10.1016/j.neuint.2008.09.011
http://www.ncbi.nlm.nih.gov/pubmed/19063882
https://dx.doi.org/10.1016/j.expneurol.2008.10.023


Published By Baishideng Publishing Group Inc

7041 Koll Center Parkway, Suite 160, Pleasanton, CA 94566, USA

Telephone: +1-925-2238242

E-mail: bpgoffice@wjgnet.com

Help Desk: https://www.f6publishing.com/helpdesk

https://www.wjgnet.com

© 2019 Baishideng Publishing Group Inc. All rights reserved.

mailto:bpgoffice@wjgnet.com



