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Objective: To compare the randomized controlled
trial evidence for therapeutic effects on walking of
functional electrical stimulation and ankle foot orthoses for foot drop caused by central nervous system conditions.
Data sources: MEDLINE, CINAHL, Cochrane Central
Register of Controlled Trials, REHABDATA, PEDro,
NIHR Centre for Reviews and Dissemination, Scopus
and clinicaltrials.gov.
Study selection: One reviewer screened titles/abstracts. Two independent reviewers then screened the
full articles.
Data extraction: One reviewer extracted data, another screened for accuracy. Risk of bias was assessed by 2 independent reviewers using the Cochrane
Risk of Bias Tool.
Data synthesis: Eight papers were eligible; 7 involving participants with stroke and 1 involving participants with cerebral palsy. Two papes reporting different measures from the same trial were grouped,
resulting in 7 synthesized randomized controlled
trials (n= 464). Meta-analysis of walking speed at
final assessment (p = 0.46), for stroke participants
(p = 0.54) and after 4–6 weeks’ use (p = 0.49) showed equal improvement for both devices.
Conclusion: Functional electrical stimulation and
ankle foot orthoses have an equally positive therapeutic effect on walking speed in non-progressive
central nervous system diagnoses. The current randomized controlled trial evidence base does not
show whether this improvement translates into the
user’s own environment or reveal the mechanisms
that achieve that change. Future studies should focus on measuring activity, muscle activity and gait
kinematics. They should also report specific device
details, capture sustained therapeutic effects and involve a variety of central nervous system diagnoses.
Key words: electric stimulation therapy; foot orthoses;
walking; foot drop; central nervous system; therapeutic effects; systematic review; meta-analysis.
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oot drop is a common motor impairment associated
with many central nervous system (CNS) conditions (1). An estimated 20–30% of stroke survivors
experience foot drop; thus approximately 240,000–
360,000 people might be living with it in the UK
alone (2). Foot drop is an abnormal activation of the
musculature of the lower limb, resulting in inefficient
foot clearance during swing (3) and reduced stability
in stance (4). These impairments negatively impact the
function of walking, which may restrict participation
in many aspects of life.
There are 2 demonstrably effective orthotic interventions for foot drop: ankle-foot orthoses (AFO) (5–9)
and functional electrical stimulation (FES) devices
(10). AFOs address foot drop by changing the effective
stiffness and neutral point of the ankle joint (11). FES
devices stimulate lower motor neurones, in this case the
common peroneal nerve, to assist muscle contraction
over appropriate phases in the gait cycle (12).
Recent randomized controlled trials (RCT) have
sought to compare the direct effects of using each
device on various walking behaviours (13, 14). These
comparisons have been made both with and without
the devices being worn, at the point of provision and at
various time-points after a period of use (15). Clinically
the devices are commonly prescribed as orthotics for
long-term use (16); the difference between walking
behaviours without the device at baseline and walking
with the device being worn after a period of use is
called the combined-orthotic effects (14). RCTs (14,
17–19) reporting these effects have found that both
devices achieve the same improvement at various
time-points up 12 months (18). The combined results
of individual RCTs, demonstrating equal combinedorthotic effects of AFO and FES, have also been
confirmed in a recent meta-analysis (15). However,
given the clinical importance of attempting to achieve
therapeutic benefits (20, 21) (i.e. improvement in measured walking behaviours without a device being worn
relative to baseline, called the therapeutic effects (13)),
further work is required to establish whether there are
differences in the therapeutic effects of the 2 devices.
The first study of FES reported that some users, following a period of use, experienced improvement even
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after the device was removed (22). More recently, a
number of studies have suggested a range of possible
peripheral and central neural mechanisms to explain
these observations (23–26). In contrast, an AFO is a
purely mechanical device and there appears to be an
assumption that the effects of AFO on walking are seen
only when the device is worn (27). In addition, some
studies suggest that AFO use may lead to muscle weakening (4, 28–31), whereas FES has been suggested to
improve volitional muscle activation (25).
These studies appear to predict differential therapeutic effects between the 2 devices, which makes the findings (18) of an equivalent combined-orthotic effect of
the devices somewhat surprising; as one might expect
improvements in therapeutic effects to be positively
correlated with combined-orthotic effects. Therefore a
review of therapeutic effects is needed to help inform
guidelines for clinical use.
While a number of AFO- and FES-specific reviews
have been published, only 2 of these have attempted
to draw direct comparisons (16, 32). RCT-based direct
comparisons are particularly important as they summarize current thinking about mechanisms-of-effect and
how these impact on function. This information can
then be used to advance clinical guidelines, which is
timely in the face of increasing market choice for both
devices. However, neither of the existing reviews (16,
32) could be considered a gold standard meta-analysis,
due to methodological issues, and hence there remains
a need to pool RCT-level evidence to answer the following specific questions:
1. Are the therapeutic effects on the function of walking
for CNS foot drop different for FES and AFO?
i) Does diagnosis impact these therapeutic effects?
ii) Does time of use impact these therapeutic effects?
2. What are the mechanisms of therapeutic effects of
AFO and FES on walking for CNS foot drop?
By answering these questions this review aims to
guide clinical decision-making and the direction of
future research.

One reviewer (SP) assessed titles and abstracts against the
inclusion criteria (Table I) and those deemed potentially relevant
were considered by 2 independent reviewers (SP and PO). Any
disagreements or ambiguity were resolved through discussion
with a third reviewer (LK).
Data extraction and analysis
A pre-designed pro forma was used to extract data about the
characteristics of the included trials, participants and intervention details. Trial authors were contacted by SP if data were not
readily available (Appendix I)
The Cochrane Risk of Bias Assessment Tool (33) was used
independently by the 2 reviewers (SP and PO), with a third
reviewer (LK) available if necessary. In order not to disadvantage authors who did not respond to information requests, risk
of bias was based only on published work. It is not possible to
blind participants to which device they are given during the
trial; therefore the performance bias criterion was removed. A
post hoc sensitivity analysis was undertaken if 3 or more trials
showed a high risk of bias, in which the meta-analysis was
recalculated with those trials temporarily excluded to check
whether they had influenced the results.
A range of outcome measures could evidence therapeutic effects; therefore any measure that captured walking behaviours
when a device was not being worn following a period of use
was extracted (Table I). In order to compare the therapeutic effects on the function of walking (question 1.), measures that sat
within the Activity or Participation domains of the World Health
Organization’s (WHO) International Classification of Functioning, Disability and Health (ICF) model (34) were extracted.
Activity monitoring was identified as the primary functional
outcome measure (question 1.) because, unlike more controlled
functional walking measures, it captures actual performance (35,
36) as opposed to potential capacity (37).
Although foot drop manifests itself in the same way for all
CNS disorders, the possible impact of diagnosis on therapeutic
effects (question 1i.) was explored by performing, where possible, sub-group analysis on individual CNS pathologies. This
aimed to provide specific clinical guidance regarding which
patients may benefit most from which device.
The time course of therapeutic effects (question 1ii.) was
explored by pooling data from trials that compared the devices
at similar time-points. Some authors suggest that a period of
use of 3 months is required to observe any therapeutic effects
of either device (24). Sub-group meta-analysis was therefore
sought at 12–13 weeks, as an approximation of 3 months.
Table I. Inclusion criteria

METHODS
In line with best practice the full review protocol was developed
a priori and registered with PROSPERO (http://www.crd.york.
ac.uk/PROSPERO/display_record.asp?ID=CRD42015025967).
Identification and selection of trials
Eight electronic databases were searched: MEDLINE (EBSCO),
CINAHL (EBSCO), Cochrane Central Register of Controlled
Trials (CENTRAL), REHABDATA, PEDro, NIHR Centre for
Reviews and Dissemination, Scopus and clinicaltrials.gov.
Search terms included “walking”,”electric* stimulat*”, equinovarus and Nervous system disease* ; The full search strategy
is available from the lead author (SP).

www.medicaljournals.se/jrm

Design
Randomized controlled trials
Participants
Participants with foot drop caused by a CNS disorder
Intervention
Common peroneal nerve FES to address the specific impairment of foot
drop, with or without other areas of stimulation
Trials where common peroneal stimulation is used during walking
(overground or treadmill) as part of the intervention
Trials studying the therapeutic effects of foot drop FES
Trials where foot drop FES and another intervention are used in
combination, but foot drop FES is measured independently
Comparator
AFO (the term therapy was also included as might involve AFO)
Outcomes
Measures of walking
CNS: central nervous system; FES: functional electrical stimulation; AFO:
ankle foot orthosis.
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In order to evidence potential mechanisms-ofeffect (question 2.), measures reflecting the Body
Functions and Structures (BFS) domain are required
(38). Given the assumption that FES, but not AFO,
has a therapeutic effect on volitional muscle activity,
electromyography (EMG) was chosen as a primary
BFS measure of interest. As another key measure of
gait (quality) is its kinematics (39), which may be
influenced by muscle activations in complex ways,
we chose to complement the EMG analysis with gait
kinematics as a second primary BFS measure. Any
other walking measure was deemed secondary and
categorized as a functional measure of walking or
BFS measures by SP, using appropriate literature (34,
37, 40, 41). All primary and secondary end-point data
were extracted.
Where possible, mean differences (MD) with 95%
confidence intervals (95% CIs) were used, where
outcome measurements were comparable. If data
collection methods varied then standardized mean
differences (SMD) with 95% CIs were used. RevMan
5.3® software was used.
Visual inspection of forest plot, χ2 test and I2
statistic were used to examine heterogeneity. Low
heterogeneity (< 50%) resulted in a fixed-effects and
high (> 50%) in a random-effects model being used.
Where meta-analysis was not possible a narrative
summary of the overall effects was presented.

RESULTS

Records identified through database searching
(n=1,725)
MEDLINE 805
PEDro 90
Naric 20

CINAHL 562
CENTRAL 222
Scopus 6

clinicaltrials.gov 17
NIHR 3

Additional records identified
through other sources
(n=40)

Records after duplicates/obviously irrelevant removed
(n=1,368)

Records screened by titles and
abstract
(n=1,368)

Records excluded
(n =1,331)
Reasons include: non-RCT design, not peroneal
stimulation, not FES, participants were healthy,
not exploring walking, non-human, technical or
surgical exploration

Full-text articles excluded
(n=29)
Full-text articles assessed for
eligibility
(n=37)

Many had multiple reasons:Design Not RCT: 6
Not FES/AFO comparison: 12
Intervention Sensory stimulation only: 2
Not functional during walking: 1
Not peroneal nerve: 2
Outcomes No walking measurements: 1
Not therapeutic effects: 4

Papers included in narrative &
meta-analysis
(n=8, 2 combined so n=7)

Fig. 1. Flowchart of trial selection. RCT: randomized controlled trial; FES: functional
electrical stimulation; AFO: ankle foot orthosis.

A total of 1,725 possible citations were found
as a result of the searches. Following title,
abstract and full-paper screening, a total of 8 papers
met the inclusion criteria. Two of these papers (42,
43) reported results from the same trial, and so were
grouped and referred to by the first publication date
(42), resulting in 7 RCTs, which included a total of
464 participants (Fig. 1).
Characteristics of included trials
Six (14) of the 7 trials had a parallel-group RCT design.
The remaining trial had a cross-over design with 2 AFO
arms. Only 1 AFO arm was used, to avoid any issues
associated with multiplicity (44); arm 2 (AFO-FES)
was chosen due to its larger size and comparability to
the FES arm (arm 1, FES-AFO) and final assessment
data was deemed to be at 6 weeks, pre-cross-over (45),
given the carry-over observed by the trial authors (46).
Two trials collected data from multiple sites (14, 17),
with the other 5 based at a single site (Table II).
Participant details
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Mean age ranged from 8 (47) to 61.58 (17) years,
all participants had unilateral foot drop with an even
distribution of right and left foot drop (182 right,

50.3%, and 180 left, 49.7%). Where reported, more
men than women were recruited (262 men, 62%, and
159 women, 38%).
Although Van der Linden et al. (47) included participants with cerebral palsy (CP) (n = 14), the majority
of participants (n = 450) had had a stroke (Table II).
This allowed for sub-group analysis of this pathology
(question 1i.). There were no trials that included any
progressive CNS diagnoses. Medication was considered by 2 trials (Table II) (14, 17), with 1 screening
based on no expected change in medication during the
intervention period (14); compliance with medication
was not reported by this trial.
Device details
Three trials (14, 17, 42) used “customized” AFOs that
were either made or modified for the participant, by an
appropriate clinician, on inclusion to the trial (Table
II). Participants in 2 of the other trials used a variety
of different types of AFO (29, 47) and participants in
another trial used off-the-shelf orthoses (48), which
was appropriate for the acute/sub-acute population
they investigated (49). Four trials recruited participants
who did not already use an AFO (12, 14, 42, 48), while
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Trial design

Subjects, n
Diagnosis
(R):(L)

www.medicaljournals.se/jrm

20 (10 FES: 10
AFO)

16 (9 FES: 7
AFO)
CVA 10:06

Morone et al. 2-arm parallel
(2012) (12)
Single site

Salisbury et
al. (2013)d
(48)

FES = 52.8
(12.2)
AFO = 53.2
(10.1)
FES = 8 (3.32)
AFO = 8.14
(2.61)

AFO

New

New

Not mentioned Not specified Surface
Walkaide
Not mentioned Off the shelff Surface
ODFS

FES = 44.7 months Not mentioned Customized Surface
New
(97.5)
ODFS
AFO = 44.9 months
(79.2)
Not specified
Not mentioned Combination Surface
Current
ODFS III plus
TENS for 2
weeks

FES = 51.7 days
(34.6)

FES = 27 days
(± 27)
AFO = 13 (± 7)

Current

New

FES = 9.07 years
Not mentioned Combinationf Implanted
(9.29) AFO = 5.67
2-channel
years (4.64)
implant

Surface
Walkaide

Current

No expected
Customized
change (6mos)g

Medication

No

No

No

No

No

No

No

Home
FES: Bioness clinical
protocol followed: 15
min–AD over 3 weeks
Home
FES: Gradual increase
over 2 weeks, then AD

Home
AD

Prescribed usage:
home vs supervised

JRM

Supervised
Both gps: This was
the therapy = 20 × 40
min sessions, 5×week
No
Supervised
Both gps: Part
of physiotherapy
20 min, 5 × week
with supervised/
independent walking
as appropriate
No
Supervised
Both gps: This was
the therapy that was
received for 12/52
Frequency: 40 Hz Home
Pulse width: 3–350 FES: AD apart from
Current: 20–70 mA when doing sporting
Waveform:
activities
asymmetric
biphasic

No

No

No

No

Current or AFO mechanical FES set-up
FES (all new new AFO properties
parameters
users)
users
reported
reported

Journal of Rehabilitation Medicine

FES = 4.77 years
No botulinum
Customizedf Surface
(5.29) AFO = 4.34 toxin 6 weeks plus TENS
NESS L300
years (4.1)
prior or planned for 2 weeks

FES = 6.4 months
(3.8)b AFO = 6.9
months (3.2)b

Time since
diagnosis

JRM

Participant characteristics collected after the intervention period; bParticipant characteristics collected at later time-point than is included in this review (12 weeks); cITT completed; dParticipant characteristics collected
before the intervention period; e = no dropouts; fboth groups continued with physical therapy alongside intervention; gcompliance with medication not reported.
FES: functional electrical stimulation; AFO: ankle foot orthosis; CVA: cerebrovascular accident/stroke; CP: cerebral palsy; AD: all day; ODFS: Odstock Drop Foot System; NESS L300: Bioness model; Customized: custommade/modified AFO; Combination: Different AFOs used by different participants; off the shelf: prefabricated/unmodified AFO; TENS: transcutaneous electrical nerve stimulation with no motor response; gps: groups.

a

14 (7 FES; 7
AFO)
CP 4:6

Van der
Linden et al.
(2008) (47)

Not specified

110 (54 FES: 56 FES = 30:24
AFO)
AFO = 37:19
CVA 62:48

2-arm parallel
Single site

Age (years)

FES = 57.1
FES = 32:6b
b
AFO = 19:12b (12.9)
AFO = 55.6
(11.9)b
FES = 51:48
FES = 60.71
AFO = 67:31 (12.24)
AFO = 61.58
(10.98)
FES = 10:04
FES = 55.2
AFO = 10:05 (11.36)
AFO = 52.87
(9.87)
Not specified FES = 53.3
(± 14.6)
AFO = 61.2
(± 16.2)
FES = 03:06
FES = 55.8
AFO = 03:04 (11.3)
AFO = 52.6
(17.2)

Male:
Female

Sheffler et al. 2-arm parallel
(2013) (42)
Single site

2-arm parallel
Single site

29 (14 FES: 15
AFO)
CVA 13:16

2 arm parallel
Single site

Kottink et al.
(2008)a (29)

Everaert et al. 3-arm crossover 78 (43 FES: 35
(2013)a (14) Multiple sites
AFO)
CVA not
specified
Kluding et al. 2-arm parallel
197 (99 FES: 98
(2013)c (17) Multiple sites
AFO)
CVA 93:104

Author/
reference

Table II. Characteristics of included trials, participant and intervention details
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Table III. Risk of bias

Author/reference

Blinding of outcome
Random sequence
Allocation concealment assessment
Incomplete outcome Selective reporting Other
generation (selection bias) (selection bias)
(detection bias)
data (attrition bias) (reporting bias)
bias

Everaert et al. (2013) (14)
Kluding et al. (2013) (17)
Kottink et al. (2008) (29)
Morone et al. (2012) (12)
Salisbury et al. (2013) (48)
Sheffler et al. (2013) (42)
Van der Linden (2008) (47)

Unclear
Low
High
High
Unclear
High
Low

Unclear
Low
Unclear
High
Low
High
Unclear

the other trials recruited current AFO users (17, 29,
47). None of the trials reported any of the mechanical
properties of the AFO (Table II).
All trials recruited new users of FES. One trial used an
implantable FES system (29), while the others opted for
surface systems from 3 different manufacturers. Set-up
parameters were reported by only 1 trial (47) (Table II).
Four trials allowed use within the home/community
setting (14, 17, 29, 47), whilst the remaining 3 trials
provided devices only under supervision (12, 42, 48)
(Table II).

JRM
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Risk of bias
Table III shows the results of the Cochrane Risk of Bias
Assessment. Kluding et al. (17) and Van der Linden
et al. (47) were deemed to
have no areas of high risk
B
with Kottink et al. (29)
showing the most high risk
areas (three). Selection bias,
as determined by the ability
to generate an appropriately
random sequence (33), was
the area of risk least well
addressed by the included
trials (Table III). Based on
C
these findings the trials were
deemed to be at a moderate
or lower risk of bias overall.

Unclear
Unclear
High
Unclear
High
Unclear
Unclear

High
Low
Unclear
Low
Unclear
Low
Unclear

Low
Low
High
Low
Low
Low
Low

Low
Unclear
Unclear
Low
Low
Unclear
Unclear

was primarily captured over 10 m. This was captured
by 6 trials (12, 14, 17, 29, 42, 48) (n = 450).
Therapeutic effects – meta-analysis of gait speed
Salisbury et al. (48) reported data that reflected orthotic
and therapeutic effects in combination. Despite repeated
communication no specific therapeutic data was shared
and so their results could not be included in meta-analyses. Meta-analysis of final-assessment walking speed
data (Fig. 2a) of the other 6 trials (n = 437) showed that
both interventions had equivalent positive therapeutic
effects (MD = 0.02 [–0.03, 0.06]: I2 0%; p = 0.46). A
sensitivity analysis was undertaken excluding the 3
trials (12, 29, 42) that showed high risk of bias (Table
III) with regards random sequence generation (selec-

Outcome measures
All 7 trials used outcome
measures that could be categorized as functional and
BFS (Table IV). Four of
the trials utilized measures
that we had deemed to be of
primary interest (17, 29, 42,
47). The most commonly
used secondary measure
was walking speed, which

D

Fig. 2. (a) Final assessment of 10-m walking speed (m/s). (b) Sub-group analysis of 10-m walking speed
for stroke (m/s). (c) Sub-group analysis of 10-m walking speed at 4–6 weeks (m/s).
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Table IV. Walking outcome measures and therapeutic effects
Author/
reference
Everaert et al.
(2013) (14)

Kluding et al.
(2013)c (17)

BFS:
PCI over 4-min testb
Functional:
4-min walking test (speed)b
10MWT
Modified RMI
BFS:
LE Fugl Meyer
Functional:
10MWT (self and fast)b
TUG
6-min walk test (distance)
SIS mobility sub-scale
Activity monitoring (Stepwatch®) for 7 consecutive
days in weeks 6 and 24

Outcome collection
points

Therapeutic effects reported at final outcome collection
point: Significant p < 0.05

0, 3, 6 weeks

Insignificant ↑ in all measures for both groups

0, 6, 12, 30 weeks

LE Fugl Meyer: both groups showed ↑, AFO group was significant
(insignificant between-group difference)
Self and fast 10MWT: both groups showed significant ↑
(insignificant between-group difference)
TUG: both groups showed ↑, FES group was significant
(insignificant between-group difference)
6-min walk test (distance): both groups showed significant
improvement (insignificant between-group difference)
SIS mobility sub-scale: both groups showed significant ↑
(insignificant between-group difference)
Activity Monitoring: both groups showed improvement,
significance was not reported

Kottink et al.
(2008)c (29)

BFS:
RMSMax TAb, PL, GS, SL with knee flexed and
extended
RMSswing TA
Functional:
10MWTb

0, 4, 8, 12, 26 weekse RMSMax TA: FES ↑ with knee flexed and extended. AFO did not
have an effect. Significant between group difference with knee
extended
RMSMax PL and SL: Neither group showed an effect
RMSMax GS: FES ↑ with knee flexed and extended, AFO
caused an ↓ in flexion and did not have an effect in extension.
Significant between group differences with knee flexed and
extended
RMSswing TA: remained constant for FES, significant ↓ for AFO
10MWT: neither group showed an effect

Morone et al.
(2012) (12)

BFS
MRC muscle strength
Ashworth scale
Functional:
10MWTb
RMI
FAC

0, approximately 1
month

Salisbury et al.
(2013) (48)

BFS:
0, 6, 12 weeks
Cadence (10MWT)
Functional:
10MWT
FAC
SIS mobility sub-scale
BFS:
0, 12, 24d, 36 weeksd
LE Fugl Meyerb
Spatiotemporal: cadence; stride length; double
support time
Proximal kinematic: peak hip flex in swingb; peak
knee flex in swingb; peak hip ext in stance
Distal kinematic: DF at IC; peak ankle DF in swing;
peak ankle abd in swing; peak ankle ext rot in swing
Kinetic: peak AP GRF; peak hip power in pre-swing;
peak ankle power at push-off
Functional:
Walking speed
mEFAP
Activity Monitoring (ActivPAL®) for 3 consecutive
days
BFS:
0, 2, 10 weeks
Kinematics: knee flex at IC; DF swing, foot floor
angle
Gilette Gait Index
pROM: ankle DF with knee flex/ext
Functional:
Walking speed

Sheffler et al.
(2013)c (42)

Van der Linden
et al. (2008)
c
(47)

MRC muscle strength: both groups showed significant ↑
Ashworth scale: both groups showed ↑, but not significant
10MWT: both groups showed significant ↑. FES group showed
significantly more ↑ than AFO group.
RMI: both groups showed significant ↑
FAC: both groups showed significant ↑. FES group showed
significantly more ↑ than AFO group.
a

Cadence: both groups showed insignificant ↑
10MWT: both groups showed insignificant ↑
FAC: both groups showed insignificant ↑
a
SIS mobility sub-scale: both groups showed insignificant ↑
a
a

LE Fugl Meyer: neither group showed ↑
Spatiotemporal: Cadence and stride length: both groups
showed significant ↑. Double support time: both group showed
insignificant ↑
Kinematic: peak hip flex in swing, peak knee flex in swing, DF at
IC, peak ankle abd in swing, peak ankle ext rot in swing showed
insignificant changes. Peak ankle DF in swing: both groups
showed significant ↓ at 12 and 24 weeks but not 36 weeks. Peak
hip ext in stance: not reported.
Kinetic: AP GRF, peak hip power in pre-swing and peak ankle
power at push-off had both groups showing significant ↑
Walking speed: both groups showed significant ↑
mEFAP: both groups showed significant ↑
Activity Monitoring: no change in either group
Knee flex at IC: both groups showed insignificant ↑
DF swing: FES showed insignificant ↑, AFO showed insignificant ↓
Gilette gait Index: both groups showed insignificant effects
pROM: both groups showed insignificant effects
Walking speed: FES showed insignificant ↑, AFO remained
constant.

a
Published results were therapeutic and combined-orthotic effects data; bidentified as primary outcome measure by authors; cused a primary outcome measure
of interest, as identified by review authors; dpost 12 weeks use at 12 and 24 weeks, respectively; eRMSswing only collected at weeks 0 and 26. ↑ = increase; ↓ =
decrease.
abd: abduction; BFS: Body Functions & Structures; ICF: International Classification of Functioning Disability and Health; min: minute; LE: lower extremity; mEFAP:
modified Emory Functional Ambulation Profile; TUG: Timed Up and Go; SIS: Stroke Impact Scale; 10MWT: 10-m walk test; PCI: Physiological Cost Index; RMI:
Rivermead Mobility Index; FAC: Functional Ambulation Categories; MRC: Medical Research Council; FAC: Functional Ambulation categories; TA: tibialis anterior;
GS: gastrocnemius; PL: peroneus longus; SL: soleus; RMSMax: root mean square during static maximum voluntary contraction; RMSswing: root mean square of
activity during swing; DF: dorsiflexion; IC: initial contact; pROM: passive range of movement; AP: anterior-posterior; GRF: ground reaction force; flex: flexion;
ext: extension; FES: functional electrical stimulation; AFO: ankle-foot orthosis.
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tion bias). This showed no significant impact. Positive
between-group comparability was also true for the stroke-specific analysis (question 1i.) (n = 423) (MD = 0.02
[–0.03, 0.07]: I2 0%; p = 0.54) (Fig. 2b).
Sub-group analysis of walking speed was not possible at 12–13 weeks (question 1ii.), as 1 of the 4
trials (17, 29, 43, 48) that collected at this time-point,
Kluding et al. (17), were contacted by the lead author
but could not access their unpublished AFO data and,
as previously stated, Salisbury’s (48) data was not in
an accessible format. Five trials (12, 14, 17, 29, 48)
collected walking speed data at 4–6 weeks (n = 116);
meta-analysis of 3 of those trials (12, 14, 29) at this
time-point showed a positive therapeutic effect with
between-group comparability (MD = 0.03 [–0.06,
0.12]: I2 0%; p = 0.49) (Fig. 2c). Kluding et al. (17) and
Salisbury (48) could not be included in the analysis due
the aforementioned lack of access to data.
Therapeutic effects – narrative summary for activity
(steps), EMG, Kinematics and Fugl-Meyer
Two trials monitored activity levels by collecting
the mean number of steps taken per day, the primary
functional measure identified to evidence therapeutic
effects on walking (question 1.) (17, 42). Kluding et al.
(17) found equal improvement over the period of use
(AFO group 1,891 steps/day at week 6 to 2,069 steps/
day at week 30; FES group 2,092 steps/day at week 6
to 2,369 steps/day at week 30), whereas Sheffler et al.
(42) found an equal lack of improvement (3,270 ± 2,947
steps/day at baseline to 4,038 ± 2,848 steps/day at 24
weeks post device use for AFO vs 3,223 ± 3,134 to
3,738 ± 3,211 steps/day for FES). These could not be
meta-analysed due to the lack of data spread reported
and because activity was monitored during the intervention period by Kluding et al. (17). Given that it was
therefore not clear whether activity monitoring was
performed with or without the devices being worn, the
ability to interpret the outcome of activity monitoring
is very limited.
With regards the mechanisms-of-effect (question
2.), only 1 trial collected EMG data (29) (Table IV).
This trial calculated the root mean square during
static maximum voluntary contraction (RMSmax) of
a filtered EMG signal and found that FES enhanced
volitional activity of the tibialis anterior (TA), whereas
AFO did not. This between-group difference was significant when the knee was extended (p = 0.006), after
26 weeks’ use. The same was true for the gastrocnemius (GS) when the knee was in flexion (p = 0.002)
and extension (p = 0.035), after 26 weeks’ use. The
RMS of TA during swing (RMSswing) was found to
significantly decrease for the AFO group (p = 0.036)

7

with no change for the FES group, after 26 weeks use.
Two trials captured kinematic data (43, 47), but each
collected different parameters (Table IV). Sheffler et al.
(43) found a comparable lack of effect on most measures, but an equal decrease in peak DF during swing
after the 12-week device use period (p = 0.002). This
equal decrease in peak dorisflexion (DF) was again
found 12 weeks after participants had finished using
either device (p = 0.0001). When measured for the final
time 24 weeks after participants had finished using
their device the decrease in peak DF was no longer
statistically significant, for either device (p = 0.058).
By contrast, van der Linden et al. (47) found equal, but
insignificant, improvement in all measures.
With regards to secondary measures, the lower extremity (LE) Fugl-Meyer test was a BFS measurement
reported by 2 trials (17, 42). There were differences
in their findings, with Kluding et al. (17) reporting
improvement in both groups that, despite only the AFO
group showing within-group statistically significant
improvement (p < 0.05), was statistically comparable
(p = 0.178). Sheffler et al. (42) found an equal betweengroup lack of improvement (p = 0.321) (Table IV).
Across other measures used by single trials there
was a mixture of therapeutic effects results reported
across and/or within trials (Table IV).
DISCUSSION
This review shows, for the first time, that AFOs produce an equally positive therapeutic effect on walking
speed to that of FES. These improvements are observed
for stroke alone and are seen after 4–6 weeks of use.
These findings are based on meta-analysis of RCTlevel evidence (33) and those RCTs were deemed to
be of moderate (or less) risk of bias (33), meaning that
there can be confidence in these findings. Equality
of therapeutic effect on walking speed has not been
demonstrated previously, as the focus of previous
reviews (16, 32, 45, 50) and primary studies (51, 52)
has been on the therapeutic effects of FES alone. What
the RCT evidence does not answer is whether this improvement translates into activity within the person’s
own environment.
It is essential to gain a better understanding of
whether therapeutic effects on walking speed translate
into activity in a home setting, and the mechanisms
by which therapeutic effects are achieved, in order
to better inform clinical guidelines about which device to use for which patients. However, the included
trials do not provide the measures needed to identify
the mechanisms by which the devices achieve speed
increases (question 2.). Narratively, there is a sugges-
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tion that FES, but not AFOs, lead to improvement in
voluntary muscle activity (29), although both produce
equal effects on kinematic gait pattern (42, 47).
One possible explanation is that remedying foot
drop using either device allows increased time spent
walking, thereby facilitating task-specific repetitive
practice; which is widely accepted as leading to therapeutic improvement (21). However, from the activity
monitoring results of the included RCTs it is unclear
whether this occurs (17, 43), with non-RCT studies
also finding variable results (53–55).
An alternative explanation for equivalent effects on
walking speed may lie in how the increased walking
speed is achieved; i.e. via restoration of motor function
or compensation (56). True motor recovery is defined
as the reversal of an impairment such that it results
in the restitution of the functions governed by it (20).
Compensation is a restoration of function achieved
through adaptation or substitution of remaining motor
elements (20). Being able to distinguish between recovery and compensation facilitates clinical decision-making and potentially increases intervention efficiency
(21). Crucially, recognizing the distinction relies on an
understanding of the mechanisms-of-effects.
The mechanisms-of-effects ascribed to FES are
based on the fact that it is seen as an active orthosis,
whereby volitional muscle activity is combined with
lower motor neurone stimulation. This leads to a number of possible neuromuscular plastic mechanisms,
including: repeated muscle contractions leading to
increased oxidative capacity; increased number of
micro-capillaries and change in fibre type at a muscular level; convergence of orthodromic/antidromic
impulses at the anterior horn leading to strengthening of synapses at a spinal level, as well as cortical
changes (23–25). Structural cortical changes result
from increased cortical excitability (26) are thought to
strengthen the residual descending connections from
motor-related areas of the cortex (24). In the case of
therapeutic effects this culminates in increased volitional muscle activity of the weak dorsiflexors/evertors of
the ankle, which is thought to positively influence other
biomechanical features and therefore the restitution of
associated functions.
In contrast, FES literature has asserted that AFOs, as
passive devices, mask the abnormal muscle activation
associated with foot drop impairment and so, whilst
range of movement is maintained, neuromuscular plasticity mechanisms result in a loss of volitional activity
in those muscle groups over time (17, 29). This would
mean that, in the absence of the AFO, other muscle
groups will have to compensate for this deficit.
In order to provide evidence for the hypothesis of
differential changes in volitional muscle activation
between FES and AFOs, both EMG and kinematic
www.medicaljournals.se/jrm

data of walking are needed. Only 1 trial included in
this review provided EMG outcome measures (29),
finding that FES use was associated with an increase in
voluntary RMSmax for TA and GS, whereas AFO use
was not. Similarly, with FES use voluntary activation
of TA during swing was maintained relative to baseline,
whereas following a period of AFO use TA activation
declined during swing. This suggests that the ability
to voluntarily activate TA and GS muscles may be
maintained, or even improved by a period of FES use
compared with AFO. Previous non-RCT studies and
systematic reviews support this suggestion, as they have
shown increased TA muscle activity, force and size with
FES use (57–60) with the opposite occurring in AFO
(4, 28, 30, 31). Further trials examining EMG following
FES and AFO use are therefore needed if this potential
mechanism-of-effect is to be more fully understood.
Despite the potential for differing effects on volitional muscle activity, the RCT-evidence suggests
that both devices have equal therapeutic effects on
kinematic measures (43, 47); whether the effects are
positive, negligible or negative is unclear. Non-RCT
studies examining gait kinematics are limited with regards to FES (39, 61) and AFO (62). Further kinematic
comparative study is therefore required to identify
whether improvement is compensatory or restorative
and to correlate EMG data with functionally meaningful improvements.
These trials should consider how they both measure
and define therapeutic effects. For example, in the
included trials (17, 43) it was unclear whether activity (number of steps) was measured during walking
while wearing the device, during walking when the
device was not being worn, or a combination of both.
Furthermore, the current definition of improvement
in measured walking behaviours without the device
being worn following a period of use (13) may not be
clinically relevant.
In all the reviewed RCTs participants used the devices for a period of time, with measurement occurring
immediately at the end of that period; with or without
interim data collection points. This aligns with the
definition of therapeutic effects and is consistent with
its interpretation by non-RCT studies (63). However,
these effects are clinically relevant only if the motor
recovery effect is sustained for a meaningful period of
time for the individual. The intervention period for the
participants within Sheffler et al.’s trial was 12 weeks,
at which point they measured walking behaviours. In
contrast to the other included trials, they also invited
participants to additional data collection sessions 12
and 24 weeks after they had finished using the devices
(42). They found that the lack of effect on most measures reported after the intervention period was, unsurprisingly, sustained at these time-points. However, the
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equal decrease in peak DF during swing was sustained
12 weeks post-use, but not 24 weeks post-use. Justification of data collection time-points that align with an
understanding of the mechanisms-of-effect and their
clinical relevance are therefore needed. Only then will
the time course of effects and the sustained therapeutic
effects of the devices on measures, including kinematics, be understood.
Strengths and limitations
This review adhered to the PRISMA (Preferred
Reporting Items for Systematic Reviews and MetaAnalyses) criteria (64, 65) and guidance from the
Cochrane Collaboration (33). This, coupled with the
specific questions and inclusion of RCTs only (66),
enhances its validity.
Our findings can only feasibly be generalized to a
non-progressive CNS population, as data comes only
from participants with stroke and CP. Further investigation into progressive CNS disorders is necessary, as the
potential for therapeutic improvement has been shown
to be limited with such conditions (54). Given that most
individuals with CNS disorders will be on medication
(e.g. anti-spasticity medication (67)), which could
confound results, future trials should also consider
how to control and report this variable.
Possible variability in the device design could
limit the viability of the comparisons made by the
primary trials and, by extension, this review. Lack of
description of key aspects of either device means that
the impact of pooling data from different FES set-up
parameters and AFO mechanical properties cannot
be explored (11, 25). However, given that both types
of device were prescribed by qualified professionals,
combining data from different trials reflects clinical
practice and arguably improves the clinical validity
of the findings.
The risk of selection bias in the included trials was
the greatest threat to the internal validity of our findings.
This could mean that the estimates of effect are exaggerated (68, 69) but the inclusion of a sensitivity analysis
excluding trials with high selection bias (12, 29) as a
result of un-randomized sequence generation suggests
there was no impact. Care should be taken to avoid
this risk in future RCTs. There were a number of areas
deemed to be unclear areas of risk across and within
the RCTs; detailed reporting might have avoided this.
Overall however, the RCTs were of at only moderate (or
less) risk of bias, providing confidence in our findings.
Two trials could not be included in the meta-analysis
because data was reported in such a way as to not allow analysis for the purpose of obtaining therapeutic
effects. One of these trials would have provided additional participants’ data for only 6 FES and 3 AFO,
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and so the effects are probably negligible (48). The
absence of the full data-set from the 6- and 12-week
data collection points from the other trial (17), n = 198,
meant that no sub-group analysis of walking speed
could be performed at the 12–13-week point. It may
also have impacted the 4–6-week analysis, meaning
that this aspect of therapeutic effects comparison
(question 1ii.) could not be explored. Future RCTs
should report the raw results for all planned primary
and secondary end-points and separate data relating to
different effects (70).
Conclusion
This meta-analysis shows, for the first time, that FES
and AFO are statistically proven to have the same
therapeutic effect on walking speed in CNS foot drop.
This effect has also specifically been shown to occur
for foot drop caused by stroke and is observed after
4–6 weeks’ use. Nevertheless, whether this increase in
walking speed translates into increased activity in the
person’s own environment, and how this improvement
is achieved, remain unclear. Future research should therefore focus on the measures suggested in this review in
order to address this gap in the evidence base and, with
regards activity monitoring, address when the measures
are captured. In addition to measurement, future trials
must also report specific device details, capture sustained therapeutic effects and should involve a variety of
CNS diagnoses with justified primary and secondary
end-points. Only then can clinical decision-making
be significantly advanced and supported by a robust
evidence base.
ACKNOWLEDGEMENTS
Some of this material was presented as a poster on 25–29 June
2017 at the International Society of Posture & Gait Research
(ISPGR) World Congress in Fort Lauderdale, FL, USA. We
would like to thank the corresponding authors from Kottink et
al. (Anke Kottink), Kluding et al. (Keith McBride) and van der
Linden et al. (Mariette van der Linden) for generously providing
their unpublished results.
The authors have no conflicts of interest to declare.

REFERENCES
1. Graham J. Foot drop: explaining the causes, characteristics
and treatment. Br J Neurosci Nurs 2010; 6: 168–172.
2. Stroke Association. State of the nation. Stroke Statistics
– January 2017. 2017. [cited 2017 Jan 18]. Available
from: https://www.stroke.org.uk/sites/default/files/
state_of_the_nation_2017_final_1.pdf.
3. Prenton S, Kenney LP, Stapleton C, Cooper G, Reeves
ML, Heller BW, et al. Feasibility study of a take-home
array-based functional electrical stimulation system with
automated setup for current functional electrical stimulation users with foot-drop. Arch Phys Med Rehabil 2014;

J Rehabil Med 49, 2017

JRM

Journal of Rehabilitation Medicine

JRM

Journal of Rehabilitation Medicine

JRM

10

S. Prenton et al.

95: 1870–1877.
4. Leung J, Moseley A. Impact of ankle-foot orthoses on
gait and leg muscle activity in adults with hemiplegia.
Physiother 2002; 89: 39–55.
5. Intercollegiate Stroke Working Party. National clinical
guidelines for stroke. Fifth edition. London: Royal College
of Physicians (RCP). 2016 [cited 2017 Feb 24]. Available
from:https://www.strokeaudit.org/SupportFiles/Documents/Guidelines/2016-National-Clinical-Guideline-forStroke-5t-(1).aspx.
6. Scottish Intercollegiate Guidelines Network (SIGN). Management of patients with stroke: Rehabilitation, prevention and management of complications, and discharge
planning: a national clinical guideline. SIGN publication
no. 118. Edinburgh; 2010 [cited 2017 Jan 18]. Available
from: http://www.sign.ac.uk/pdf/sign118.pdf.
7. Scottish Intercollegiate Guidelines Network (SIGN). Brain
injury rehabilitation in adults. A national clinical guideline.
SIGN publication no. 130. Edinburgh; 2013 [cited 2016 Jan
18]. Available from: http://www.sign.ac.uk/pdf/sign130.pdf.
8. National Institute of health and Clinical Excellence (NICE).
Spasticity in under 19s: management [CG145]. 2012
[cited 2017 Jan 18]. Available from: https://www.nice.
org.uk/guidance/cg145?unlid=334144086201652914464.
9. National Institute of health and Clinical Excellence (NICE).
Multiple sclerosis in adults: management. NICE guidelines
[CG186] [Internet]. 2014 [cited 2017 Jan 18]. Available from: https://www.nice.org.uk/guidance/cg186?unl
id=7618266092016224183024.
10. National Institute for health and Clinical Excellence (NICE).
Functional electrical stimulation for drop foot of central
neurological origin. NICE interventional procedure guidance (IPG 278). 2009 [cited 2016 December 5]. Available
from: https://www.nice.org.uk/guidance/ipg278.
11. Bregman DJ, De Groot V, Van Diggele P, Meulman H,
Houdijk H, Harlaar J. Polypropylene ankle foot orthoses to
overcome drop-foot gait in central neurological patients:
a mechanical and functional evaluation. Prosthet Orthot
Int 2010; 34: 293–304.
12. Morone G, Fusco A, Di Capua P, Coiro P, Pratesi L. Walking
training with foot drop stimulator controlled by a tilt sensor
to improve walking outcomes: a randomized controlled
pilot study in patients with stroke in subacute phase.
Stroke Res Treat 2012 [cited 2016 Dec 18]. Available
from: https://www.hindawi.com/journals/srt/2012/523564/.
13. Dunning K, O’Dell M, Kluding P, Wu SS, Feld J, Ginosian
J, et al. The Functional Ambulation: Standard Treatment
versus Electrical Stimulation Therapy (FASTEST) trial for
stroke: study design and protocol. Op Acc J Clin Trials
2013; 5: 39–49.
14. Everaert DG, Stein RB, Abrams GM, Dromerick AW, Francisco GE, Hafner BJ. Effect of a foot-drop stimulator and
ankle-foot orthosis on walking performance after stroke:
a multicenter randomized controlled trial. Neurorehabil
Neural Repair 2013; 27: 579–591.
15. Prenton S, Hollands KL, Kenney LP. Functional electrical
stimulation versus ankle foot orthoses for foot-drop: a
meta-analysis of orthotic effects. J Rehabil Med 2016;
48: 646–656.
16. Bosch PR, Harris JE, Wing K. Review of therapeutic
electrical stimulation for dorsiflexion assist and orthotic
substitution from the American Congress of Rehabilitation
Medicine stroke movement interventions subcommittee.
Arch Phys Med Rehabil 2014; 95: 390–396.
17. Kluding PM, Dunning K, O’Dell MW, Wu SS, Ginosian J, Feld
J, et al. foot drop stimulation versus ankle foot orthosis after
stroke: 30-week outcomes. Stroke 2013; 44: 1660–1669.
18. Bethoux F, Rogers HL, Nolan KJ, Abrams GM, Annaswamy
T, Brandstater M, et al. Long-term follow-up to a randomized controlled trial comparing peroneal nerve functional
electrical stimulation to an ankle foot orthosis for patients
with chronic stroke. Neurorehabil Neural Repair 2015;
29: 911–922.

www.medicaljournals.se/jrm

19. Bethoux F, Rogers HL, Nolan KJ, Abrams GM, Annaswamy
TM, Brandstater M, et al. The effects of peroneal nerve
functional electrical stimulation versus ankle-foot orthosis
in patients with chronic stroke: a randomized controlled
trial. Neurorehabil Neural Repair 2014; 28: 688–697.
20. Levin MF, Kleim JA, Wolf SL. What do motor “recovery”
and “compensation” mean in patients following stroke?
Neurorehabil Neural Repair 2009; 23: 313–319.
21. Langhorne P, Coupar F, Pollock A. Motor recovery after stroke: a systematic review. Lancet Neurol 2009; 8: 741–754.
22. Liberson WT, Holmquest HJ, Scot D, Dow M. Functional
electrotherapy: stimulation of the peroneal nerve synchronized with the swing phase of the gait of hemiplegic
patients. Arch Phys Med Rehabil 1961; 42: 101–105.
23. Rushton DN. Functional electrical stimulation and rehabilitation-a hypothesis. Medical Eng Phys 2003; 25: 75–78.
24. Everaert DG, Thompson AK, Chong SL, Stein RB. Does
functional electrical stimulation for foot drop strengthen
corticospinal connections? Neurorehabil Neural Repair
2010; 24: 168–177.
25. Chipchase LS, Schabrun SM, Hodges PW. Peripheral electrical stimulation to induce cortical plasticity: a systematic
review of stimulus parameters. Clin Neurophys 2011;
122: 456–463.
26. Gandolla M, Ward NS, Molteni F, Guanziroli E, Ferrigno G,
Pedrocchi A. The neural correlates of long-term carryover
following functional electrical stimulation for stroke. Neural Plasticity 2016 [cited 2016 Dec 18]. Available from:
https://www.hindawi.com/journals/np/2016/4192718/.
27. Tyson SF, Kent RM. Effects of an ankle-foot orthosis on
balance and walking after stroke: a systematic review
and pooled meta-analysis. Arch Phys Med Rehabil 2013;
94: 1377–1385.
28. Crabtree CA, Higginson JS. Modeling neuromuscular effects
of ankle foot orthoses (AFOs) in computer simulations of
gait. Gait Posture 2009; 29: 65–70.
29. Kottink AI, Hermens HJ, Nene AV, Tenniglo MJ, GroothuisOudshoorn CG, MJ IJ. Therapeutic effect of an implantable
peroneal nerve stimulator in subjects with chronic stroke
and footdrop: a randomized controlled trial. Phys Ther
2008; 88: 437–448.
30. Geboers JFM, Geboers JFM, Wetzelaer WLH, Seelen HAM,
Spaans F. Ankle-foot orthosis has limited effect on walking
test parameters among patients with peripheral ankle
dorsiflexor paresis. J Rehabil Med 2002; 34: 80–85.
31. Hesse S, Werner C, Matthias K, Stephen K, Berteanu M.
Non-velocity-related effects of a rigid double-stopped
ankle-foot orthosis on gait and lower limb muscle activity
of hemiparetic subjects with and equinovarus deformity.
Stroke 1999: 1855–1861.
32. Dunning K, O’Dell MW, Kluding P, McBride K. Peroneal stimulation for foot drop after stroke. a systematic review.
Am J Phys Med Rehabil 2015; 94: 649–664.
33. Higgins JPT, Altman DG, P.C. G, Juni P, Moher D, Oxman
AD, et al. The Cochrane Collaboration’s tool for assessing
risk of bias in randomised trials. BMJ 2011; 343: d5928.
34. World Health Organization. International Classification of
Functioning, Disability and Health. Geneva: World Health
Organization; 2001.
35. McAloon M, Hutchins S, Twiste M, Jones R, Forchtner S.
Validation of the activPAL activity monitor in children with
hemiplegic gait patterns resultant from cerebral palsy.
Prosthet Orthot Int 2014; 38: 393–399.
36. Schmidt AL, Pennypacker ML, Thrush AH, Leiper CI, Craik
RL. Validity of the StepWatch Step Activity Monitor: preliminary findings for use in persons with Parkinson disease
and multiple sclerosis. J Ger Phys Ther 2011; 34: 41–45.
37. Brehm M, Bus SA, Harlaar J, Nollet F. A candidate core
set of outcome measures based on the international classification of functioning, disability and health for clinical
studies on lower limb orthoses. Prosthet Orthot Int 2011;
35: 269–277.
38. Harlaar J, Brehm M, Becher JG, Bregman DJ, Buurke J,

JRM

Therapeutic effects of FES vs AFO for foot drop

39.

Journal of Rehabilitation Medicine

40.

41.

42.

43.

44.
45.

46.

JRM

47.

48.

JRM

Journal of Rehabilitation Medicine

49.

50.

51.

52.

53.

54.

55.

56.

Holtkamp F, et al. Studies examining the efficacy of ankle
foot orthoses should report activity level and mechanical
evidence. Prosthet Orthot Int 2010; 34: 327–335.
Voigt M, Sinkjaer T. Kinematic and kinetic analysis of the
walking pattern in hemiplegic patients with foot-drop
using a peroneal nerve stimulator. Clin Biomech 2000;
15: 340–351.
Mudge S, Stott NS. Outcome measures to assess walking
ability following stroke: a systematic review of the literature. Physiother 2007; 93: 189–200.
Sullivan JE, Crowner BE, Kluding PM, Nichols D, Rose DK,
Yoshida R, et al. Outcome measures for individuals with
stroke: process and recommendations from the American
Physical Therapy Association Neurology Section Task Force.
Phys Ther 2013; 93: 1383–1396.
Sheffler LR, Taylor PN, Gunzler DD, Buurke JH, Ijzerman
MJ, Chae J. Randomized controlled trial of surface peroneal nerve stimulation for motor relearning in lower limb
hemiparesis. Arch Phys Med Rehabil 2013; 94: 1007–1014.
Sheffler LR, Taylor PN, Bailey SN, Gunzler DD, Buurke
JH, Ijzerman MJ, et al. Surface peroneal nerve stimulation in lower limb hemiparesis: effect on quantitative gait
parameters. Am J Phys Med Rehabil 2015; 94: 341–357.
Schulz KF, Grimes DA. Multiplicity in randomised trials I:
endpoints and treatments. Lancet 2005; 365: 1591–1595.
Howlett OA, Lannin NA, Ada L, McKinstry C. Functional
electrical stimulation improves activity after stroke: a
systematic review with meta-analysis. Arch Phys Med
Rehabil 2015; 96: 934–943.
Elbourne DR, Altman DG, Higgins JP, Curtin F, Worthington HV, Vail A. Meta-analyses involving cross-over trials:
methodological issues. Int J Epidem 2002; 31: 140–149.
van der Linden ML, Hazlewood E, Hillman SJ, Robb JE.
Functional electrical stimulation to the dorsiflexors and
quadriceps in children with cerebral palsy. Ped Phys Ther
2008; 20: 23–29.
Salisbury L, Shiels J, Todd I, Dennis M. A feasibility study
to investigate the clinical application of functional electrical
stimulation (FES), for dropped foot, during the sub-acute
phase of stroke – a randomized controlled trial. Physiother
Theory Prac 2013; 29: 31–40.
Condie E, Campbell J, Martina JD. Report of a consensus
conference on the orthotic management of stroke patients.
Copenhagen: International Society for Prosthetics and
Orthotics; 2004.
Robbins SM, Houghton PE, Woodbury MG, Brown JL. The
therapeutic effect of functional and transcutaneous electric
stimulation on improving gait speed in stroke patients: a
meta-analysis. Arch Phys Med Rehabil 2006; 87: 853–859.
Hausdorff JM, Ring H. Effects of a new radio frequencycontrolled neuroprosthesis on gait symmetry and rhymicity in patients with chronic hemiparesis. Am J Phys Med
Rehabil 2008; 87: 4–13.
Ring H, Treger I, Gruendlinger L, Hausdorff JM. Neuroprosthesis for footdrop compared with an ankle-foot orthosis:
effects on postural control during walking. J Stroke Cerebrovasc Dis 2009; 18: 41–47.
Van Swigchem R, Vloothuis J, Den Boer J, Weerdesteyn V,
Geurts ACH. Is transcutaneous peroneal stimulation beneficial to patients with chronic stroke using an ankle-foot
orthosis? A within-subjects study of patients’ satisfaction,
walking speed and physical activity level. J Rehabil Med
2010; 42: 117–121.
Stein R, Everaert D, Thompson A, Chong S, Whittaker M,
Robertson J, et al. Long-term therapeutic and orthotic
effects of a foot drop stimulator on walking performance
in progressive and nonprogressive neurological disorders.
Neurorehabil Neural Repair 2010; 24: 152–167.
Stein RB, Chong S, Everaert DG, Rolf R, Thompson AK,
Whittaker M, et al. A multicenter trial of a footdrop stimulator controlled by a tilt sensor. Neurorehabil Neural
Repair 2006; 20: 371–379.
Studenski S, Perera S, Patel K, et al. Gait speed and sur-

11

vival in older adults. JAMA 2011; 305: 50–58.
57. Sabut SK, Kumar R, Lenka PK, Mahadevappa M. Surface
EMG analysis of tibialis anterior muscle in walking with
FES in stroke subjects. Conference Proceedings: Annual
International Conference of the IEEE Engineering in Medicine & Biology Society 2010: 5839–5842.
58. Sabut SK, Sikdar C, Kumar R, Mahadevappa M. Improvement of gait & muscle strength with functional electrical
stimulation in sub-acute & chronic stroke patients. Conference Proceedings: Annual International Conference of
the IEEE Engineering in Medicine & Biology Society 2011:
2085–2088.
59. Glanz M, Klawansky S, Stason W, Berkey C, Chalmers TC.
Functional electrostimulation in poststroke rehabilitation:
a meta-analysis of the randomized controlled trials. Arch
Phys Med Rehabil 1996; 77: 549–553.
60. Damiano D, Prosser L, Curatalo L, Alter K. Muscle plasticity and ankle control after repetitive use of a functional
electrical stimulation device for foot drop in cerebral palsy.
Neurorehabil Neural Repair 2013; 27: 200–207.
61. van der Linden ML, Hooper JE, Cowan P, Weller BB, Mercer TH. Habitual functional electrical stimulation therapy
improves gait kinematics and walking performance, but
not patient-reported functional outcomes, of people with
multiple sclerosis who present with foot-drop. PLoS One
2014; 9: e103368.
62. Tyson SF, Sadeghi-Demneh E, Nester C. A systematic
review and meta-analysis of the effect of an ankle-foot
orthosis on gait biomechanics after stroke. Clin Rehabil
2013; 27:879–891.
63. Roche A, o’Laighin G, Coote S. Surface-applied functional
electrical stimulation for orthotic and therapeutic treatment of drop-foot after stroke – a systematic review. Phys
Ther Rev 2009; 14: 63–80.
64. Liberati A, Altman DG, Tetzlaff J, Mulrow C, Gøtzsche PC,
Ioannidis JPA, et al. The PRISMA statement for reporting
systematic reviews and meta-analyses of studies that
evaluate healthcare interventions: explanation and elaboration. Annals Int Med 2009; 151: W65–W94.
65. Moher D, Liberati A, Tetzlaff J, Altman DG. Preferred Reporting Items for Systematic Reviews and Meta-Analyses:
the PRISMA Statement. PLoS Med 2009; 6: 1–6.
66. Howick J, Chalmers-- I, Glasziou P, Greenhalgh T, Heneghan C, Liberati A, et al. The 2011 Oxford CEBM evidence
levels of evidence (introductory document)”. 2011 [cited
2017 February 24]. Available from: http://www.cebm.net/
index.aspx?o=5653.
67. Chang E, Ghosh N, Yanni D, Lee S, Alexandru D, Mozaffar T. A review of spasticity treatments: pharmacological
and interventional approaches. Crit Rev Phys Rehabil Med
2013; 25: 11–22.
68. Armijo-Olivo S, Saltaji H, da Costa BR, Fuentes J, Ha C,
Cummings GG. What is the influence of randomisation
sequence generation and allocation concealment on treatment effects of physical therapy trials? A meta-epidemiological study. BMJ Open 2015; 5:e008562. doi: 10.1136/
bmjopen-2015-0085622015.
69. Odgaard-Jensen J, Vist GE, Timmer A, Kunz R, Akl EA,
Schunemann H, et al. Randomisation to protect against
selection bias in healthcare trials. The Cochrane database
of systematic reviews. 2011: article number: MR000012.
doi: 10.1002/14651858.MR000012.pub3.
70. Schulz KF, Altman DG, Moher D. CONSORT 2010 Statement: updated guidelines for reporting parallel group
randomised trials. BMJ 2010; 340: c332.
Appendix I. Unpublished data from trial authors
• Anke Kottink for raw walking speed data (29)
• Keith McBride for raw end-point walking speed data (comfortable speed)
from Kluding et al. trial (17)
• Marietta van der Linden for walking speed data from participants who
used foot drop FES (47)
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