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Abstract

Introduction The optimum time to mobilise (standing, walking) following spinal cord injury (SCI) is unknown

but may have implications for patient outcomes. There are no high-quality experimental studies that examine this
issue, with a paucity of guidance for clinicians. Pre-clinical studies lead research in this field and can contribute

to knowledge and support future clinical practice. Objective: to evaluate the effect of early compared to no mobilisa-
tion on pathophysiological and functional outcomes in animals with induced SCI.

Methods A systematic review with meta-analysis was conducted by searching pre-clinical literature in MEDLINE
(PubMed), Embase (Ovid), Web of Science, OpenGrey, and EThOS (June 2023). Studies were included of any research
method giving numerical results comparing pathophysiological and functional outcomes in rats and mice mobilised
within 14-days of induced SCI to those that did not mobilise. Data were synthesised using random-effects meta-anal-
yses. The quality of the evidence was assessed using the CAMARADES checklist. The certainty of findings was reported
using the GRADE approach. This study is registered on PROSPERO (CRD42023437494).

Results Seventeen studies met the inclusion criteria. Outcomes found that Brain Derived Neurotrophic Factor levels
were greater in those that initiated mobilisation within 14-days of SCI compared to the groups that did not. Mobilisa-
tion initiated within 14-days of SCl was also associated with statistically significant functional gains: (Basso, Beattie
and Bresnahan locomotor rating score (BBB)=2.13(0-21), Cl 1.43, 2.84, Ladder Rung Walking Task=— 12.38(0-100),
C120.01, — 4.76). Meta-analysis identified the greatest functional gains when mobilisation was initiated within 3 days
of SCI (BBB=3.00, Cl 2.31-3.69, p <0.001), or when delivered at low intensity (BBB=2.88, C| 2.03-3.70, p < 0.001). Confi-
dence in the findings from this review was low to moderate due to the risk of bias and mixed methodological quality.

Conclusion Mobilisation instigated within 14-days of injury, may be an effective way of improving functional
outcomes in animal models following SCI, with delays potentially detrimental to recovery. Outcomes from this study
support further research in this field to guide future clinical practice.
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Introduction

Spinal cord injury (SCI) refers to damage to the spi-
nal cord from trauma or disease and can impact on all
aspects of an individual’s life [1]. Rehabilitation is benefi-
cial in the facilitation of recovery of functional capacity
and prevention of further disability [2—6]. This includes
mobilisation, referring to movements such as standing
or walking [7]. Benefits of mobilisation include postural
control, strength, balance, circulation, and bladder and
bowel function, leading to functional and psychological
gains [7-10]. However, an initial period of immobilisa-
tion, such as bed rest of 2—6 weeks, is used in the UK fol-
lowing concerns that early mobilisation may exacerbate
secondary pathophysiological responses (e.g. inflamma-
tion, oedema) and hence hinder functional recovery [6,
7, 11-13]. The role of immobilisation following SCI has
caused debate, with many international centres mobi-
lising within 24—48 h of injury. This has led to a lack of
consensus on when to initiate mobilisation to optimise
outcomes and variation in clinical practice [6, 9, 11, 13,
14]. This has implications for patient outcomes and cost
effectiveness, with multiple recommendations for further
investigation [11, 13, 15].

Current evidence in this area has offered little clar-
ity with a lack of randomised control trials. There are
reports of greater functional gains and reduced compli-
cations when mobilisation is instigated <4 weeks (com-
pared to >4 weeks) from injury [12, 16, 17]. However, the
minimal number and low quality of these studies suggest
the current available research is not robust enough to
give confidence or clarity to inform the optimum time to
initiate mobilisation [12, 16, 17]. There remains a scarcity
of evidence on outcomes following mobilisation initi-
ated within 14-days of injury, nor an investigation of the
impact of mobilisation on these secondary pathophysi-
ological responses. The potential for future studies in this
field remains limited due to the practical difficulties of a
small and heterogenic population (injury levels, severity),
and lack of standardised interventions of mobilisation
(including intensity, frequency, duration) as well as a lack
of agreement on clinical equipoise leading to ethical chal-
lenges, making a resolution challenging [6, 9, 16].

This has led to the decision to further knowledge by
exploring pre-clinical animal studies reporting outcomes
following mobilisation initiated within 14-days of injury,
where clinical studies have not investigated [18—20]. This
has the advantage of an available body of data reporting
both pathophysiological and functional outcomes fol-
lowing interventions of mobilisation (e.g. treadmill train-
ing) initiated within this early period [18, 19]. Measures
of pathophysiology are commonly used in pre-clinical
research including levels of brain-derived neurotrophic
factor (BDNF) as an indicator of neuroplasticity and
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neural recovery (with higher levels a marker of better
recovery), and indicators of inflammation, e.g. numbers
of microglial (with lower levels a marker of better recov-
ery) [18, 21, 22]. A range of standardised and validated
measures of function are also reported within these pre-
clinical studies [3, 23, 24].

The pre-clinical literature has often reported favourable
outcomes following early mobilisation, although con-
trasting findings exist and significant variables across the
studies has made it difficult to compare or consolidate
findings [18-20, 25]. A systematic review was therefore
proposed to investigate the effect of early mobilisation on
pathophysiological and functional outcomes in pre-clini-
cal studies. This aimed to increase knowledge and under-
standing of the risks and benefits of mobilisation initiated
within 14-days of SCI, with the potential for translation
to support further research in this field and guide future
clinical practice.

Research question

What is the effect of early mobilisation (<14 days) com-
pared to no mobilisation on pathophysiological and func-
tional outcomes in animals with induced SCI?

Methods

The Preferred Reporting Items for Systematic Reviews
and Meta-Analysis (PRISMA) guidelines were followed
for this review [26]. The review protocol was registered in
PROSPERO (CRD42023437494) [27].

Eligibility criteria

Types of studies

This review considered all study types reporting on out-
comes of mobilisation initiated within 14 days of injury
in comparison to those not mobilised. Studies were not
excluded based on publication year, geographical loca-
tion, or language if a translated copy was available. Con-
ference abstracts, secondary analysis and qualitative
studies were excluded.

Types of participants

The review was limited to studies of rats and mice
(all species, all sexes, all ages) with an experimentally
induced SCI, including contusion, compression, hemi-
section, and complete transection. This included injury at
all spinal levels and any severity.

Types of interventions

The review considered literature that reported on any
therapeutic intervention of mobilisation initiated within
14 days of SCI, such as walking or running using a tread-
mill, wheel or ball, or ladder climbing. Any intensity (e.g.
high or low) and frequency (number of mobilisation
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sessions) was eligible for inclusion. Studies that reported
on swimming were excluded due to reduced transfer-
ability into clinical practice during this early treatment
period. Studies were also excluded that reported on elec-
trical stimulation, acupuncture or combined interven-
tions including the use of pharmaceuticals.

Studies were sought that included a comparator group
where the animal received an experimentally induced
injury to the spinal cord but was not mobilised, e.g. sed-
entary or not trained.

Types of outcomes

Studies were sought that included outcomes of patho-
physiology or functional movement using the following
outcome measures:

Pathophysiology 1. Brain derived neurotrophic factor
(BDNF), expressed as a ratio or percentage [18, 21].

2. Number of microglia (immune cells of the central
nervous system) as an indicator of inflammation [18, 25,
28].

Pathophysiological outcomes reported for other areas
of the nervous system, such as the brain, were excluded.

Functional movement 1. Basso, Beattie and Bresnahan
locomotor rating score (BBB), scored 0-21, as a standard-
ised, valid and predictive measure of locomotion [23].

2. Ladder Rung Walking Task expressed as a percentage
of foot faults, as a measure of agility and motor function
[24].

Search strategy

A search of the literature was conducted June-July 2023
to select published papers meeting the eligibility criteria.
Key words and subject headings (e.g. MeSH) were used in
the areas of “spinal cord injury’, “exercise’, “mobilisation’,
“pathophysiological’; “function” and “animals” The fol-
lowing databases were searched: MEDLINE (PubMed),
Embase (Ovid), and Web of Science. Grey literature was
also searched through OpenGrey and EThOS. An inde-
pendent research librarian contributed to the search
strategy. Terms and key words were used and adapted
to reflect differences in spelling and unique search fea-
tures of individual databases. Reference lists of relevant
reviews and included studies were also searched to iden-
tify any further relevant studies. An example search strat-
egy is found in Additional file 1.

Study selection

Titles and abstracts of studies retrieved using the search
strategy were screened independently in Rayyan to
identify studies that met the inclusion criteria (in full
by JS, 10% by NG). A further search of the full text was
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completed independently by two reviewers (JS, NG).
Consensus was reached following discussion. Consulta-
tion with a third reviewer to resolve disagreements was
not required.

Data extraction

Relevant data was extracted from the included studies
using a data extraction tool, which was previously tri-
alled and amended as required (in full by JS, 10% by NG).
Demographic and outcome data was extracted from the
studies, including sample size, dose, and timing of mobi-
lisation. Only data from sample groups relevant to the
inclusion criteria were extracted.

Outcome data were extracted at 4 weeks post SCI to
gain standardisation across studies and based on the
mean point of plateau in recovery [18, 29]. Where data
was not available at this point, studies were also included
where weeks 3 and 5 were available and a mean score
for outcome and variance was used. Where more than 1
group was presented in a study, outcomes were reported
separately.

Quality assessment

All included studies were assessed for methodological
quality using the Collaborative Approach to Meta-Anal-
ysis and Review of Animal Data from Experimental Stud-
ies quality score checklist (0-9) (CAMARADES) [30].
The quality of the study was considered low if scored <4,
medium 4-6, and high if>6. This was independently
completed by two reviewers (JS, NG,).

Data synthesis

Studies were assessed for suitability for meta-analysis
where variance (SEM or SD) was reported. Meta-analysis
was conducted using a random effects model [29]. This
was also used to evaluate statistical heterogeneity using I?
index, and considered high when I?>60% [29]. Findings
were presented as multiple groups if reported as such
within the studies. Subgroup analysis was conducted
based on timing and intensity of intervention, where
sufficient data was available. Animal type, type of injury
and type of intervention did not report sufficient data or
significant variation within the studies for a viable sub-
group analysis. Analysis of the studies were summarised
using tables, forest plots and narrative description. Mean
differences were presented using 95% confidence inter-
vals and P-values, with p<0.05 considered statistically
significant. Data analyses were performed using Review
Manager (version 5.4.1) [31].

Risk of bias assessment
All included studies were assessed for risk of bias
using the Systematic Review Centre for Laboratory
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animal Experimentation tool (SYRCLE), adapted from
Cochranes’ risk of bias tool [32]. Each study was inde-
pendently completed by two reviewers (JS, NG, VB, AC).
Consensus was reached following discussion with a third
reviewer as necessary. These assessments were used to
evaluate the quality of evidence and impact of bias on the
overall findings. Certainty of the body of evidence was
assessed using the GRADE methodology [29, 33].

Results

Details of included studies

17 studies were included in this review. Figure 1 shows
the results of the search and selection process.

Excluded studies
A list of studies excluded at full text stage and the reason
for their exclusion is given in Additional file 2.

Description of studies
Of the 17 included studies, seven reported pathophysi-
ological outcomes [22, 34—39] and 15 reported functional
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outcomes [22, 37-49]. Characteristics of the 17 selected
studies are presented in Table 1. Where more than one
group was presented within a study, outcomes were
reported separately.

Papers reported samples ranging from n=12-65
and consisted of male and female murids (M:F=3:2)
(Sprague—Dawley rats [34, 38—42, 44, 49], Wistar rats [22,
35, 36, 45—48], and mice [37, 43]) aged between 2 and
4 months. The studies used animal models with induced
SCI resulting in complete SCI by transection [22, 34, 35,
48], or incomplete SCI by contusion [36, 38—41, 44, 45,
47, 49], hemi-Sect. [43] compression [46], or crush injury
[37]. One study did not report the type of injury [42].
Two studies investigated animals with SCI at cervical
level [37, 39] with all other studies reporting on animals
with a thoracic injury (T8-12) [22, 34-36, 38, 40—49].

Mobilisation interventions comprised of treadmill
training, including use of body weight support [34-38,
41, 44, 46-49], use of an exercise wheel or ball [39, 40,
43], walking on a runway [45] or wire mesh [22], or
unspecified rehabilitation training [42]. Animals in the
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Fig. 1 PRISMA flow diagram of search
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control groups were not given the opportunity to exer-
cise; where reported this was described as ‘untrained’ or
‘sedentary’

The training regime for most animals was 20—-30 min
per day, 5-days per week [35-39, 41, 44, 46—49], deliv-
ered as one session [36, 37, 39, 44, 47-49] or divided into
multiple sessions throughout the day [35, 38, 41, 46]. Two
studies delivered the intervention for 10—15 min once
per day for 5-days per week [22, 34], one study delivered
30 min per day for 3-days per week [42], and one study
for 12 min per day twice per week [45]. Two studies did
not report the frequency or duration of the intervention
[40, 43]. Intensity of exercise was reported as a measure
of speed of the treadmill or wheel. This varied between
3.5 and 14 m/minute, with 3 studies gradually increasing
the speed during the trial period depending on the capa-
bilities of the animal [37, 39, 41]. Intensity of exercise was
not reported in six studies [22, 34, 40, 42, 43, 45].

Mobilisation was initiated between 1 and 14 days fol-
lowing SCI. Three studies reported outcomes on groups
initiating mobilisation at different time points within the
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14 days [36, 40, 44]. Outcomes were extracted at 4 weeks
post SCI. The interventions were delivered until this
4-week assessment point in almost all except 4 studies
who delivered intervention up to 3-weeks [22, 42, 44] and
1 study up to 2-weeks [40].

Quality assessment
All studies were assessed for methodological quality
using CAMARADES checklist [30] (Table 2).

Overall, the studies had mixed methodological quality,
ranging from 3 to 7/9. Three studies had high methodo-
logical quality with 7 out of 9 items positively reported
[36, 38, 47]. There was high compliance with regulatory
requirements (16/17 studies), however, randomisation
and allocation concealment were poorly documented,
at 6/17 and 3/17 respectively. One study reported use of
sample size calculation [45], although there remains min-
imal guidance on calculating sample size in animal stud-
ies [33].

Table 2 Methodological quality assessment using CAMARADES checklist

Publication Statement Randomization  Allocation Blinded Avoidance of  Samplesize  Statement of Statement
in peer of control of of treatmentor  concealment assessment of anaesthetics calculation compliance regarding
reviewed temperature control outcome with marked with regulatory  possible
journal intrinsic requirements conflict of
properties interest

Asano Y Y N N N Y N Y Y

2022

Brown Y N N N N N N Y Y

2011

Cote 2011 Y N Y

Davaa Y Y N N N N Y Y

2021

Han 2014 Y N Y N N N Y

Ilha 2011 Y Y N N Y N Y N

Miranda Y N N Y N Y

2012

Li2013 Y Y Y N Y Y Y

Loy2018 Y N Y Y Y

Macias Y Y N N N Y N

2009

Marques Y Y Y Y Y N N Y Y

2018

Multon Y Y N N Y N N Y N

2003

Oh 2009 Y Y N N Y N N Y

Sandrow- Y N N N N N Y

Feinberg

2009

Wang Y Y Y Y Y N N Y Y

2015

Zhan 2023 Y N Y N Y U N Y

Zhao 2020 Y Y Y N Y U N Y

Y =quality criteria met. N=quality criteria not met. U=unclear if quality criteria met
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Risk of bias assessment

Studies were assessed for risk of bias using the SYRCLE
risk of bias tool adapted from Cochranes’ risk of bias tool
[32] (Table 3).

Blinding of the researchers and assessors was often
reported, however, no study reported sequence genera-
tion as part of randomisation or randomly housing the
animals, with minimal reporting on exclusions or attri-
tion. Overall, the risk of bias was moderate to high due to
lack of sufficient details to assess if confounding factors
had been managed, thereby reducing confidence in the
findings.

Pathophysiological outcomes

Pathophysiological outcomes following mobilisation
initiated during the first 14 days following SCI were
reported in seven studies; six using BDNF [35-39]
(Table 4) and one using microglial numbers [22].

BDNF levels were greater in the groups that initi-
ated mobilisation within 14 days of SCI compared to
those that did not. For example, Zhan et al. [37] found
elevated expression of BDNF at 0.75-1.25 in the groups
who mobilised at low, moderate, and high intensity ini-
tiated at 7 days following injury, compared to 0.5 in the

Table 3 Risk of bias assessment using SYRCLE's risk of bias tool

Page 8 of 15

control group who did not exercise [37]. However, there
was a lack of standardisation in how BDNF was collected,
measured, and reported, making meta-analysis unfeasi-
ble. Mobilisation was initiated at day 5 or 7 in all stud-
ies. Marques et al. [36] included an additional group who
initiated mobilisation at 14-days and had the greatest
increase in BDNF levels (200% BDNF expression com-
pared with 125% in the 7-day group) [36].

Asano et al. [22] reported on microglial numbers, con-
cluding that early exercise (initiated day-2) promoted
the reduction of the pro-inflammatory M1 microglial/
macrophages and increased the anti-inflammatory M2
microglial/ macrophages compared with those that did
not exercise, suggesting that exercise during the first
14 days post SCI may be beneficial to recovery by sup-
pressing neuroinflammation in the injured tissues [22].

Functional outcomes

Functional outcomes following mobilisation initiated
during the first 14 days following SCI were reported
using the Basso, Beattie, Bresnahan (BBB) locomotor rat-
ing scale (13 studies) [22, 36, 38—42, 44—49] and the Lad-
der Rung Walking Task scale (6 studies) [36, 37, 39, 41,
43, 49]. Outcomes are reported at 4 weeks following SCI.

Selection bias Performance Detection bias Attrition Reporting Other
bias bias bias
Sequen Baseline Allocatio Rando | Blindi Random | Blindi incomple | Selective Other
ce characteris | n m ng outcom ng te outcome sourc
generati | tics concealm | housi e outcome reporting es of
on ent ng assessm data bias
ent
Asano 2022 [ ] (@) o O |0 |O O [O (@) @
Brown 2011 [ ) 8 g [ ) O [ ) O O O (@)
Cote 2011 [ ) O O O [ ) O O O
Davaa 2021 [ ] O (@) O O O O [ ] [ ] (@)
Han 2014 s 8 [@) [@) :
llha 2011 O O
Li 2013 [ ] (@) 8 QO 10 0 O @ [ ]
Loy 2018 [ ) g O g g g O O
Macias 2009 [ ] [ [) (@) (@)
Marques 2018 ‘ ‘ ‘ O ‘ ‘ ‘ ‘ O
Miranda 2012 [ @) . @) . . . [) [) .
Multon 2003 [ O @) @) : O [)
0Oh 2009 [ ) O [ ) g g O [ ) g
Sandrow-Feinberg . ' O O ' '
2009
Wang 2015 [ ) (@) (@) @) @) [ ) 8
Zhan 2023 [) 8 O O O
Zhao 2020 [) O O [ (@)

@ Bias not managed. . Bias managed. () Unclear.
*No antibiotic, analgesics or anti-inflammatory drugs were given
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Table 4 The effect of early mobilisation on BDNF
Study Spinal segment Unit of measure BDNF

examined

Intervention Control

Cote 2011 T10-T11 Density 1

T12-L1 (ratio to control) 1

[2-13 1.25-2%

L4-L6 1.5%
Macias 2009 13-4 Density of BDNF IR fibres 30 15
Marques 2018 (a) T8-T10 BDNF expression (relative to control %) 125%
(b) 200%
Sandrow-Feinberg 2009 C4(C3&C5) Ratio to control 7
Wang 2015 L5-S1 BDNF immunoreactivity 1.5%
Zhan 2023 (a) C5 Western blot technique expressed as relative 0.75 0.5
(b) to protein expression 1.25 0.5
() 1.25 0.5

" Statistically significant. BDNF (Brain-derived neurotrophic factor)

Five authors did not report total group data and instead
presented findings as multiple groups within their studies
[36, 37, 40, 44, 47]. These outcomes have been presented
and analysed as multiple groups to maintain detail and
clarity. This can be found in Additional file 3.

Most groups reported improved outcomes in those
who mobilised compared to those who did not. However,
in three studies, the control group reported greater func-
tional gains than the groups that exercised [36, 40, 47].

Meta-analysis was possible in both functional out-
comes (Figs. 2 and 3). Findings have been presented as
multiple groups within individual studies if reported as
such by the authors. Greater functional outcomes were
associated with those mobilising within 14 days of SCI
compared to those that did not. The mean differences

were small but statistically significantly different with
BBB=2.13 (CI 1.43, 2.84) and Ladder=-— 12.38 (CI
— 20.01, — 4.76) (BBB p<0.001; Ladder p=0.001). Con-
siderable heterogeneity was identified across the studies
(BBB I*=86%; Ladder I=74%).

Sub-group analysis
Sub-group meta-analysis was conducted based on timing
and intensity of intervention.

Timing of intervention A sub-group analysis was under-
taken exploring outcomes following three different
time periods that mobilisation was initiated: 1-3 days,
4-7 days and 8-14 days following SCI. Sufficient data for

Exercise no exercise (Control) Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Asano 2022 6 15 6 1.5 0.8 7 70% 4.50(3.16,5.84] =
Brown (a) 2011 103 1.2 [ 7 1.5 6  B5% 3.30[1.76, 4.84] —
Brown (h) 2011 69 1.1 6 7 1.5 6 66% -010[1.59,1.39 =1
Davaa 2021 115 05 14 105 0.5 13 92% 1.00[0.62,1.38] -
Han 2014 10 1 18 7 0.5 18 9.0% 3.00[2.48,3.52] ==
llha 2011 28 25 10 2 0.5 10  6.4% 0.80 [-0.78, 2.38] -
Li(a) 2013 11 938 6 14 37 6 07% -3.00[11.38 5.38]
Li {b) 2013 145 42 6 14 37 6 1.9% 0.50 [-3.98, 4.98) —
Li{c) 2013 175 24 6 14 37 6 28% 3.50 [-0.03,7.03]
Multon 2003 95 1.3 7 6.5 1.5 6 65% 3.00[1.46, 4.54] —
Oh 2009 10 4 7 7 21 7 30% 3.00 [-0.35, 6.35] T
Sandrow-Feinberg 2009 145 1.4 8 14 0.1 6 8.0% 0.50 [-0.47,1.47) T
Wang 2015 12 05 12 1 05 12 92% 1.00[0.60, 1.40] e
Zhao (a) 2020 75 14 10 55 1 10 7.8% 2.00[0.93,3.07] —
Zhao (b) 2020 85 15 10 55 1 10 7.6% 3.00[1.88,4.12] =
Zhao (c) 2020 95 15 10 55 1 10 7.6% 4.00([2.88,5.12] —
Total (95% CI) 142 139 100.0% 213[1.43,2.84] ®
Heterogeneity: Tau®= 1.35; Chi*= 110.46, df= 15 (P < 0.00001); F= 86% t t

Test for overall effect: Z= 5.97 (P < 0.00001)

. .
} } t

-10 -5 0 5 10
Favours no exercise Favours early exercise

Fig. 2 A forest plot of the effect of early mobilisation on functional outcomes using the BBB scale
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Early mobilisation no exercise Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Davaa 2021 38 5 14 47 10 13 226% -9.00[-15.03,-2.97] ——
Loy 2018 24 18 13 34 18 13 141% -10.00[-23.84,3.84] =
Oh 2008 21 26 7 225 28 7 254% -1.50[-4.22,1.22] -
Sandrow-Feinberg 2009 5 57 8 17 122 6 17.5% -12.00[-2253,-1.47) ==
Zhan (a) 2023 335 27 15 62 39 15 7.3% -28.50[-52.50,-4.50]
Zhan (b) 2023 305 33 15 62 39 15 6.5% -31.50[-57.35,-5.65]
Zhan (c) 2023 26.5 33 1§ 62 39 15 6.5% -3550[-61.35,-9.65]
Total (95% ClI) 87 84 100.0% -12.38[-20.01, -4.76] -
Heterogeneity: Tau®= 57.55; Chi*= 22.84, df= 6 (P = 0.0009); F=74% 20 35 o 75 50

Test for overall effect: Z= 3.18 (P = 0.001)

Favours exercise Favours no exercise

Fig.3 A forest plot of the effect of early mobilisation on functional outcomes using the Ladder rung walking task scale

meta-analysis was available across these categories using
the BBB score only (Fig. 4).

Sub-group analysis showed that greater functional
gains were associated with those that initiated mobili-
sation between 1 and 3 days following SCI. Differences
were small but statistically significant for both the 1-3-
day (BBB=3.00, CI 2.31, 3.69, p<0.001) and 4-7-day
groups (BBB=1.24, CI 0.67, 1.80, p<0.001). The effect
of initiating mobilisation between day 8-14 was not
statistically significant (BBB=1.98, CI — 2.04, 6.00,

p=0.32) and with only two studies there was consider-
able heterogeneity identified (I*=95%).

Intensity of intervention Whilst duration and frequency
of interventions were unable to be included in meta-anal-
ysis, they were comparable across the studies (Table 1).
There was a greater variation in the intensity of treatment
and meta-analysis was possible using the BBB score only
(Fig. 5.). Studies were categorised according to intensity;
for the purposes of this study, those running at<5 m/min
were considered low intensity and those running at >5 m/

Exercise no exercise (Control) Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD  Total Weight IV, Random, 95% CI IV, Random, 95% CI
3.1.1 mobilised 1-3 days
Asano 2022 6 15 6 1.5 0.8 7 7.0% 4.50[3.16, 5.84) —t
Brown (a) 2011 103 1.2 6 7 15 6 6.5% 3.30[1.76, 4.84) e
Han 2014 10 1 18 7 0.5 18 9.0% 3.00(2.48,3.52) bl
Li(a) 2013 11 98 6 14 37 6 0.7% -3.00[11.38 5.38]
Li(b) 2013 145 4.2 [ 14 37 6 1.9% 0.50 [-3.98, 4.98] =
Li(c) 2013 175 24 6 14 37 6 28% 3.50[-0.03,7.03)
Multon 2003 95 1.3 7 6.5 15 6 65% 3.00[1.46, 4.54) _
Zhao (a) 2020 75 1.4 10 55 1 10 7.8% 2.00(0.93,3.07) -
Subtotal (95% CI) 65 65 42.2% 3.00 [2.31, 3.69] %
Heterogeneity: Tau®= 0.33; Chi*=11.59, df=7 (P=0.11); F= 40%
Test for overall effect: Z= 8.50 (P < 0.00001)
3.1.3 mobilised 4-7 days
Davaa 2021 115 05 14 105 0.5 13 9.2% 1.00[0.62,1.38) -
Ilha 2011 28 25 10 2 0.5 10 6.4% 0.80 [-0.78, 2.39) S e
Oh 2009 10 4 7 7 2.1 7 30% 3.00 [-0.35, 6.35) T
Sandrow-Feinberg 2009 145 1.4 8 14 0.1 6 8.0% 0.50 [-0.47,1.47) T
Wang 2015 12 05 12 1" 0.5 12 9.2% 1.00 [0.60, 1.40) >
Zhao (b) 2020 85 15 10 55 1 10 7.6% 3.00(1.88,4.12) =
Subtotal (95% CI) 61 58 43.5% 1.24[0.67, 1.80] L 2
Heterogeneity: Tau®= 0.25; Chi*=14.42, df=5 (P =0.01); F=65%
Test for overall effect: Z= 4.31 (P < 0.0001)
3.1.4 mobilised 8-14 days
Brown (h) 2011 69 11 6 7 1.5 6 66% -010[1.59,1.39] =
Zhao (c) 2020 95 15 10 55 1 10 7.6% 4.00(2.88,512) e
Subtotal (95% ClI) 16 16 14.3% 1.98 [-2.04, 6.00] —ouSi——
Heterogeneity: Tau®= 7.95; Chi*= 18.64, df=1 (P < 0.0001); F= 95%
Test for overall effect: Z=0.97 (P = 0.33)
Total (95% CI) 142 139 100.0% 213 [1.43,2.84] 3
Heterogeneity: Tau®=1.35; Chi*=110.46, df= 15 (P < 0.00001); F= 86% _150 55 ) é 150

Test for overall effect: Z=5.97 (P < 0.00001)

Test for subaroun differences: Chi*=14.94, df= 2 (P = 0.0006), F= 86.6%

Favours no exercise Favours early exercise

Fig. 4 A forest plot of the effect of time mobilisation is initiated on functional outcomes using the BBB scale
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Exercise No exercise

Mean SD Total Mean

SD Total Weight IV, Random, 95% CI

Mean Difference
IV, Random, 95% CI

Mean Difference
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5.1.1 low intensity

Li(a) 2013 11 98 6 14 37 6 0.8% -3.00[11.38 5.38]

Li (h) 2013 145 42 6 14 37 6 24% 0.50 [-3.98, 4.98] |
Li{c) 2013 175 24 6 14 37 6 35% 3.50[-0.03,7.03] —
Multon 2003 95 1.3 7 65 15 6 10.0% 3.00[1.46, 4.54] =
Zhao (a) 2020 75 1.4 10 55 1 10 128% 2.00[0.93,3.07] e
Zhao (h) 2020 85 15 10 55 1 10 125% 3.00[1.88,4.12] -
Zhao {c) 2020 95 15 10 55 1 10 125% 4.00([2.88,5.12] .
Subtotal (95% ClI) 55 54 54.5% 2.88 [2.05, 3.70] L 2
Heterogeneity: Tau*= 0.41, Chi*=9.62, df=6 (P=0.14); F= 38%

Test for overall effect. Z= 6.83 (P < 0.00001)

5.1.2 high intensity

Davaa 2021 115 05 14 105 05 13 16.7% 1.00[0.62,1.38] -

llha 2011 28 25 10 2 16 10 8.4% 0.80 [-1.04, 2.64) N P
Oh 2009 10 4 7 7 21 7 39% 3.00[-0.35, 6.35] T
Wang 2015 12 05 12 11 05 12 166% 1.00[0.60, 1.40] .
Subtotal (95% CI) 43 42 45.5% 1.01 [0.74, 1.28] ]
Heterogeneity: Tau*= 0.00; Chi*=1.41,df=3 (P=0.70), F= 0%

Test for overall effect: Z=7.30 (P < 0.00001)

Total (95% ClI) 98 96 100.0% 2.06 [1.31, 2.80] ¢
Heterogeneity: Tau®= 0.83; Chi*= 45.94, df= 10 (P < 0.00001); F=78% 1

Test for overall effect: Z=5.42 (P < 0.00001)

Test for subgroup differences: Chi*=17.78, df=1 (P < 0.0001), F= 94.4%

. . .,
} } t
-10 -5 0 5 10
Favours no exercise Favours exercise

Fig. 5 A forest plot of the effect of intensity of intervention on functional outcomes using the BBB scale

min were considered high intensity. Six studies did not
report the intensity of treatment [22, 34, 40, 42, 43, 45].
Three studies reported gradually increasing the intensity
as the animal could tolerate [38, 39, 41]; for 1 study this
ranged from 3.5 to 14 m/min and could therefore not be
used for this analysis [39].

Greater functional gains were associated with those
that mobilised at low intensity (BBB=2.88, CI 2.05, 3.70)
in comparison with those that mobilised at high inten-
sity (BBB=1.01, CI 0.74, 1.28). The mean difference was

Table 5 GRADE assessment of evidence

small but statistically significant (low intensity p<0.001,
high intensity p <0.001) Additional file 3.

Certainty assessment

A certainty assessment was performed using the GRADE
assessment method considering the findings from the
review [29, 33] (Table 5.). Certainty in the results can be
downgraded from ‘high’ to ‘moderate; ‘low’ or ‘very low’
in the presence of the criteria listed. Overall, the assess-
ment concluded low-moderate certainty in the findings.

GRADE criteria Examples Relevance to included studies Outcome
Imprecision Insufficient statistical power Wide confidence intervals Low
Wide confidence intervals Small sample sizes
Small no. of studies No sample size calculations
Inconsistency Results not similar across studies I? indicated considerable heterogeneity Low
Assessed using 12 Heterogeneity unexplained
Some contrasting findings
Risk of bias Limitations in study design or conduct Use of methods with controls Low
Quiality of evidence Poor reporting of randomisation or attrition
Lack of information
Mixed quality across studies
Indirectness Evidence differs from the study’s intended Populations of rats and mice only Moderate
population or outcomes Outcomes reported using desired outcome measures
Majority of studies addressed PICO question
Publication bias Lack of studies Most studies with small sample sizes and mixed outcomes Moderate

Selective publication

Conflicts of interest well reported

Grade can be assessed as high, moderate, low, or very low
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Discussion

Summary of main findings

This review evaluated the pre-clinical evidence on the
effect of early mobilisation (<14 days) on pathophysi-
ological responses and function in animals (rats and
mice) following SCI. Early mobilisation is associated
with higher levels of BDNF and lower levels of neuroin-
flammation, which would expect to lead to greater func-
tional recovery. This is consistent with the outcomes of
the functional measures where greater gains were also
reported in animals that initiated mobilisation within
14 days of SCI compared to those who did not. Specifi-
cally, statistically significant functional gains were associ-
ated with mobilisation initiated within 3 days of SCI, or
when delivered at low intensity. Overall, the level of cer-
tainty of these findings was low to moderate due to the
risk of bias, mixed methodological quality, and high het-
erogeneity across studies.

Comparison to previous literature

Previous pre-clinical studies have investigated the effects
of mobilisation following SCI but often with small sample
sizes and with variability in animal model, intervention
type, timing and dose, and outcome measurement, mak-
ing it difficult to draw firm conclusions [3, 18]. Increased
levels of BDNF and greater function are reported follow-
ing mobilisation initiated within 14-days of SCI, con-
sistent with the outcomes of this review [3, 18, 50, 51].
However, there are few reports of worsening locomo-
tion in those initiating mobilisation on days 1-3 [3, 18,
50-55]. This review reported on studies with varied out-
comes, although, the meta-analysis concluded greatest
gains when mobilisation was initiated during days 1-3.
The lack of standardised measurement of BDNF pre-
vented use of meta-analysis for more robust investigation
in this field.

Pre-clinical and clinical literature have reported wide
variation in training dose, with a lack of consensus in
the optimum intensity of mobilisation following SCI [5,
9, 56]. Worsening function or limited recovery have been
reported in pre-clinical studies following high inten-
sity treadmill training, although definitions of low or
high intensity remain subjective [18, 51, 53]. Within this
review, contrasting outcomes were reported across stud-
ies, but meta-analysis of seven studies also concluded
greater gains following low compared with high intensity
training.

Strengths and limitations

Use of pre-clinical studies in a systematic review

The use of systematic review methods, including meta-
analysis and PRISMA reporting, were a robust way of
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investigating and consolidating the uncertain and appar-
ent conflicting outcomes of early mobilisation following
SCI [20, 29]. However, as with all systematic reviews, it is
possible that not all relevant studies were identified. Use
of pre-clinical studies had the advantage of investigating
outcomes of early mobilisation using robust methods
with control groups, not commonly seen in clinical tri-
als in SCI due to ethical challenges, thereby overcoming
the impact of spontaneous recovery. However, most ani-
mals in the control groups were not immobilised (con-
sistent with clinical practice) but allowed some freedom
of movement; this was often difficult to establish due to
limited reporting [6, 9].

Exploration of heterogeneity

The complexity of synthesising pre-clinical studies is rec-
ognised as a challenge in undertaking pre-clinical system-
atic reviews [20]. Whilst attempts were made to reduce
variables, it is recognised that those which remained may
have contributed to the high heterogeneity identified
across the studies. Rats and mice are commonly reported
to be comparable to each other and appeared consistent
with the outcomes of this review, there remains the pos-
sibility of variability in pathophysiological and functional
responses across and within species and genders [25, 28,
57].

Severity and level of spinal injury influence patterns of
recovery [58]. Most studies reported on thoracic injury
induced by contusion, although outcomes from cervi-
cal injuries and transections were also included, with
severity not easily ascertained. The pre-clinical literature
lacked clarity on the influence of mode of injury on out-
comes. This led to the decision to include all types of SCI,
which may have added to the heterogeneity of the sample
and is a possible limitation of the study [25, 28].

Measurement of outcomes

Pathophysiological outcomes were measured through
identification of BDNF, a commonly used indicator of
neuro recovery across animals and humans, although
it’s specific role in recovery following injury is uncertain
[18, 25, 59]. Studies also lacked standardisation in meas-
urement and reporting of BDNF, making it difficult to
consolidate or compare findings across the studies. The
BBB scale is regarded as a standardised and reliable func-
tional measure for use in rats, also widely used in mice,
however, clinically significant change scores are yet to be
determined, nor a clear understanding of how this trans-
lates to functional change in humans [23, 58].

Methodological quality
A significant limitation of this review was the meth-
odological quality in the included studies, with only two
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assessed as ‘high! Reporting of sample size calculation,
allocation concealment and randomisation were often
lacking, with inconsistent use of blinded assessment,
leading to increased risk of bias and caution in the inter-
pretation of the findings [30, 33]. This may have influ-
enced the heterogeneity identified across these studies in
meta-analysis.

Considerations for transferability

Protocol decisions were made with the aim of maximis-
ing transferability of results for consideration in clinical
trials or practice, with murids chosen for their potential
transferability of outcomes of motor function following
SCI [28, 57]. This review reported on a slightly lower ratio
of male to female participants than is typically reported
in human SCI studies (M:F =3:2, compared to 7:3) [5, 60].
Whilst gender has been reported not to be a predictor of
clinical outcomes, the influence of gender on pre-clinical
outcomes remains inconclusive [5, 25, 57, 61]. Most stud-
ies reported outcomes following SCI induced by contu-
sion, regarded as the closest to human SCI models and
therefore the most clinically relevant, although these
were predominantly at a thoracic level, known to be cho-
sen for experimental convenience over clinical relevance,
thereby potentially reducing transferability [3, 24, 25].

In addition, this review reported on short term out-
comes only. Whilst this could be considered a limitation,
it highlights the ethical implications associated with this
type of research and why there are significant gaps in the
evidence base for early mobilisation [30].

Clinical implications

When clinical studies are difficult to undertake due to
practical and ethical challenges, pre-clinical studies have
a role in gathering early evidence of interventions [18,
20, 33]. Outcomes from this review suggest that early
mobilisation (<14 days) in rats and mice and may pro-
mote further functional recovery in the short term. This
indicates that delaying mobilisation may lead to adverse
pathophysiological outcomes and potential worse func-
tional recovery. Outcomes suggest mobilisation could
be considered within three days of injury, particularly if
delivered at low intensity, although further clarification is
needed on how this is defined [20, 33].

Unanswered questions and future research

Whilst the findings from this study suggest the poten-
tial for greater functional gains following early mobilisa-
tion post SCI, certainty in these findings was moderate
to low. Further robust animal-model studies are needed
to establish the optimum time and intensity of mobili-
sation to reduce risk of bias, gain further precision, and
increase reliability in outcomes. This could be enhanced
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by increased methodological quality in pre-clinical
studies to include randomisation and reporting of sam-
ple size calculations, in addition to greater standardisa-
tion in the measurement and reporting of measures of
pathophysiology.

It remains unknown whether the outcomes from this
study would be replicated in patients with SCI, nor main-
tained over the longer term in either animal or human
models. Further clinical studies are required to continue
to build knowledge in this area.

Conclusion

Early mobilisation, instigated within 14-days of SCI, may
be an effective way of promoting recovery and improving
functional outcomes in animal models, with delays harm-
ful to recovery. This adds to the knowledge and under-
standing of the potential risks and benefits associated
with early mobilisation. Identification of the optimum
intensity and time to initiate mobilisation remains chal-
lenging, with outcomes from this study supporting fur-
ther research in this field to guide future clinical practice.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512868-024-00862-3.

Additional file 1. Example search strategy.
Additional file 2. Excluded studies.

Additional file 3. Outcomes of function.

Acknowledgements
Thanks to John Gladman for guidance with statistical analysis and to PPI
members for their input to this study

Author contributions

Substantial contributions to the conception of the study (NG, VB), contribution
to the design of the research protocol (NG, JS, VB, VT, NQ), extraction of data
(NG, JS, VB, AC), analysis and interpretation of the data (NG, JS, VB), creation

of first draft of manuscript (NG), contribution to revisions of the manuscript
(NG, JS, VB, AC, PL, NQ, VT). All authors reviewed and approved the submitted
manuscript.

Funding

Research grant funding for this study was provided by the National Rehabilita-
tion Centre (NRC), Loughborough, UK and School of Medicine, University of
Nottingham, UK.

Availability of data and materials
| don't have any research data outside the submitted manuscript file.

Declarations

Ethics approval and consent to participate
Ethical approval was not required for this study.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.


https://doi.org/10.1186/s12868-024-00862-3
https://doi.org/10.1186/s12868-024-00862-3

Gray et al. BMC Neuroscience

(2024) 25:20

Author details

'School of Medicine, University of Nottingham, Nottingham, UK. 2Nottingham
University Hospitals NHS Trust, Nottingham, UK. *School of Sport, Exercise
and Health Sciences, University of Loughborough, Loughborough, UK.

Received: 23 January 2024 Accepted: 11 March 2024
Published online: 25 March 2024

References

1.

World Health Organisation. Spinal Cord Injury fact sheet. No.384 2013
[updated 19.11.2013. https://www.who.int/news-room/fact-sheets/
detail/spinal-cord-injury. Accessed 21 Nov 2022.

Kazim SF, Bowers CA, Cole CD, Varela S, Karimov Z, Martinez E, et al.
Corticospinal motor circuit plasticity after spinal cord injury: harness-
ing neuroplasticity to improve functional outcomes. Mol Neurobiol.
2021;58(11):5494-516.

Battistuzzo CR, Callister RJ, Callister R, Galea MP. A systematic review of
exercise training to promote locomotor recovery in animal models of
spinal cord injury. J Neurotrauma. 2012;29(8):1600-13.

World Health Organisation. Rehabilitation 2023. https://www.who.int/
news-room/fact-sheets/detail/rehabilitation#:~:text=Rehabilitation%
20is%20defined%20as%20%E2%80%9Ca,in%20interaction%20with%
20their%20environment%E2%80%9D. Accessed 19 Dec 2023.

Harnett A, Bateman A, Mclntyre A, Parikh R, Middleton J, Arora M, et al.
Spinal cord injury rehabilitation practices. Spinal cord injury rehabilitation
evidence Canada: SCIRE. 2020.

Afshari FT, Choi D, Russo A. Controversies regarding mobilisation

and rehabilitation following acute spinal cord injury. Br J Neurosurg.
2020;34(2):123-6.

Epstein NE. A review article on the benefits of early mobilization follow-
ing spinal surgery and other medical/surgical procedures. Surg Neurol
Int. 2014;5(Suppl 3):566-73.

Alekna V, Tamulaitiene M, Sinevicius T, Juocevicius A. Effect of weight-
bearing activities on bone mineral density in spinal cord injured patients
during the period of the first two years. Spinal Cord. 2008;46(11):727-32.
Burns AS, Marino RJ, Kalsi-Ryan S, Middleton JW, Tetreault LA, Det-

tori JR, et al. Type and timing of rehabilitation following acute and
subacute spinal cord injury: a systematic review. Global Spine J. 2017;7(3
Suppl):1755-S194.

Abdul-Sattar AB. Predictors of functional outcome in patients with
traumatic spinal cord injury after inpatient rehabilitation: in Saudi Arabia.
NeuroRehabilitation. 2014;35(2):341-7.

. National Institute for Health and Care Excellence (NICE). Spinal Injury:

assessment and initial management. NICE guideline NG41 London. 2016.
https://www.nice.org.uk/guidance/ng41. Accessed 19 Dec 2023.
Scivoletto G, Morganti B, Molinari M. Early versus delayed inpatient
spinal cord injury rehabilitation: an Italian study. Arch Phys Med Rehabil.
2005;86(3):512-6.

Hutton M. Spinal services. GIRFT Programme National Specialty Report
NHS, United Kingdom. 2019.

American College of Surgeons A. Best Practice Guidelines. Spinal Injury.
Trauma Quality Programes. 2022.

van Middendorp JJ, Allison HC, Ahuja S, Bracher D, Dyson C, Fairbank

J, et al. Top ten research priorities for spinal cord injury: the methodol-
ogy and results of a British priority setting partnership. Spinal Cord.
2016;54(5):341-6.

Gray N, Gladman J, Cowley A, Logan P, Goosey-Tolfrey V, Quraishi N, et al.
The effect of early compared to late mobilisation following spinal cord
injury on function, complications and wellbeing—A systematic review.
Adv Rehabil Sci Pract. 2023;12:1-7.

CaoH, Zhang Y, Zhe C, Wang H, An L. Effects of early rehabilitation on
postoperative healing and complications in patients with spinal cord
injuries. Intl J Clin Exp Med. 2019;12(1):658-63.

Lewis NE, Tabarestani TQ, Cellini BR, Zhang N, Marrotte EJ, Wang H, et al.
Effect of acute physical interventions on pathophysiology and recovery
after spinal cord injury: a comprehensive review of the literature. Neuro-
spine. 2022;19(3):671-86.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31
32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 14 of 15

Walsh CM, Gull K, Dooley D. Motor rehabilitation as a therapeutic
tool for spinal cord injury: New perspectives in immunomodulation.
Cytokine Growth Factor Rev. 2023;69:80-9.

Soliman N, Rice ASC, Vollert J. A practical guide to preclinical system-
atic review and meta-analysis. Pain. 2020;161(9):1949-54.

. Keeler BE, Liu G, Siegfried RN, Zhukareva V, Murray M, Houle JD. Acute

and prolonged hindlimb exercise elicits different gene expression in
motoneurons than sensory neurons after spinal cord injury. Brain Res.
2012;,1438:8-21.

Asano K, Nakamura T, Funakoshi K. Early mobilization in spinal cord
injury promotes changes in microglial dynamics and recovery of motor
function. IBRO Neurosci Rep. 2022;12:366-76.

Basso DM, Beattie MS, Bresnahan JC. A sensitive and reliable
locomotor rating scale for open field testing in rats. J Neurotrauma.
1995;12(1):1-21.

Metz GA, Whishaw Q. The ladder rung walking task: a scoring system
and its practical application. J Vis Exp. 2009;28:1204.

Alizadeh A, Dyck SM, Karimi-Abdolrezaee S. Traumatic spinal cord
injury: an overview of pathophysiology, models and acute injury
mechanisms. Front Neuro. 2019;10:282.

Page MJM, Bossuyt JE, Boutron PM, Hoffmann I, Mulrow TC. The PRISMA
statement: an updated guideline for reporting systematic reviews. Brit
Med J. 2020;2021(372): n71.

Gray N, Shaikh J, Cowley A, Logan P, Tolfrey V, Quraishi N, et al. The
effect of mobilisation on pathophysiological and functional outcomes
in animals with spinal cord injury—A Systematic Review PROSPERO:
National Institute for Health and Care Research (NIHR); 2023. https://
www.crd.york.ac.uk/prospero/display_record.php?ID=CRD4202343
7494, Accessed 1 Aug 2023.

Donnelly DJ, Popovich PG. Inflammation and its role in neuroprotection,
axonal regeneration and functional recovery after spinal cord injury. Exp
Neurol. 2008;209(2):378-88.

Higgins JPT, Chandler J, Cumpston M, Li T, Page MJ, Welch VA. Cochrane
handbook for systematic reviews of interventions. 2nd ed. Chichester:
John Wiley & Sons; 2019.

Macleod MR, O'Collins T, Howells DW, Donnan GA. Pooling of animal
experimental data reveals influence of study design and publication bias.
Stroke. 2004;35(5):1203-8.

Review Manager (RevMan). Version 5.4 2020. revman.cochrane.org.
Hooijmans CR, Rovers MM, de Vries RB, Leenaars M, Ritskes-Hoitinga M,
Langendam MW. SYRCLE's risk of bias tool for animal studies. BMC Med
Res Methodol. 2014;14:43.

Wei D, Tang K, Wang Q, Estill J, Yao L, Wang X, et al. The use of GRADE
approach in systematic reviews of animal studies. J Evid Based Med.
2016;9(2):98-104.

Cote MP, Azzam GA, Lemay MA, Zhukareva V, Houle JD. Activity-depend-
ent increase in neurotrophic factors is associated with an enhanced
modulation of spinal reflexes after spinal cord injury. J Neurotrauma.
2011;28(2):299-309.

Macias M, Nowicka D, Czupryn A, Sulejczak D, Skup M, Skangiel-Kramska
J, et al. Exercise-induced motor improvement after complete spinal cord
transection and its relation to expression of brain-derived neurotrophic
factor and presynaptic markers. BMC Neurosci. 2009;10:144.

Marques MR, Nicola FC, Sanches EF, Arcego DM, Duran-Carabali LE,
Aristimunha D, et al. Locomotor training promotes time-dependent func-
tional recovery after experimental spinal cord contusion. Neuroscience.
2018;392:258-69.

Zhan Z, Pan L, ZhuY,Wang Y, Zhao Q, Liu Y, et al. Moderate-intensity
treadmill exercise promotes mTOR-dependent motor cortical neuro-
trophic factor expression and functional recovery in a murine model of
crush spinal cord injury (SCI). Mol Neurobiol. 2023;60(2):960-78.

Wang H, Liu NK, Zhang YP, Deng L, Lu QB, Shields CB, et al. Treadmill
training induced lumbar motoneuron dendritic plasticity and behavior
recovery in adult rats after a thoracic contusive spinal cord injury. Exp
Neurol. 2015;271:368-78.

Sandrow-Feinberg HI, Shumsky JS, Zhukareva V, Houle JD. Forced exercise
as a rehabilitation strategy after unilateral cervical spinal cord contusion
injury. J Neurotrauma. 2009,26:721-31.

Brown AK, Woller SA, Moreno G, Grau JW, Hook MA. Exercise therapy
and recovery after SCI: evidence that shows early intervention improves
recovery of function. Spinal Cord. 2011;49(5):623-8.


https://www.who.int/news-room/fact-sheets/detail/spinal-cord-injury
https://www.who.int/news-room/fact-sheets/detail/spinal-cord-injury
https://www.who.int/news-room/fact-sheets/detail/rehabilitation#:~:text=Rehabilitation%20is%20defined%20as%20%E2%80%9Ca,in%20interaction%20with%20their%20environment%E2%80%9D
https://www.who.int/news-room/fact-sheets/detail/rehabilitation#:~:text=Rehabilitation%20is%20defined%20as%20%E2%80%9Ca,in%20interaction%20with%20their%20environment%E2%80%9D
https://www.who.int/news-room/fact-sheets/detail/rehabilitation#:~:text=Rehabilitation%20is%20defined%20as%20%E2%80%9Ca,in%20interaction%20with%20their%20environment%E2%80%9D
https://www.who.int/news-room/fact-sheets/detail/rehabilitation#:~:text=Rehabilitation%20is%20defined%20as%20%E2%80%9Ca,in%20interaction%20with%20their%20environment%E2%80%9D
https://www.nice.org.uk/guidance/ng41
https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42023437494
https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42023437494
https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42023437494

Gray et al. BMC Neuroscience (2024) 25:20

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Davaa G, Hong JY, Kim TU, Lee SJ, Kim SY, Hong K, et al. Exercise
ameliorates spinal cord injury by changing DNA methylation. Cells.
2021;10(1):143.

Han QQ, Xiang JJ, Zhang Y, Qiao HJ, Shen YW, Zhang C. Enhanced neuro-
protection and improved motor function in traumatized rat spinal cords
by rAAV2-mediated glial-derived neurotrophic factor combined with
early rehabilitation training. Chinese Med J. 2014;127(24):4220-5.

Loy K, Schmalz A, Hoche T, Jacobi A, Kreutzfeldt M, Merkler D, et al.
Enhanced voluntary exercise improves functional recovery following
spinal cord injury by impacting the local neuroglial injury response

and supporting the rewiring of supraspinal circuits. J Neurotrauma.
2018,;35(24):2904-15.

Zhao B, Zhou X, Liu C, Wu S, An L. The effects of walking training onset
on motor evoked potentials after acute spinal cord injury. Neurosci Lett.
2020;739:135338.

Miranda TA, Vicente JM, Marcon RM, Cristante AF, Morya E, Valle AC. Time-
related effects of general functional training in spinal cord-injured rats.
Clinics. 2012,67(7):799-804.

Multon SF, Franzen R, Poirrier AL, Scholtes F, Schenen J. The effect of
treadmill training on motor recovery after a partial spinal cord compres-
sion injury in the adult rat. J Neurotrauma. 2003;20:699-706.

Li WT, Zhang XY, Xue H, Ni CP, Wang EG, An LB. Comparison of three dif-
ferent time points of starting treadmill training in spinal cord injured rats.
Dev Neurorehabil. 2013;16(6):382-90.

Ilha J, Centenaro LA, Broetto Cunha N, de Souza DF, Jaeger M, do
Nascimento PS, et al. The beneficial effects of treadmill step training on
activity-dependent synaptic and cellular plasticity markers after complete
spinal cord injury. Neurochem Res. 2011;36(6):1046-55.

Oh M-JS, Kwon TB, Yoon K-B, Elzi S-J, David J, Kim BG, Namgung U. Axonal
outgrowth and Erk1/2 activation by training after spinal cord injury in
rats. J Neurotrauma. 2009;26:2071-82.

Norden DM, Faw TD, McKim DB, Deibert RJ, Fisher LC, Sheridan JF, et al.
Bone marrow-derived monocytes drive the inflammatory microenvi-
ronment in local and remote regions after thoracic spinal cord injury. J
Neurotrauma. 2019;36(6):937-49.

Hansen CN, Fisher LC, Deibert RJ, Jakeman LB, Zhang H, Noble-
Haeusslein L, et al. Elevated MMP-9 in the lumbar cord early after
thoracic spinal cord injury impedes motor relearning in mice. J Neurosci.
2013;33(32):13101-11.

Krajacic A, Ghosh M, Puentes R, Pearse DD, Fouad K. Advantages of delay-
ing the onset of rehabilitative reaching training in rats with incomplete
spinal cord injury. Eur J Neurosci. 2009;29(3):641-51.

Engesser-Cesar CAA, Basso DM, Edgerton VR, Cotman CW. Voluntary
wheel running improves recovery from a moderate spinal cord injury. J
Neurotrauma. 2005;22:157-71.

Norrie BA, Nevett-Duchcherer JM, Gorassini MA. Reduced functional
recovery by delaying motor training after spinal cord injury. J Neuro-
physiol. 2005;94(1):255-64.

Ying Z, Roy RR, Edgerton VR, Gomez-Pinilla F. Exercise restores levels of
neurotrophins and synaptic plasticity following spinal cord injury. Exp
Neurol. 2005;193(2):411-9.

Fehlings MG, Tetreault LA, Aarabi B, Anderson P, Arnold PM, Brodke DS,
et al. A clinical practice guideline for the management of patients with
acute spinal cord injury: recommendations on the type and timing of
rehabilitation. Global Spine J. 2017;7(3 Suppl):2315-5238.

Zmarowski A, Beekhuijzen M, Lensen J, Emmen H. Differential per-
formance of Wistar Han and Sprague Dawley rats in behavioral tests:
differences in baseline behavior and reactivity to positive control agents.
Reprod Toxicol. 2012;34(2):192-203.

Khan Fl, Ahmed Z. Experimental treatments for spinal cord injury: a
systematic review and meta-analysis. Cells. 2022;11(21):3409.

Naegelin Y, Dingsdale H, Sauberli K, Schadelin S, Kappos L, Barde YA.
Measuring and validating the levels of brain-derived neurotrophic factor
in human serum. eNeuro. 2018:5(2):1-9.

Turner-Stokes L, Lafeuillee G, Francis R, Nayar M, Nair A. Functional
outcomes and cost-efficiency of specialist in-patient rehabilitation fol-
lowing spinal cord injury: a multi-centre national cohort analysis from
the UK Rehabilitation Outcomes Collaborative (UKROC). Disabil Rehabil.
2021;44:1-9.

Whiteneck G, Gassaway J, Dijkers MP, Heinemann AW, Kreider SED. Rela-
tionship of patient characteristics and rehabilitation services to outcomes

Page 15 of 15

following spinal cord injury: the SCIRehab project. J Spinal Cord Med.
2012;35(6):484-502.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	The effect of early mobilisation (< 14 days) on pathophysiological and functional outcomes in animals with induced spinal cord injury: a systematic review with meta-analysis
	Abstract 
	Introduction 
	Methods 
	Results 
	Conclusion 

	Introduction
	Research question

	Methods
	Eligibility criteria
	Types of studies
	Types of participants
	Types of interventions
	Types of outcomes
	Pathophysiology 
	Functional movement 


	Search strategy
	Study selection
	Data extraction
	Quality assessment
	Data synthesis
	Risk of bias assessment

	Results
	Details of included studies
	Excluded studies
	Description of studies
	Quality assessment
	Risk of bias assessment
	Pathophysiological outcomes
	Functional outcomes
	Sub-group analysis
	Timing of intervention 
	Intensity of intervention 


	Certainty assessment

	Discussion
	Summary of main findings
	Comparison to previous literature
	Strengths and limitations
	Use of pre-clinical studies in a systematic review
	Exploration of heterogeneity
	Measurement of outcomes
	Methodological quality
	Considerations for transferability

	Clinical implications
	Unanswered questions and future research

	Conclusion
	Acknowledgements
	References


