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Abstract: Emergence of new neuroprotective treatments for spinal cord injury (SCI) in recent 

clinical studies is a matter of great scientific and public interest. Effect size and complication 

rates are of particular concern. In this study, a search was performed in the PubMed, Scopus, 

and Scholar Google search engines using the keywords “spinal cord injury”, “cell transplanta-

tion” and “neuroprotective”. Clinical studies published in the English language were included. 

Using the study inclusion criteria, 45 clinically relevant studies were found in which neurologic 

changes was descriptively reported. Of these, 20 studies with American Spinal Injury Associa-

tion scale, and sensory and motor reports were included for quantitative review. Overall, these 

papers show an increment in the number of studies reported since the turn of the century, and 

recent endeavors in the field have accelerated. To compare newer and older studies, considering 

sufficient numbers of studies in each group, the year 2010 was identified as the turning point. 

The mean ± standard deviation change in motor score after treatment was 8.67±3.48 in reports 

before 2010, and this increased to 8.95±2.78 after 2010. Similarly, the mean change in score 

for light touch was 9.57±3.63 before 2010 and increased to 10.58±3.06 after 2010. The mean 

change in score for pinprick sensation improved from 8.36±2.82 before 2010 to 8.39±2.69 

after 2010. Our study indicates that cellular and neuroprotective therapies are becoming more 

popular, and the mean neurologic effect size in terms of light touch shows an increment, paving 

the pathway for clinical applications to be established in the near future.
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Introduction
Spinal cord injuries (SCIs) are amongst the most common and disabling neurologic 

disorders in modern society. Historically, the diagnosis of SCI and its prognosis goes 

back to Hippocrates, whose recommendation was that SCI is “an ailment not to be 

treated”. Final outcomes of established treatments for complete and/or incomplete SCI 

have well known limitations.1 For example, in patients with American Spinal Injury 

Association (ASIA) grade A impairment, the likelihood of neurologic autorecovery 

is in the range of 6%–13%.2 Pursuing these issues, numerous experimental models 

of SCI have been designed, and chemical and cellular interventions for neurological  

restoration have been conducted using these models and published over many years.3 

These include a heterogeneous variety of SCI models, as well as a large number of 

drug and cellular interventions used for neurologic restoration,4 a thorough overview 

of which may not be possible in this paper. At the same time, meticulous surveys and 

assessments by ethical review boards have enabled small trials to be conducted in well 

known international centers5 with well developed guidelines.6–9
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Meanwhile, a growing number of requests by SCI 

patients to participate voluntarily in clinical trials in the 

hope of neurologic improvement has been observed all 

over the world.5 On the other hand, information on the 

effect size of neurorestorative treatments, in terms of well 

established scores, has not been adequately documented. 

Taking into consideration that many of these patients 

may expect a perfect outcome from treatment, acceptable 

recruitment may also require explaining a rough estimate 

of possible outcomes8 to prospective volunteers. Historical 

progress regarding the effect size of the reported trials as 

well as trends over time is also an important issue that 

may realize the hope for more plausible, feasible, and 

cost-effective treatments. In this study, papers published 

on neurorestoration after SCI up until 2012 are reviewed 

and the outcomes are analyzed.

Methods
A search of the PubMed, Scopus, and Google Scholar 

databases for peer-reviewed papers published in the 

English language was performed using the keywords “spinal 

cord injury”, “cell transplantation”, and “neuroprotective”. 

A thorough survey and evaluation of 350 papers identified 

by two reviewers yielded 55 papers having clinical content 

correlated with bedside application of neuroprotective and/or 

cellular treatments for SCI published between 1966 and 2012. 

Review articles and/or nonoriginal papers were excluded, 

along with duplicate publications of the same original study 

and letters to the editor. Original papers reporting a definitive 

intervention in a stated number of patients were included in 

the analysis. In the case of two or three publications emanat-

ing from one study, the version with the longest follow-up 

and/or fullest reporting was included. All the included studies 

had been approved by local institutional review boards. 

Thereafter, of the 55 articles obtained, 45 original papers 

were included and analyzed as descriptive reports regarding 

cell types and/or drugs used, the geographic location of the 

study, publication year, sample size, chronicity of SCI, and 

level of the lesion in the neuraxis. Methodologic aspects, 

including randomization, blinding, and inclusion of a com-

parative design were also assessed. Route of cell delivery, 

cell type, duration of follow-up, frequency of assessment, 

inclusion and exclusion criteria, age range, and any associ-

ated combination therapies were also recorded. Neurologic 

and functional assessments, as well as objective paraclinical 

evaluations, were extracted from the studies.10–54 The findings 

were categorized and reported as being published before or 

after 2010. Finally, reported procedure-related complications 

were scrutinized and recorded. Case reports were excluded 

at this stage of the meta-analysis.

Using the aforementioned criteria (Table  1), of the 

45 papers evaluated, 20 were studies that included quan-

titative ASIA scoring reports (from 1991 to 2012). These 

papers were investigated with regard to the magnitude 

of neurologic changes (ASIA motor, light touch, and 

pinprick sensation) after neuroprotective and/or cellular 

treatments. The exact duration of follow-up and reports of 

ASIA scores were extracted from papers with quantitative 

reporting.11,14,18,20,22,24,35,37,39–43,45–49,51,52

For the 20  studies selected, the magnitude of sensory 

(light touch, pinprick sensation) and motor changes based 

on the ASIA scoring system were analyzed. Mean changes 

and standard deviations were extracted. To compare the 

newer and older studies, considering sufficient numbers 

of studies in each group, the year 2010 was deemed to 

be the turning point. The studies were finally grouped as 

Table 1 Inclusion and exclusion criteria for selecting ASIA quantitative reports (20 studies)

Variable Inclusion criteria Exclusion criteria

Intervention Cellular and pharmacologic therapies intended to  
improve neurologic function

Cellular and pharmacologic therapies aimed  
at treating spasticity, pain, complications from 
SCI (except post-traumatic syringomyelia) or  
arachnoiditis; tissue-based therapies

Comparators Placebo, standard care, physical therapy None
Population Patients with blunt traumatic SCI or penetrating- 

trauma SCI
Patients with SCI due to infection or tumor  
(nontraumatic); animal models of SCI

Characteristics  
of interest

Patient demographics; injury type; intervention group  
(cell or drug type, origin); timing of transplantation;  
route of delivery; reported outcomes (including  
efficacy and safety);  follow-up time; ASIA results

None/do not report the exact ASIA results

Study design Clinical trials (case series) published in English in  
peer-reviewed journals; including at least five patients

Incomplete trials (no results); duplicate  
publications of the same study that do not  
report on different outcomes

Abbreviations: ASIA, American Spinal Injury Association; SCI, spinal cord injury.
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being before or after 2010. The degree of improvement in 

terms of this time point was compared and is reported. All 

numeric data are shown as the mean ± standard deviation. 

The independent-samples t-test was used to compare group 

means. A P-value less than 0.05 was considered to be sta-

tistically significant.

Results
A descriptive analysis was performed using the 45 eligible 

studies. In terms of lesion level, most of the studies included 

both cervical and thoracic patients (27 studies, 60%), while 

seven studies included cervical patients (15.6%), and the 

same number included only thoracic patients. Regarding sam-

ple size, 15 studies included more than 25 patients (33.3%), 

while in eight studies the patient number was less than five 

(17.8%). Duration of follow-up was most frequently between 

6 and 18 months (45.9%, Table 2). The most common cell 

types used were mesenchymal stem cells (37.8%) and 

hematopoietic stem cells (13.3%). The relative frequencies 

of the various cell types and/or drugs used are shown in 

Table 3. Regarding route of cell or drug delivery, 15 studies 

used intramedullary injection (32.6%), while 12 (26.1%) used 

cell delivery via lumbar puncture (Table 4). In terms of SCI 

chronicity, 26 studies (59.1%) recruited patients with chronic 

SCI, seven recruited patients with acute SCI, four recruited 

patients with subacute SCI, and two studies were conducted 

using both acute and chronic cases. Four studies included both 

subacute and chronic cases, and one study covered all three 

phases (acute ,1 week; 1 week #  subacute ,6  months; 

chronic $6 months) after injury. One study did not mention 

the chronicity of SCI.54 A geographic distribution map of the 

reported studies is shown in Figure 1, based on the number 

of patients studied.

The mean study sample size was 31.84 patients before 

2010 and 38.10 patients from 2010 onwards. In terms of 

chronicity before 2010, 16 studies including chronic cases, 

five including acute cases, three including subacute and 

chronic cases, one including acute and chronic cases, and one 

covering all phases of chronicity were reported, while ten 

chronic, four subacute, two acute, one acute and chronic, and 

one subacute and chronic studies were reported after 2010.

In terms of cell types used, before 2010, eleven studies 

using mesenchymal stem cells, four using hematopoietic stem 

cells, two using embryonic stem cells, two using olfactory 

mucosa, one using olfactory ensheathing cells, one using 

macrophages, one using umbilical cord stem cells, one using 

fetal olfactory bulb tissue, one using a sural nerve graft, one 

using GM1 ganglioside, and one using thyrotropin-releasing 

Table 2 Characteristics of the 45 studies analyzed

Variables n (%)

Year of publication
  ,2010 26 (57.8)

  $2010 19 (42.2)
Sample size
  ,5 8 (17.8)

  5–15 15 (33.3)

  15–25 7 (15.6)

  .25 15 (33.3)
Chronicity of injury
  Acute 7 (15.9)

  Subacute 4 (9.1)

  Chronic 26 (59.1)

  Acute and chronic 2 (4.5)

  Subacute and chronic 4 (9.1)

  Acute and subacute and chronic 1 (2.3)
Lesion level
  Cervical 7 (15.6)

  Thoracic 7 (15.6)

  Cervical and thoracic 27 (60.0)

  Cervical and thoracic and lumbar 4 (8.9)
Methodologic aspects
  Inclusion of a control group 13 (28.9)

  Inclusion of randomization 3 (6.7)
Follow-up duration (months)
  ,6 8 (21.6)

  6–18 17 (45.9)

  .18 12 (32.4)

  Follow-up (mean ± SD) 16.47±2.05
  Follow-up frequency (mean ± SD) 4.92±0.74
Complications
  Neuropathic pain 12 (26.7)

  Spasticity 6 (13.3)

Abbreviation: SD, standard deviation.

Table 3 Frequency (relative) of various cellular and/or drug 
treatments for neurological neurorestoration in the studies 
analyzed

Cell type or drug n (%)

Mesenchymal stem cells 17 (37.8)
Hematopoietic stem cells 6 (13.3)
Granulocyte colony-stimulating factor 4 (8.9)
Embryonic stem cells 3 (6.7)
Schwann cells 2 (4.4)
Olfactory mucosa 2 (4.4)
Fetal olfactory ensheathing cells 2 (4.4)
Olfactory ensheathing cells 1 (2.2)
Fetal olfactory bulb 1 (2.2)
Umbilical cord stem cells 1 (2.2)
Adipose mesenchymal stem cells 1 (2.2)
Autologous macrophages 1 (2.2)
Sural nerve graft 1 (2.2)
Cethrin® 1 (2.2)
Thyrotropin-releasing hormone 1 (2.2)
GM1 ganglioside 1 (2.2)
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hormone were reported. From 2010 onwards, six studies 

on mesenchymal stem cells, four on granulocyte colony-

stimulating factor, two on hematopoietic stem cells, two 

on Schwann cells, two on fetal olfactory ensheathing cells, 

one on adipose mesenchymal stem cells, one on embryonic 

stem cells, and one on Cethrin® (BioAxone BioSciences 

Inc., Cambridge, MA, USA) were reported. The route of 

treatment delivery was intramedullary in eleven studies, 

intrathecal in seven, intravenous in three, and intra-arterial in 

two; from 2010 onwards, there were five intravenous studies, 

five intrathecal studies, four intramedullary studies, and one 

extradural study at the time of decompression. Of note, eight 

studies used more than one route of cell delivery.

In total, 20 studies were eligible for quantitative analysis 

of effect size. The studies were classified according to date 

of publication, ie, whether they were pre or post 2010. Nine 

studies were published before 2010 and eleven after 2010.

Before 2010, the mean change in ASIA motor score was 

8.67±3.48 and increased to 8.95±2.78 after 2010. The mean 

change in score for light touch was 9.57±3.63 before 2010 

and improved to 10.58±3.06 from 2010 onwards. The mean 

change in score for pinprick sensation improved from 

8.36±2.82 before 2010 to 8.39±2.69 from 2010 onwards 

(P.0.20, Figure  2). None of the observed changes in 

motor, light touch, and pinprick scores were statistically 

significant. The mean overall improvement in motor scores 

was 9.19±2.60. The overall mean improvement in light touch 

was 9.61±2.55, while mean improvement in pinprick sensa-

tion was 8.19±2.24.

Regarding the effect of chronicity on outcome in terms 

of the ASIA scoring system, acute and subacute SCI was 

compared with chronic SCI, and the results are shown in 

Figure 3.

The most commonly reported complications were neuro-

pathic pain (26.7%) and spasticity (13.3%). Less commonly 

reported untoward effects included neurologic deterioration, 

aseptic meningitis, encephalomyelitis, leakage of cerebro-

spinal fluid, fever, headache, skin rash, hepatic dysfunction, 

myelomalacia, and autonomic dysreflexia. Ten of the papers 

clearly stated their position regarding conflicts of interest, 

while ten papers did not.

Table 4 Frequency of various routes of treatment in the studies 
analyzed

Route of cell or drug delivery n (%)

Intramedullary 15 (32.6)
Intrathecal 12 (25.5)
Intravenous 8 (17.4)
Intra-arterial 2 (4.3)
Extradural 1 (2.2)
Intramedullary and intrathecal 5 (10.9)
Intravenous and intra-arterial 2 (4.3)
Intramedullary and intrathecal and intravenous 1 (2.2)

Figure 1 Geographic distribution of the 45 studies included from around the world.
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Figure 2 Comparison of ASIA score components before 2010 and thereafter in the 20 studies with a quantitative ASIA report.
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Discussion
Neuroprotective treatments for clinical SCI have become 

very popular since 1991, and the frequency of these stud-

ies is progressively increasing.5 Despite the great diversity 

of cell types and/or drugs investigated for neurorestorative 

purposes in SCI trials, only hematopoietic cells, bone marrow 

stem cells, Schwann cells, and olfactory ensheathing cells 

have been reported to be safe for clinical use.55,56 The most 

commonly used have been mesenchymal stem cells followed 

by hematopoietic stem cells (Table 3) because they are eas-

ily available in generous numbers. No differences in safety 

have been found between these cell types. However, there 

is no documented clinical study comparing the various cell 

types (Table 5) in terms of efficacy. In our analysis, a rough 

comparison of the different reports showed greater changes 

in ASIA scores in studies using mesenchymal stem cells. 

Although there are a few studies on simultaneous transplan-

tation of various cell types, our comparison did not support 

any superiority for this strategy as compared with single-cell 

treatments; however, well established assessment tools and 

teams may be necessary for such a comparison.

Diverse methods were used to assess the final outcome 

in these trials, most commonly the ASIA scoring system. 

Other modalities included functional tests (Functional 

Independence Measure, Functional Assessment Measure, 

Spinal Cord Independence Measure, Functional Rating 

Scale, Japanese Orthopaedic Association, Barthel Index, 

Walking Index of Spinal Cord Injury, International Spinal 

Cord Injury Scale), electrophysiologic tests (electromyo-

graphy, nerve conduction studies, somatosensory evoked 

potentials, motor-evoked potentials), psychologic testing 

(Beck Depression Inventory), algometric measurements 

(visual analog scale), and testing for spasticity (Modified 

Ashworth Scale). The choice of testing method may depend 

on the outcome of interest.

Drug treatments for SCI are more promising, safer, less 

expensive, and more easily obtainable as compared with cell 

therapies. In our study, drugs commonly used have included 

granulocyte colony-stimulating factor, thyrotropin-releasing 

hormone, GM1 ganglioside, and Cethrin.21,22,37,47 The most 

commonly used of these has been granulocyte colony-

stimulating factor due to its safety, regulatory approval, low 

complication rate, and availability.57 The conduct and design 

of randomized controlled trials for evaluation of drug effects 

seems to be much easier than for more invasive cellular 

treatments. Use of drugs may be less invasive and have lower 

complication rates. Also, as with other nonsurgical methods, 

drug treatment can be repeated if necessary, and patients 

remain able to participate in future studies without any risk 

of postoperative adhesions. Knowledge about adverse drug 

reactions may require further long-term follow-up. Further, 

administration of placebo may be more ethically plausible 

than carrying out sham surgery.

The most common route used for administration of cells 

and drugs has been intramedullary delivery followed by 

intrathecal delivery. Less invasive methods are preferred, and 

are becoming more popular, especially in studies reported 

from 2010 onwards, according to the present results.

Among the various reported series, there are only a few 

randomized clinical trials providing solid evidence on which 

to base clinical judgment. This is despite relatively large 

numbers of patients being included in some of the reported 

studies.2 This may reflect the difficulty of randomization 

when using cell therapy research methodologies, indicating 

a need to move towards better designed studies. The case 

series design is more common, but as we know, the level 

of evidence it provides is not sufficient to warrant definitive 

conclusions.

The Mackay-Sim group have reported an elegant random-

ized controlled study on the use of olfactory ensheathing cells 

for chronic SCI, that showed only sensory improvement in 

the zone of partial preservation in cases; however, magnetic 

resonance imaging showed extensive tissue loss in the tho-

racic spinal cord, this extent of tissue loss makes it a difficult 

case for neurorestoration.20 Nevertheless, this study did dem-

onstrate the safety of this cell transplantation procedure.

Subjects with thoracic lesions have been preferred by 

many investigators because of the safety of performing cel-

lular procedures at this level and the homogeneity of the study 

population. However, in our series, most of the investigators 

included both thoracic and cervical patients.9 It should be 

borne in mind that the likelihood of motor recovery in the 

zone of partial preservation is greater in patients with cervi-

cal lesions, although the procedure may carry safety risks.42 

On the other hand, documentation of motor improvement 

in thoracic patients may be much more difficult because 

assessment of the intercostal motor nerves may require use 

of indirect methods, such as spirometry. Rehabilitation has 

been an important adjunct to cellular treatments, and almost 

all papers recommend adherence to a standard rehabilitation 

program along with cellular treatment.42 This was indeed 

practiced in almost all of the reviewed literature.

Interventions in the acute and subacute phase are believed 

to be associated with a better outcome regarding the glial 

scar formation phase in chronic cases.58 Since 2010, the 

numbers of acute and subacute interventions show an 
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incremental trend. Of the papers reviewed, only 15.9% of 

studies were performed in acute cases. The better neurologic 

outcomes reported for acute and subacute lesions in these 

papers should be interpreted in the same way. Regarding tim-

ing of cell transplantation after SCI, the process of obtaining 

informed consent and cell processing may be time-consuming 

in the acute phase. General medical instability at this time 

may be a further impediment to cell transplantation. Also, 

injected cell suspensions may be lost through dural tears in 

the acute phase. Inflammation and hemorrhage in the acute 

phase, if severe, may also hinder the effectiveness of cell 

therapy. Again, the effect of autorecovery in the acute phase 

is more pronounced than in the chronic phase. On the other 

hand, undertaking revision surgery for cell transplantation 

following decompression and fixation may pose a problem in 

the acute stage. Further, cell processing centers may not be 

widely available during the acute stage. Denial of the irrevers-

ibility of the condition on the part of the patient during the 

acute phase of SCI also raises problems, largely regarding 

obtaining informed consent for cell transplantation.

All the above mentioned issues come together to delay 

the cell therapy procedure. On the other hand, these issues are 

less troublesome in the chronic phase, although emergence 

of the glial scar as a barrier to axonal sprouting poses a new 

problem. The optimum time for cell therapy in patients with 

minimal cord edema and scar formation remains unclear.

Regarding neurologic outcome, most of the studies 

report some improvement in pinprick sensation and light 

touch scores, but reports of motor improvement have been 

less frequent. However, almost all studies have reported 

the motor outcome, indicating its functional importance 

when compared with the sensory outcome (Table 5). From 

2010 onwards, change in light touch score was improved 

compared with before 2010; however, this effect could 

be due to improvements in cell or drug preparation and/or 

technical advances.

The study population range has usually been in the order 

of 5–15 cases. This variation is the result of two consider-

ations, ie, the larger the sample size the stronger would be 

the statistical evidence, and safety issues have limit the sizes 

of the studies, therefore primary phases (1 and 2) studies 

are smaller.

Conclusion
This paper highlights the multitude of attempts that have 

been made to test cell therapy, the reported adverse effects, 

as well as route of delivery. The choice of cell type as well 

as timing and route of delivery is an important decision in 

trials of treatment for SCI. Better designed studies are needed 

to produce generally accepted guidelines to make the best 

decisions in this regard.
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