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Abstract: Leg exercises through standing, cycling and
walking with/without FES may be used to preserve lower
limb muscle and bone health in persons with physical
disability due to SCI. This study sought to examine the
effectiveness of leg exercises on bone mineral density and
muscle cross-sectional area based on their clinical efficacy in
personswith SCI. Several literature databaseswere searched
for potential eligible studies from the earliest return date to
January 2022. The primary outcome targeted was the change
in muscle mass/volume and bone mineral density as
measured by CT, MRI and similar devices. Relevant studies
indicated that persons with SCI that undertook FES- and
frame-supported leg exercise exhibited better improvement
in muscle and bone health preservation in comparison to
those whowere confined to frame-assisted leg exercise only.
However, this observation is only valid for exercise initiated
early (i.e., within 3 months after injury) and for ≥30 min/day
for ≥ thrice a week and for up to 24 months or as long as
desired and/or tolerable. Consequently, apart from the pos-
itive psychological effects on the users, leg exercise may
reduce fracture rate and its effectivenessmay be improved if
augmented with FES.

Keywords: functional electrical stimulation; leg exercise;
lower limb muscle and bone; spinal cord injury.

Introduction

One major sequela of the inability to perform physical ac-
tivities requiring lower limbs following spinal cord injury
(SCI) is the compromise of muscle function integrity and
bone health [1] apart from other degradations [2]. Muscle
disuse due to inadequate physical exercise following SCI
could lead to atrophy [3]. Atrophic muscles and lack of
weight bearing in bones may lead to disuse osteoporosis [3]
due to the inactivity and inability of bones to sustain an
upright stance. This could readily predispose bones to frac-
ture and increased mortality in persons with SCI [4].
Therefore, bone fractures in this population are associated
with a decrease in functional mobility. This clinical condi-
tion can promote a dependent lifestyle and a rise in
healthcare financing if effectivemanagement is sought [5, 6].
Consequently, interventions toward offsetting these clinical
challenges are vital for the effective management of persons
living with SCI.

Fortunately, the plasticity of neuromuscular systems [7]
allows functional electrical stimulation (FES) and related
technologies to be useful in preserving muscle and bone
health through physical exercises such as those involving
legs. Lack of mechanical inducements due to the inability to
perform physical activity while bearing body weight in
persons with motor paralysis is believed to be a key
contributor to a significant decline in their bone mineral
density (BMD) [8] and muscle health [9]. Therefore, an ex-
ercise intervention that promotes “mechanical loading of
bone” and offsets their “calcium loss” [10] is a worthy
physical exercise to investigate. Accordingly, healthy mus-
cles and bones, that are fit to support physical activities
through a good level of muscle size and strength, amongst
other factors, are clinically important as they work together
to sustain functional leg exercise such as upright stance. It
has also been identified that the largest physiological loads
on bone are due to muscle contractions [11]. This is one
explanation for a positive linear relationship between bone
mineral content (BMC) andmuscle cross-sectional area (CSA)
[11]. Additionally, a significant positive correlation has been
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reported between bone density and muscle strength/force
[5, 12]. Consequently, healthy muscles appear to be a marker
of healthy bones. This relationship is also similar for
unhealthy muscles and bones secondary to SCI.

Literature evidence suggests that lower limbs are
mostly affected by paralysis as SCI victims heavily rely on
upper limbs to perform their activities of daily living (ADL)
[13]. Although regular and controlled exercise has generally
been shown to have certain health benefits [14], its clinical
significance on muscle and bone health is debatable [15].
Although FES-supported exercises after SCI preserve muscle
and bone health [16, 17], the extent of the accrued benefits
associated with FES for leg exercise intervention is not well-
known. To increase muscle size, which is a measure of
muscle circumference, and strength, which is a measure of
muscle force, in people with SCI via FES, a review on the
dosage for FES-cycling has been previously reported [18]
while another systematic review has shown that FES-cycling
promoted lower limb muscle health [19]. Other studies have
shown the relevance of intensive leg exercise tasks such as
standing for increasing BMD [20–23], muscle mass/volume
[9, 24], and/or reducing bone loss [23] in persons with SCI.
However, the outcomes and conclusions of these studies
are conflicting [25] as some other studies [26–28] have
conversely reported a non-significant increase in BMD
following a standing task. Also, Zamarioli and colleagues
reported a partial preservation of bone strength following
standing in complete SCI animals supported by FES- and/or
standing frame [29]. These conflicting results make the
application of FES technology for the promotion of muscu-
loskeletal integrity speculative in humans with SCI. Panisset
and colleagues [30, 31] have attempted to identify the exer-
cise effects on bone and muscle health but their study only
considered a limited number of leg exercise methods.
Therefore, establishing the effectiveness of common leg ex-
ercises by FES or other means of leg exercise support for
muscle and bone health preservation or promotion is
required to ascertain the clinical relevance of this inter-
vention for wider clinical deployment. As no such informa-
tion exists in the literature, the present study aimed to
comprehensively report the effectiveness of leg exercise in
preserving bone and muscle health in persons with SCI.

Methods

Search strategy

Scopus, PubMed, and Google Scholar online literature databases were
searched comprehensively for potentially eligible studies from the

earliest return date to January 2022. For wider context, retrieved
studies’ references and citations were searched on the Google Scholar
database. Search phrases and terms used included “Spinal Cord Injury
OR Paralysis OR Paraplegia OR Tetraplegia” AND “Functional Electrical
Stimulation OR Neuromuscular Electrical Stimulation OR Electrical
Muscle Stimulation OR FES ORNMESOR EMS”AND “Stance OR Standing
OR Stand” OR “Weight Bearing” OR “Cycling OR Cycle Ergometry” OR
“Exercise OR Leg Exercise” AND “Muscle Integrity” OR “Muscle Health”
OR “Muscle Size” OR “Thigh Girth” OR “Thigh Circumference” AND
“Bone Mineral Density” OR “Bone Density” AND “Bone Health” OR
“Osteoporosis” OR “Bone Fracture” OR “Musculoskeletal Outcomes” OR
“Musculoskeletal Responses”.

Eligibility criteria: The studies included were relevant to the review
purpose in relation to the primary outcomes of muscle and bone health
preservation following a prominent FES—or FES- and frame—assisted
leg exercise, including all forms of leg exercise where frames or parallel
bars may be relevant such as standing and walking in persons with SCI.
In this study, prominent leg exercise intervention meant well-defined
modes of physical exercise targeted at preserving or promoting bone
and/or muscle health. Also, promotion of muscle and bone health in-
dicates improvements in body composition in terms of muscle size and
bone mineral density, respectively. Studies that only focused on FES for
leg intervention, without the specific objective of promoting bone and/or
muscle health, were excluded. However, for studies that investigated
several muscle outcomes in two or more independent groups of par-
ticipants that underwent any of the prominent leg exercises, only
muscle and bone health outcomes were reported in this review. Also,
only changes inmusclemass/volume or thigh circumference/girth, BMD
and relevant secondary outcomes reported in persons with SCI
recruited in the included studies were presented. For RCTs and other
studies with intervention and control groups, only information on the
intervention group were reported. In studies where both the results of
healthy individuals and those with SCI were presented, only the results
of those with SCI were presented in this review. Conference abstracts
where participants’ demography, clear intervention(s) and outcomes/
results could not be obtained were excluded.

Outcomes selection process

To reduce the risk of bias in included studies, two authors, MOI and
NAH, independently extracted relevant information from the outcomes
of the included studies regarding the focus of the present study. YKA and
MOI further evaluated the validity of the extracted data before they
werefinally compiled. Data retainedweremainly on the effectiveness of
various leg exercises regarding muscle and bone health.

Results

Characteristics of included studies

Initially, three hundred and seventeen (317) studies were
obtained following abstract screening of databasewhile only
seventy-eight (78) met the inclusion criteria. These seventy-
eight (78) studies were analysed critically for the present

330 Ibitoye et al.: FES-supported leg exercise promotes paralysed lower limb muscle and bone health



review (Figure 1). Specifically, twelve (12) studies assessed
the standing effects on bone and muscle health, forty-nine
(49) investigated the cycling, rowing and knee extension
effects on bone and muscle health and seventeen (17)
appraised the effects of walking on bone and muscle health
in persons with SCI. Measured and reported outcome were
based on the change in muscle mass/volume and bone
mineral density as measured by Computed Tomography

(CT), Magnetic Resonance Imaging (MRI), Dual-Photon X-ray
Absorptiometry (DPXA), Dual Energy X-ray Absorptiometry
(DEXA), peripheral Quantitative Computed Tomography
(pQCT). Subject heterogeneity and diverse experimental
methodologies precluded a quantitative/meta-analytical
comparison between included studies, and amongst exer-
cise strategies considered. The included studies’ character-
istics are presented in Tables 1–3.

Figure 1: PRISMA flow chart for included and excluded studies in the systematic review. PRISMA was used because it is a standard objective reporting
method for article screening process in systematic review studies.
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Table : Characteristics of included studies on standing effects on muscle and bone health.

Study;
Country

Population. n –

[neurological level;
Age and TSI in
mean±SD or (median
and range)]

Intervention: frequency
andduration of exercise

Exercise aid;
stimulation
parameters

Muscle mass, vol-
ume/BMD. Mea-
surement devices

Outcomes and
results

Bone Muscle

Kunkel et al.
[]; USA

 – [ND, with SCI; age:
±.years. TSI:
.±.years]

Stood for an average of
 h Over a mean of
 days/ months

Standing frame;
NA

Lumbar spine and
femoral neck BMD.
DPXA

Only femoral neck
BMD was significantly
different (p<.)
when compared to
those of healthy
individuals

✓ –

Taylor et al. [];
UK

 – [paraplegics, plus
another  on FES; age:
.±. years &
.±. years on FES,
TSI: .±. years &
.±.years on FES]

ND FES andOswestry
standing frame/
calipers; PW: 
µs; Freq:  Hz;
Amp/Volt:
 mA max

Quadriceps muscle
thickness. Linear array
Ultrasound scanner

About % muscle
lost in the first
 weeks Of injury was
nearly gained in
 days of training
(p<.)

– ✓

Goemaere
et al. [];
Belgium

 – [C-T; age: Me-
dian: . range of –
 years; TSI: Median:
. range of –
 months]

Standing ≤ h/day, and
for infrequent Standing=
times/week. Duration: ND

Long leg braces,
standing frame
and wheelchair;
NA

BMD of the femoral
shaft, lumbar spine,
and proximal femur.
DPXA

For passive standing
group: BMD was pre-
served in the lumbar
spine, decreased
(%) in the proximal
femur and by % in
the femur shaft.
For control: Standing
SCI and non-standing
SCI; only BMD of
femur shaft improved
(p=.) and that of
lumbar spine
marginally improved
(p=.)

✓ –

de Bruin et al.
[];
Switzerland

 – [C-L; Age:
±. years; TSI:
 weeks

Standing for ≥ h/day for
 days/week. Duration:
ND

Standing frame;
NA

BMD of tibia; trabec-
ular and cortical bone.
pQCT

No/insignificant
(p>.) decrease in
trabecular bone in the
intervention group
only

✓ –

Frey-Rindova
et al. [];
Switzerland

 – [C-L; age:
±.; TSI: ≥month
for assessment]

≥ times/week For
 min. Duration: , 
and  months

Standing frame
with hip-
suspension; NA

BMD of tibia after ,
 and  months
post injury. pQCT

Insignificant (p>.)
influence on BMD loss
for persons with
paraplegia in
between  an
 months was
reported. Also, a sig-
nificant (p<.)
decrease in the tibia
BMD. (trabecular)
after  and months
while the decrease in
tibia (cortical) was
only after  months
in all participants.
However, in tetraple-
gic patients, radius
(p<.) and ulna
(p<.) trabecular
BMD loss were
reported

✓ –

332 Ibitoye et al.: FES-supported leg exercise promotes paralysed lower limb muscle and bone health



Table : (continued)

Study;
Country

Population. n –

[neurological level;
Age and TSI in
mean±SD or (median
and range)]

Intervention: frequency
andduration of exercise

Exercise aid;
stimulation
parameters

Muscle mass, vol-
ume/BMD. Mea-
surement devices

Outcomes and
results

Bone Muscle

Sabo et al. [];
Germany

 – [C-T ( com-
plete and  incom-
plete injury); age:
±. years; TSI: –
 years]

.± . weeks of wheel-
chair confinement or up-
right standing. Duration:
ND

Wheelchair; NA BMDof distal forearm,
lumbar spine and
proximal femur. DEXA

BMD was insignifi-
cantly affected by the
ambulatory status.
However, persons
with complete lesions
had significantly
(p<.) lower BMD
in the lumbar spine
compared to those
with incomplete
lesions.

✓ –

Ben et al. [];
Australia

 – [ND, paraplegia: 
and tetraplegia: ;
age: ±; TSI:
± years]

Standing (with one leg)
for  min,  times/week
for  weeks

Tilt-table; NA BMD of femur. DEXA No effect on femur
BMD

✗ –

Giangregorio
et al. [];
Canada

 – [ND; age: ; TSI:
. (range of –)
years]

 times/week for 
sessions for  months

BWSTT; NA Areal BMDof proximal
and distal femur,
proximal tibia, and
spine, and CSA, volu-
metric bone density
and bone geometry.
DEXA and CT

After  months of
exercise; significant
increase in body lean
mass (p<.), mus-
cle CSA increase .%
for thigh and .% for
lower leg with insig-
nificant BMD or bone
geometry were re-
ported. Whole body
BMD decreased
significantly (p<.)

✓ ✓

Alekna et al.
[]; Lithuania

 – [C-L; standing
grp (, age:
.±.; TSI:
.±.); non-
standing grp (; Age:
.±. years, TSI:
.±. weeks)]

Standing for ≥ h &
not ≤ days/week.
Duration: ≥years.

Standing frame;
NA

BMD of legs, pelvis
and lumbar spine.
DEXA

First year: the legs’
BMD decrease in the
standing group was
lower than the non-
standing group and
after  years irre-
spective of the age,
gender and level of
injury, the leg and
pelvis BMD was sig-
nificant (p=.)
and (p=.) higher
in the standing group,
respectively.

✓ –

Goktepe et al.
[]; Turkey

– [Both para and
tetraplegia; Age: –
 years; TSI: ≥  year]

 groups (: Stood for  h
Daily; : Stood for less
than  h daily; and : No
standing grp.). Duration:
. years

Standing frame/
wheelchair or
crunches and
braces; NA

BMD of lumbar and
proximal femoral re-
gions. DEXA

BMD was marginally
higher for the group
that stood for ≥ h
Daily as compared to
non-standing grp.

✓ –

Dudley-Javor-
oski et al. [];
USA

 – [T-C/; age:
.±. years; TSI:
.±. years]

 groups (high dose:
meant to stand with %
BW for  times/week. Low
dose: meant to stand with
% BW for  min in
 days/week. No stand-
ing: % BW). Duration:
 years

FES, standing
frame/standing
wheelchair; PW:
 µs. Freq:
 Hz. Amp/Volt:
 mA max

BMD of the distal fe-
mur. pQCT and high-
resolution CT

High dose group’s
BMD>both low dose
and untrained
group’s BMD
(p<.). Differences
between BMD in low
dose and untrained
groups were insignif-
icant (p>.)

✓ –
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Table : Characteristics of included studies on cycling, rowing and knee extension related effects on muscle and bone health.

Study;
Country

Population. n –

[neurological level;
age and TSI in
mean±SD or (median
and range)]

Intervention: Fre-
quency and duration
of exercise

Exercise mode and
aid; Stimulation
parameters

Muscle mass, vol-
ume/BMD. Mea-
surement devices

Outcomes and
results

Bone Muscle

Fournier
et al. [];
USA

 – [T-T, age:
.±.. TSI: .±.]

An incremental resis-
tance exercise training
of min exercisemax
for  days/week For
 weeks

FES-progressive resis-
tive exercise; PW: ND.
Freq:  Hz; Amp/Volt:
ND

m.Quads. Thigh
circumference
measuring device

Increase in m. quads
bulk was reported

– ✓

Petrofsky
et al. [];
USA

 – [para- and quadri-
plegic, age:  years
Mean. TSI: . (range:
.–) years.]

 days/week. For
min/day for  days
@  km/h speed

FES-CE; PW: , µs.
Freq:  Hz; Amp/Volt:
– V

Iliacus and m. Quads.
Bone densitometer or
CAT scanner

Increased muscle
size was reported

– ✓

Pacy et al.
[]; UK

 – [T/-T; Age:
Range –years; TSI:
±.years]

LE:  min &  times/
week For  weeks LE
by ° against (.–
. Kg loads).  s
each for activity and
rest. CE:  min &
 times/week For
 weeks CE at  rev/
min against (–
. W) workload

FES-LE and -CE; For
FES-LE. PW: . ms,
Freq:  Hz, Amp/Volt:
– V. For FES-CE.
PW: .ms, Freq:  Hz,
Amp/Volt: – V

m.Quads size and
BMD of trabecular
bone. CT and DPXA

Quads muscle area
increased and fat
area reduced
(p<.) and no
modification on BMD
during exercise were
reported

✓ ✓

Block et al.
[]; USA

 – [T/-T; Age:
±. years; TSI:
.±. years]

 days/week. For
 weeks

FES-CE; PW:  µs,
Freq: – Hz, Amp/
Volt: Adjusted to sus-
tain  rev/min speed

Midthigh. Quantita-
tive CT

Significant increase
in muscle CSA
(p=.) at distal
site of midthigh; and
(p=.) at a prox-
imal site of the mid-
thigh was reported

– ✓

Leeds et al.
[]; USA

– [ND, age: ND; TSI:
ND]

 days/week for
 months

FES-CE; PW: ND, Freq:
ND, Amp/Volt: ND

Femoral neck, ward
triangle and
trochanter BMD.
DPXA

No modification on
BMD due to CE
training was
reported

✓ –

Table : (continued)

Study;
Country

Population. n –

[neurological level;
Age and TSI in
mean±SD or (median
and range)]

Intervention: frequency
andduration of exercise

Exercise aid;
stimulation
parameters

Muscle mass, vol-
ume/BMD. Mea-
surement devices

Outcomes and
results

Bone Muscle

Dudley-Javor-
oski and
Shields [];
USA

 – [ with SCI
(T-C/; Age:
.±. years; TSI:
.±. year), and 

without SCI/control
(age: .±. years]

Active-resisted stance or
passive stance
for ≤years.
Duration: ≤years

FES, standing
frame/standing
wheelchair; PW:
ND. Freq: ND.
Amp/Volt: ND

BMD of femur. pQCT For active-resisted
stance limb: at
>. years, BMD
declined over time; At
> years, BMD was
significantly higher
(p=.)

✓ –

BW, body weight; BWSTT, body weight supported treadmill training; BMD, bone mineral densities; CT, computed tomography; CSA, cross-sectional area;
DEXA, dual energy X-ray absorptiometry measures tbBMD, total body bone mineral density; DPXA, dual photon X-ray absorptiometry; MRI, magnetic
resonance imaging; NA, not applicable; ND, not described; n, number of participants; pQCT, peripheral quantitative computed tomography—which could
differentiate trabecular and cortical bone [, ]; TSI, time since injury. ✓: positive change, ✗: negative change, –: unreported.
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Table : (continued)

Study;
Country

Population. n –

[neurological level;
age and TSI in
mean±SD or (median
and range)]

Intervention: Fre-
quency and duration
of exercise

Exercise mode and
aid; Stimulation
parameters

Muscle mass, vol-
ume/BMD. Mea-
surement devices

Outcomes and
results

Bone Muscle

Rodgers et al.
[`]; USA

 – [C-T, Age:
.±−.years. TSI:
.±.years]

 sessions of (incre-
mental resistant load
from  to  kg with
. increments) KE ex-
ercise @ ≤ times/
week For  weeks.
KE:  kE/min/leg

FES-KE; PW: ND, Freq:
ND, Amp/Volt: ND

Trabecular bone den-
sity. CT

No decrement of
BMD due to KE exer-
cise suggestive of
preservation of tibia
bone integrity

✓ –

Bremner
et al. [];
Australia

 – [T-T/L, Age:
.±. years. TSI:
±. yearsa]

 min max/day,
 times/week And for
 weeks of cycling
after  weeks of
strengthening
exercise

FES-CE; PW:  µs,
Freq:  Hz, Amp/Volt:
 mA

Midfemoral muscle
CSA, muscle density
and thigh circumfer-
ence. Single energy
CT

Total muscle area
thigh circumference
only increased in 

participants and this
was more evident in
“severely weakened
muscle”

– ✓

Hangartner
et al. [];
USA

 ( selected for FES
training) – [C-T,
age: – (median-)
years. TSI: .–.
(median-.) years]

Training involving 

FES session/week.
 kE/min/leg for 
exercise sessions/
 weeks

FES-KE and -CE; PW:
 µs, Freq:  Hz,
Amp/Volt:  mA max

Tibia bone density. CT FES intervention
promoted bone den-
sity (p<.)

✓ ✓

Sloan et al.
[];
Australia

 – [C-T, Age:
± years. TSI:
± years]

 min/ times/week,
for  months’ period,
initially, and continued
as tolerable

FES-cycling; PW:  µs,
Freq:  Hz, Amp/Volt:
 mA max

Thigh muscle area
and BMD. CT and
DEXA

Quadriceps cross-
sectional area
(p<.) and total
thigh muscle
(p<.) signifi-
cantly increased.
BMD was only pro-
moted in one acute
SCI case

✓ ✓

Bloomfield
et al. [];
USA

 – [C-T, age:
. years. TSI:  years]

,  and  FES ses-
sion within month of
cycling and  min
(expected) per session

FES-CE; PW:  ms,
Freq:  Hz, Amp/Volt:
 mA max

Lumbar spine,
femoral neck, distal
femur, and proximal
tibia BMD. X-ray
absorptiometry

Significant (p<.)
increase in BMD at
the lumbar spine
only

✓ –

BeDell et al.
[]; USA

 – [SCI, Age:
± years. TSI:
.±. years]

 min session for
± weeks max

FES-cycling; PW:  µs,
Freq:  Hz, Amp/Volt:
– mA

BMD of the lumbar
spine (L-), bilateral
trochanters, Ward’s
triangles and femoral
necks. DEXA

No significant
(p=.) increase in
BMD but a positive
trend in lumbar
spine was reported

✓ –

Kagaya et al.
[]; Japan

 – [T-L, Age:
.±.years. TSI:
.± . years]

At the start:  min
thrice/day then later
 min every  weeks
After  weeks, it was
increased to  min
intensive training, 
times daily, for up to
 months

FES-LCE; PW:  µs,
Freq:  Hz, Amp/
Volt: − V

CSA of femur head. CT Significant CSA in-
crease of gluteus
medius and para-
spinal muscle
(p<.), the iliop-
soas (p<.) were
reported.

– ✓

Hjeltnes et al.
[]; Norway
and Sweden

 – [C-C, age:
± years. TSI:
.±. years]

 min of cycling @ 

sessions/weeks for
 weeks

FES-LCE; PW:  µs,
Freq:  Hz, Amp/Volt:
 mA max

CSA of quadriceps,
hamstring and
gluteus maximum,
medius muscles and
LBM. DEXA and CT

Significant (p<.)
increase in CSA of the
listed lower limb
muscles, LBM and
decrease in whole
body fat were
reported

– ✓
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Table : (continued)

Study;
Country

Population. n –

[neurological level;
age and TSI in
mean±SD or (median
and range)]

Intervention: Fre-
quency and duration
of exercise

Exercise mode and
aid; Stimulation
parameters

Muscle mass, vol-
ume/BMD. Mea-
surement devices

Outcomes and
results

Bone Muscle

Mohr et al.
[];
Denmark

 – [C-T, Age:
.±. years. TSI:
.± years]

≤ times/week (mean
. times),  min/
session for  months

FES-CE; PW: ND, Freq:
 Hz, Amp/Volt: ND

Thigh circumference.
MRI and CT

Significant increase
(p<.) in muscle
mass and %CSA of
thigh were reported

– ✓

Mohr et al.
[];
Denmark

 – [C-Th, Age:
.±. yearsa. TSI:
.±. yearsa]

min/day, for  days/
week, for  months
followed by once a
week training for
 months

FES-CE; PW: ND, Freq:
ND, Amp/Volt: ND

Lumbar spine,
femoral neck, and
proximal tibia BMD.
DEXA

No BMD increase
(p>.) in the lum-
bar spine and
femoral neck, but
proximal tibia’s BMD
was partially
reversed (p<.)

✓ –

Baldi et al.
[]; USA

For FES-isometric con-
tractions (IC). –
[C-T, age:
.± . years. TSI:
.±. weeks]. For
FES-CE. – [C-T,
age: .±. years;
TSI: .±. weeks]

FES-IC.  min, 
times/week for
 months/ months.
FES-CE.  min, thrice/
week for  months/
 months

FES-IC and FES-CE; For
FES-IC. PW:  µs,
Freq:  Hz, Amp/Volt:
mA; For FES-CE PW:
 µs, Freq:  Hz,
Amp/Volt:  mA

LBM. DEXA  Months exercise
prevented muscle
atrophy and signifi-
cant (p<.) reduc-
tion in regionalised
LBM was reported

– ✓

Erika scremin
et al. [];
USA

– [C/-T/L, age:
±.years. TSI:
± years]

min duration for
.±. times/week
for . weeks

FES-CE; PW:  µs,
Freq:  Hz, Amp/Volt:
ND

Thigh and leg muscle
mass. CT

Thigh and leg muscle
mass significantly
increased (p<.),
with improved
“muscle to adipose
tissue ratio” were
reported

– ✓

Dudley et al.
[]; USA

 – [ND, Age: ND, TSI:
ND]

 Sets of  isometric/
dynamic muscle activ-
ities twice/week For
 weeks

FES-isometric contrac-
tions@ ° knee flexion
with/without weight
attached at the knee;
PW:  µs, Freq:  Hz,
Amp/Volt: ND

Quadriceps femoris.
MRI

Significant increase
(p=.) in quad-
riceps muscle’ CSA
was reported

– ✓

Chilibeck
et al. [];
Canada

 – [C-T, Age: –
 years. TSI: –
 years]

min thrice per week
for  weeks

FES-CE. PW:  µs,
Freq:  Hz, Amp/Volt:
– mA

Vastus lateralis. Mus-
cle biopsy
examination

Significant increase
(p<.) in muscle
fibre was reported

– ✓

Crameri et al.
[];
Australia

 – [T-T, Age:
±. years. TSI: –
 weeks]

 h training/ day/
weeks for  weeks

FES-isokinetic leg
extension/flexion; PW:
 µs, Freq:  Hz,
Amp/Volt:  V DC

Quadriceps and
hamstring muscles.
Digital image analysis
program

Muscle fibre area
and type preserva-
tion, and connective
tissue infiltration’s
prevention were
reported

– ✓

Bélanger
et al. [];
Canada

 – [C-T, Age:
.± . years. TSI:
.±. years]

 min/day (or until
fatigue criteria met),
five times weekly, for
 weeks.
.%±.%

FES-isometric contrac-
tions; PW:  µs, Freq:
 Hz, Amp/Volt:
 mA max

Distal femur, prox-
imal tibia and mid-
tibia BMD. !–Para
Run-on–>DEXA

Partial reversal of the
distal femur, prox-
imal. Tibia’s bone
loss (by approx. %
recovered, p<.)
and the quadriceps
strength loss were
reported

– ✓

Sköld et al.
[]; Sweden
& USA

 – [Motor complete
SCI; Age:  (range –
) years. TSI:  (range
–) years]

 min of exercise, 
sessions/week for
 months

FES-CE; PW:  µs,
Freq: / Hz, Amp/
Volt:  mA max

Leg muscle volume.
DEXA

% increase
(p<.) of leg
muscle volume was
reported

– ✓
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Table : (continued)

Study;
Country

Population. n –

[neurological level;
age and TSI in
mean±SD or (median
and range)]

Intervention: Fre-
quency and duration
of exercise

Exercise mode and
aid; Stimulation
parameters

Muscle mass, vol-
ume/BMD. Mea-
surement devices

Outcomes and
results

Bone Muscle

Eser et al.
[];
Switzerland

 – [C-T, Age:
.±. years for
intervention grp. TSI:
. weeks]

 min of exercise/
 times/week for
 months (mean)

FES-CE; PW: –
µs, Freq: ,  &  Hz,
Amp/Volt:  mA max

BMD of tibia. CT Marginal attenuation
reduction in tibial
cortical BMD was re-
ported and this was
linearly related to the
initial BMD and age
but unrelated to the
degree of immobili-
sation and injury
level

✓ –

Chen et al.
[]; Taiwan

 – [C-T, Age:
.±. years. TSI:
.±. years]

 min/day in  days/
week, for  months

FES-CE; PW:  µs,
Freq:  Hz, Amp/Volt:
 mA max

BMD of distal femur &
proximal tibia. DEXA

BMD of the distal fe-
mur and proximal
tibia increased by
.+.%, and
.+.%,
respectively (p<.)

✓ –

Demchak
et al. [];
USA

 – [C-T, Age:
.±. years, TSI: –
 weeks]

 min/day,  days/
week for weeks. ND

FES-CE; PW: ND, Freq:
ND, Amp/Volt:  mA
max

Muscle fibre CSA.
Computer software
(Bioquant , R&B
Biometrics, Inc.)

Prevention of muscle
fibre CSA loss was
reported. CSA in-
crease of %
(p=.) greater than
that of the control
group was reported

– ✓

Mahoney
et al. [];
USA

 – [C-T, Age:
.±. years. TSI:
.–. years]

“ days/week for 
sets of  unilateral,
dynamic knee exten-
sions for  weeks”

FES-induced resistance
training; PW: ND, Freq:
ND, Amp/Volt: ND

Thighs (m. Quads)
CSA. MRI

Significant increase
(p <.) in muscle
CSA was reported

– ✓

Shields et al.
[]; USA

 – [C-T, Age:
.±. years. TSI:
.± months]

 Bouts (with  min
rest in-between)/
approx. , con-
tractions per week for
about . years

FES-induced isometric
plantar flexion; PW:
 ms, Freq:  Hz,
Amp/Volt: ND

BMD of spine, bilat-
eral hips, and bilateral
knees. DEXA

From the baseline,
BMD’s percent
decline (∼%) for
the trained tibia was
significantly less
(p<.) than the
untrained tibia
(∼%). Partial pre-
vention of the BMD
loss was reported

✓ –

Shields et al.
[]; USA

 – [C-T, Age:
.±. years. TSI:
Within  weeks]

 Bouts (with  min
rest in-between) of
 contractions/day
X  day/week
for ≥ years

FES-induced isometric
plantar flexion; PW:
 ms, Freq:  Hz,
Amp/Volt:  mA max
at  V

BMD of distal tibia
trabecular. pQCT

Distal tibia trabecu-
lar’s BMD in trained
limbs was %
greater than in un-
trained limbs. The
trained limb was
 mg/cm higher
than untrained limb
(p<.)

✓ –

Clark et al.
[];
Australia and
USA

 – [C-T, age:
± years. TSI:
 weeks]

Twice min exercise/
limb/day, for  days/
week, for  months

FES-induced isotonic,
un-resisted contraction
for inner range quadri-
ceps and ankle dorsi-
flexion; PW: ND. Freq:
 Hz; Amp/Volt: ND

Total body BMD,
lower extremity re-
gion, and AP lumbar
spine (L–), femoral
neck and proximal
femur. DEXA

Total body BMD only
significantly different
(p<.) at
 months, and not
subsequently, thus,
no clinically relevant
BMD loss remedia-
tion was reported

✓ –
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Table : (continued)

Study;
Country

Population. n –

[neurological level;
age and TSI in
mean±SD or (median
and range)]

Intervention: Fre-
quency and duration
of exercise

Exercise mode and
aid; Stimulation
parameters

Muscle mass, vol-
ume/BMD. Mea-
surement devices

Outcomes and
results

Bone Muscle

Liu et al. [];
Taiwan

 – [C-L, age:
±. years. TSI:
.±. years]

 min of thrice/week
for  weeks FES-CE

FES-CE; PW:  µs,
Freq:  Hz, Amp/Volt:
– mA

Thigh and calf girths.
Flexible meter

Significant (p≤.)
thigh girth and
insignificant bone
mass reported after
 weeks of
FES-cycling

✓ ✓

Kakebeeke
et al. [];
Switzerland
and UK

– [C, age:  years.
TSI:  years]

 min for  times/
week for  months

FES-CE; PW:  µs.
Freq:  Hz; Amp/Volt:
 mA max

BMD of distal femoral
epiphysis. pQCT

BMD increased by
.% after the
training

✓ –

Frotzler et al.
[];
Switzerland
and UK

 – [T-T, age:
.±. years. TSI:
±. years]

Initially: ±weeks of
FES for muscle condi-
tioning, followed by
± min per session
for average of .±.;
FES-cycling sessions/
week, for  months.
Average of .–
.%

FES-cycling; PW:  µs,
Freq:  Hz. Amp/Volt:
As tolerable

Trabecular and
cortical parameters
(BMD) of the femur
and tibia, and their fat
and muscle tissue
parameters (CSA).
pQCT

Significant increase
(p≤ .) in BMD of
the bones and mus-
cle CSA of the thigh
(p=.) was
reported

✓ ✓

Frotzler et al.
[];
Switzerland
and UK

 – [T-T, age:
.±. years. TSI:
.± years]

≤ sessions/week, for
 months, for further
 months for moni-
toring (including
intensive FES-cycling
training and detrain-
ing/reduced FES in-
tensity). ND

FES-cycling; PW: ND.
Freq: ND. Amp/Volt: ND

Total and trabecular
BMD of the tibial and
femoral epiphyses,
thigh shank muscle
and fat CSA. pQCT

Improvement of
bone and muscle
parameters was
reported

✓ ✓

Griffin et al.
[]; USA

 – [C-T, age:
±. yearsa. TSI:
±. yearsa]

 min for – times/
week for  weeks

FES-cycling; PW: ND.
Freq:  Hz, Amp/Volt:
 mA max

Total body mass and
lean muscle mass.
DEXA

Significant (p≤.)
increase in total and
lean muscle mass
but no change in
bone and adipose
mass were reported

✓ ✓

Lai et al. [];
Taiwan

 – [C-T, age:
.±. years. TSI:
.–. days]

 min for  times/
week for  months
initially and dis-
continued for another
 months

FES-CE; PW:  µs.
Freq:  Hz; Amp/Volt:
ND

BMD of distal femur
and femoral neck.
DEXA

Partial attenuation
(p<.)) of BMD loss
of only distal femur
in the early stage of
training was
observed

✓ –

Groah et al.
[]; USA

– [C-T, age:
.±. years. TSI:
.±. days]

Stimulation for
 min/until muscle
fatigue for  day/week
for  weeks

FES-KE; PW:  µs;
Freq:  Hz. Amp/Volt:
 mA max

BMD of lumbar spine
femoral neck, distal
femur, and proximal
tibia. DEXA

Attenuation of BMD
loss in distal femur
was reported

✓ –

Astorino
et al. [];
USA

 – [C-T, age:
.±. years. TSI:
.±. years]

For ABT: – h/day/
week For  months.
FES-cycling:  min/
week

ABT and FES-cycling;
PW, Freq and amp/Volt
were set as tolerable.

BMD of lumbar spine
(L–L), proximal fe-
mur, and knee. DEXA

Inability of the
chronic ABT to
reverse BMD loss
(p>.) was re-
ported, although
BMD reduction was
less that the ex-
pected values in
recent SCI cases

✓ –
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Table : (continued)

Study;
Country

Population. n –

[neurological level;
age and TSI in
mean±SD or (median
and range)]

Intervention: Fre-
quency and duration
of exercise

Exercise mode and
aid; Stimulation
parameters

Muscle mass, vol-
ume/BMD. Mea-
surement devices

Outcomes and
results

Bone Muscle

Sadowsky
et al. [];
USA

– [C-L, age:
±. years. TSI
(range): . (–
) months]

– min duration,
thrice/week For mean
duration of
. months. With
. months mean
duration of follow up

FES-CE; PW:  µs.
Freq:  Hz. Amp/Volt:
 mA max

Quadriceps muscle
mass, total thigh
muscle, intra- and
intermuscular fat vol-
umes. MRI and DEXA

No significant
(p=.) increase in
total thigh volume
but significant
(p=.; .) vol-
ume increase in
anterior and poste-
rior thigh compart-
ment muscles were
reported. BMD was
not significantly
different

✓ ✓

Fornusek
et al. [];
Australia

 – [C-T, age:
± years.
TSI: ≥ year]

 min and thrice/
week for  weeks
exercise

FES-CE, PW:  µs,
Freq:  Hz; Amp/Volt:
Linearly ramped from
 to  mA

Thigh girth. Cloth
measuring tape

Significant (p=.)
increase of thigh
girth was reported

– ✓

Kuhn et al.
[]; Ger-
many &
Austria

 – [C-L, age:
±. years. TSI: (:
.–. i.e. median:
IQR) months]

 min and twice/
week for  weeks
exercise.

FES-cycling; PW:  µs;
Freq:  Hz; Amp/Volt:
– mA max

Rectus femoris mus-
cle CSA and leg
circumference. Tape
measure

Significant (p<.)
increase of thigh
girth was reported

– ✓

Gibbons et al.
[]; UK

 – [T, age:  year.
TSI:  year]

ND FES-rowing; PW: ND;
Freq: ND; Amp/Volt: ND

BMD of proximal
tibial trabecula. pQCT

Improved BMD re-
ported after the
training

✓ –

Arija-Bláz-
quez et al.
[]; Spain

 – [T-T, age
(intervention grp):
.± years. TSI:
<weeks]

 electrically induced
isometric contrac-
tions/day,  min/day,
 days/week for
 weeks. ND

FES-isometric contrac-
tions; PW:  µs; Freq:
 Hz; Amp/Volt:
 mA max

CSA of quadriceps
femoris muscle; BMD.
MRI and DEXA

Significant (p<.)
muscle size increase,
but not bone tissue/
CSA were reported

✓ ✓

Johnston
et al. [];
USA

– [C-T, age:
± years; TSI:
± years]

Low cadence cycling
( rpm) and high
cadence ( rpm)
cycling thrice/week for
 months. i.e.,  min
for – sessions
within  months

FES-cycling; PW:  µs;
Freq:  Hz; Amp/Volt:
 mA max

Distal femur and
trabecular, cortical
bones and thigh
muscle volume. DEXA
and MRI

Muscle volume in-
crease within each
group but not be-
tween groups
(p=.) was re-
ported. Increase
bone volume (% &
% for the 
groups) and general
improved bone
health were reported

✓ ✓

Gibbons et al.
[]; UK &
USA

– [T, age:  years.
TSI:  years]

 strokes/min for
 min and thrice per
week for  months
i.e. approx. ,
loading cycles/week

FES-rowing; PW: ND;
Freq: ND; Amp/Volt: ND

BMD of ultra-distal
radius and tibia pQCT

BMD loss was pre-
vented with the
rowing exercise

✓ –

Deley et al.
[]; France

 – [T/T, Age:
 years; TSI:  years]

 months training
(i.e.  times/week
 months of knee
extension exercise,
and rowing of  min
for  times/week for
 months).

FES-strengthening and
rowing; PW:  µs;
Freq:  Hz; Amp/Volt:
 mA max

BMD and thickness of
m. Quads and thigh
circumference.
B-mode ultrasonog-
raphy machine and
DEXA

Increased muscle
thickness (%),
thigh circumference
(%) and BMD
(%) were reported

✓ ✓
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Standing effects on bone and
muscle health in persons with SCI

Four studies [20, 21, 23, 32] reported a preservation or sig-
nificant increase in the femoral neck and/or lumbar spine’s
BMD following ≥6 months of frame-assisted (i.e., standing
frame, long leg brace, and standing wheelchair) upright
standing exercise in persons with chronic SCI. These studies
found that the bone loss sequel is site-specific in SCIwith that

of the lower extremities being the highest. The researchers
also observed that standingwith a frame only could preserve
bone health but may be unable to improve it. The studies
reported here advanced the feasibility of the positive effects
of frame-assisted standing on the BMD of SCI participants
especially for standing initiated early after injury and/or
sustained for a long time.

Conversely, with frame-assisted upright standing
training, five studies [16, 26–28, 33] reported an insignificant
increase or reduction in targeted lower limb BMD in persons

Table : (continued)

Study;
Country

Population. n –

[neurological level;
age and TSI in
mean±SD or (median
and range)]

Intervention: Fre-
quency and duration
of exercise

Exercise mode and
aid; Stimulation
parameters

Muscle mass, vol-
ume/BMD. Mea-
surement devices

Outcomes and
results

Bone Muscle

Draghici
et al. [];
USA

 – [C-T, Age:
.± years, TSI:
.±. years]

FES-rowing to achieve
± km for
.±. years

FES-rowing; PW: ND;
Freq: ND; Amp/Volt: ND

BMD of distal tibia
and radius. pQCT

Trabecular thickness
(R=.; p<.)
and volumetric BMD
are positively corre-
lated with duration
of rowing. Thus, reg-
ular exercise re-
verses BMD loss

✓ –

Lambach
et al. [];
USA & UK

 – [C-T, age:
.±. years; TSI:
.±. months]

 sessions i.e., –
 min for  times/
week for –months

FES-rowing; PW:  µs.
Freq:  Hz; Amp/Volt:
 mA max

BMD of distal femur
and tibia. pQCT

Initial BMD loss
reversal was re-
ported with exercise
progression. Bone
stimulus significant
correlation with
femoral trabecular
BMD changes
(R=.; p=.)
was reported

✓ –

Farkas et al.
[]; USA

 – [T-T, Age:
.±. years. TSI:
ND]

 sessions i.e., for
 min of cycling @
 rpm in  day/week
for  weeks

FES-cycling; PW:  µs;
Freq:  Hz; Amp/Volt:
 mA max

Total body fat (TBF)
and BMD. DEXA

The reported reduc-
tion in % body fat
was significant
(p=.). Significant
(p=.) increase in
BMD was also
reported

✓ ✓

Afshari et al.
[]; USA

 – [C & T levels], Age:
.±. years.
TSI: ≤ months]

For strength training:
 times/week for –
 weeks until able to
perform  min
without rest. For
FES-rowing: –
 min,  times/week
for  weeks

FES-rowing; PW: ND;
Freq: ND; Amp/Volt: ND

Total and regional
lean mass, fat mass,
fat percentage,
visceral adipose tis-
sue (VAT), BMD and
bone mineral content
(BMC). DEXA

Significant (p<.)
increase in total and
leg lean mass; and
reduction (p<.) in
pelvis and total BMD
decline were
reported

✓ ✓

ABT, activity-based therapy; AP, anteroposterior; BW, body weight; BWSTT, body weight supported treadmill training; BMD, bone mineral densities; CT,
computed tomography; CSA, cross-sectional area; CE, cycle ergometry; DEXA, dual energy X-ray absorptiometry measures tbBMD, total body bonemineral
density; DPXA, dual photon X-ray absorptiometry; IQR, interquartile range; KE, knee extension; LBM, lean body mass; LE, leg extension; MRI, magnetic
resonance imaging; n, number of participants; ND, not described; pQCT, peripheral quantitative computed tomography—which could differentiate
trabecular and cortical bone [, ]; SE, Standard Error; TSI, time since injury. a – with the assumption that the study was conducted in the year of article
publication. ✓: positive change, ✗: negative change, –: unreported.
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Table : Characteristics of included studies on walking effects on muscle and bone health.

Study;
Country

Population. n –

[neurological level;
age and TSI in
mean±SD or (median
and range)]

Intervention: fre-
quency and dura-
tion of exercise

Exercise mode and
aid; Stimulation
parameters

Muscle mass, vol-
ume/BMD. Mea-
surement devices

Outcomes and
results

Bone Muscle

Ogilvie et al.
[]; UK

 – [ND, paraplegic; Age:
– years. TSI: ND]

 h For average of
 months, repeated
every  months
follow p duration of
– months

Walking orthosis
with RGO. NA

Femoral neck and
lumbar vertebrae;
Quantitative CT

Slight improvement on
BMD was reported.

✓ –

Thoumie et al.
[]; France

 – [C-T, SCI; Age:
 (– years). TSI: 
(–) months; mean
(range)]

 h, thrice/week for
– months

RGO-II hybrid
orthosis. NA

Lumbar spine and
femoral neck BMD;
DPXA

Lack of improvement
on BMD was reported
at lumbar and BMD
decrease at femoral
neck was significant.
The result suggests the
corrections of the ef-
fect of immobilization
by this exercise

✓ –

Needham-
Shropshire
et al. []; USA

 – [T-T, age:
. years. TSI: . years]

 FES ambulation
sessions plus
another  weeks
before BMD
measurements

Parastep® and
walking frame; PW:
ND; Freq: ND; Amp/
Volt: ND

Femoral head, neck,
and Ward’s BMD;
DP dual-photon
densitometer

By week , weight
bearing (for more than
 min/session)
through the legs in 

out of  participants
were reported. By
week ,  out of 
participants could
ambulate for more
than  min/session.
However, insignificant
changes in BMD were
reported

✓ –

Klose et al.
[]; USA

 – [T-T, age:
.±. years; TSI:
±. years]

Thrice weekly of 
FES-gait sessions for
 weeks

Parastep®, frame
walker and ankle-
foot orthosis; PW:
 µs; Freq:  Hz;
Amp/Volt: – mA
max

Thigh CSA, and
calculated lean tissue
and the thigh, calf
and certain anatom-
ical positions’
circumference; X-ray
and DPXA

Significant increase
(p=.) in thigh CSA
and lean tissue but
decrease in the skin
fold of the skin were
reported

– ✓

Stewart et al.
[]; Canada
and USA

 – [C-T, age:
± years; TSI:
.± . years]

 sessions in
 months (.±.
training sessions/
week)

BWST gait; NA Vastus lateralis CA;
Muscle biopsy
examination

Significant (p=.)
increase in muscle
fibre area and oxida-
tive capacity of the
muscle were reported

– ✓

Giangregorio
et al. [];
Canada

 – [C-C, age:
.±. years. TSI:
.±  . days]

twice/week 
sessions

BWST gait; NA Proximal femur,
distal femur, prox-
imal tibia and lumbar
spine BMD and CSA;.
DEXA and CT scan

About .–.% in-
crease in muscle CSA
and reduction of – .–
.% in BMD were
reported

✗ ✓

Carvalho et al.
[]; Brazil

 – [C-C, Age:
.±. years. TSI:
.±. months]

 min of gait twice/
week for  months
with –% body
weight support

FES-gait on tread-
mill; PW:  µs;
Freq:  Hz; Amp/
Volt:  V max

Lumbar spine,
femoral neck,
trochanteric area,
and total femur BMD;
DEXA

Increase in bone for-
mation markers was
reported in .% of
participants. BMD
improvement was
indicated

✓ –

Ibitoye et al.: FES-supported leg exercise promotes paralysed lower limb muscle and bone health 341



Table : (continued)

Study;
Country

Population. n –

[neurological level;
age and TSI in
mean±SD or (median
and range)]

Intervention: fre-
quency and dura-
tion of exercise

Exercise mode and
aid; Stimulation
parameters

Muscle mass, vol-
ume/BMD. Mea-
surement devices

Outcomes and
results

Bone Muscle

de abreu et al.
[]; Brazil

 – [C-C, age:
.±  years. TSI:
.± . months]

 min/session 

times/week for
 months to achieve
.–. km/h max
after  months

FES-gait on tread-
mill; PW:  ms;
Freq:  Hz; Amp/
Volt:  V max

CSA of m. Quads; MRI CSA of m. Quads was
significantly (p=.)
higher after month of
FES-gait from the
baseline

– ✓

Forrest et al.
[]; USA and
Canada

 – [C, Age:  years.
TSI:  year]

 blocks of locomo-
tor training for
 months (i.e., 
session block, and
. weeks of rest
followed by a
-session block)

Locomotor training
with BWS treadmill;
NA

BMD of femoral neck
and lumbar spine;
and total LBM; DEXA

Total (.%) and
regional (legs: .%).
BMD decrease was
reported

✗ –

Jayaraman
et al. []; USA

 – [C-T, Age:
.±. years. TSI:
.± . months.]

 weeks of stepping
training involving 

sessions of  times/
week

Locomotion training;
PW: ND; Freq: ND;
Amp/Volt: ND

CSA of knee-extensor
(KE) and plantar-
flexor (PF); MRI

Increased in PF (be-
tween . and .%)
CSA was reported

– ✓

Coupaud et al.
[]; UK

 – [T, Age:  years.
TSI: . year]

 months of gait
training

Partial BWSTT; PW:
– µs; Freq:
 Hz; Amp/Volt:
 mA

Tibial epiphyses and
the distal femoral
epiphysis BMD and
muscle CSA; pQCT

% (right) and %
(left) increase of
trabecular BMD in the
distal tibia only and
slight increase in CSA
of thigh were reported

✓ ✓

de abreu et al.
[]; Brazil

– [C-C,  SCI control
grp: Age: .±. years.
TSI: .±. months.]

Gait training for
min/session twice
per week for
 months

FES-gait training
with treadmill; PW:
 ms; Freq:  Hz;
Amp/Volt:  V

Quadriceps CSA. MRI Muscle CSA increase
from .± . cm to
.± . cm was
observed due to
FES-gait training.

– ✓

Craven et al.
[]; Canada

 – [C-T, age:
.± years. TSI
(Median (IQR):
±. years]

 min/session and
thrice week for
 months

FES-walking with
body weight support
with harness; PW:
– µs; Freq:
– Hz; Amp/Volt:
– mA

Total hip, distal femur
and proximal tibia
BMD. DEXA an pQCT

Enhanced bone turn-
over (p<.)) was
reported

✓ –

Karelis et al.
[]; Canada
and Brazil

 – [C-T, SCI: Age:
.±. years. TSI:
.±. years]

≤ min/session, 
sessions/week for
 weeks

Robotic exoskeleton;
NA

Lean body mass
(LMB), BMD, muscle
mass and calf CSA.
DEXA an pQCT

Significant increase (p=
.) in leg and
appendicular lean
body mass, total, leg
and appendicular fat
mass, and the calf
mass CSA were
reported

✓ ✓

Terson de
Paleville et al.
[]; USA

 – [C-T, SCI: Age:
.±. years; TSI:
.±. months]

Task specific training
with epidural stimu-
lation involving 

sessions

Epidural stimulation
supported locomo-
tion; PW: ND; Freq:
– Hz; Amp/Volt:
ND

Lean body mass and
% of body fat. DEXA

Increase in body
weight due to increase
in fat-free mass,
increased lean body
mass with decreased%
of body fat were re-
ported for all
participants

– ✓
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with acute [26, 27] and chronic [16, 28, 33] SCI. The studies
reported here generally showed that standing with frames
had no clinically significant effects on BMD for both acute
and chronic SCI cases.

Studies that have looked into the effect of FES-supported
standing on BMD and muscle mass preservation were
sparse. In persons with chronic SCI, two studies [22, 34],
reported “lowest rate of femur BMD decline across time”
and significantly lower BMDdecline over time at >2 years of
FES- and frame-supported standing task [34] under unilat-
eral high-dose quadriceps stimulation. These two studies
confirmed the relevance of FES-supported standing in bone
health promotion and also affirmed that long term exercise
is needed for significant BMD improvement following leg
exercise. One study by Taylor et al. [9] investigated the
impact of standing by Oswestry standing frame (i.e., an
adjustable and customised standing frame) on quadriceps
muscle and found that ∼50% of muscle lost in the first
3 weeks of injury could nearly be regained in 240 days of
FES-standing training in persons with SCI.

These studies suggested that the positive effects of FES
on muscle health may appear earlier before that of BMD.
Table 1 presents the reported effects of standing on muscle
and bone health.

Cycling, rowing and knee extension
effects on bone and muscle health
in persons with SCI

Twenty-one studies [12, 36–39, 42, 44, 47, 48, 50, 51, 53, 56, 59, 64,
66–68, 72–74] submitted that 1–12 months of FES-cycling ex-
ercise resulted in a marginal or significant increase in CSA of
Iliacus [37], quadricepsmuscles [36–38, 47, 44], vastus lateralis
[45], gluteusmedius [12, 44], paraspinalmuscles [12], lean body
mass [44, 50, 68], iliopsoas [12] and thigh circumference [42, 44,
48, 51, 64, 66, 67, 72–74] and leg muscle volume [56] in persons
with SCI. Here, an increase inmuscle CSAhas been reported in
FES-cycling exercise for at least 3months and leading to better
results if conducted for longer duration. Two out of these
studies [46, 75] also reported significant improvement of
FES-cycling exercise on BMD. In one study, the improvement
in BMD was only observed in one acute SCI case [44] and in
another study, no change in bone and adipose mass were
reported [68].

Ten studies [43, 49, 57, 58, 65–67, 69, 76] reported sig-
nificant preservation and improvement of FES-cycling on
lower limb BMD and specifically presented partial reversal
of proximal tibial BMD [43, 49], distal femoral’s BMD [66, 67]

Table : (continued)

Study;
Country

Population. n –

[neurological level;
age and TSI in
mean±SD or (median
and range)]

Intervention: fre-
quency and dura-
tion of exercise

Exercise mode and
aid; Stimulation
parameters

Muscle mass, vol-
ume/BMD. Mea-
surement devices

Outcomes and
results

Bone Muscle

Asselin et al.
[]; USA

 – [C/T-T, SCI: Age:
± years. TSI:
± years]

≤ h/session, 
times/week of 
sessions

Powered exoskel-
eton- supported
locomotion; NA

Lean body mass and
total body fat mass
(TBFM) and visceral
adipose tissue (VAT).
DEXA

Significant reduction of
TBFM ((−.±. kg,
p=.); marginally
loss of VAT (−. kg,
p=.) for  out of 
participants was also
reported

– ✓

Sutor et al.
[]; USA

 – [C - T, SCI: Age:
.±. years. TSI:
.± years]

EAW & TSS:  min
walk test ( MWT),
– times/week for
 weeks

Exoskeleton-assisted
walking (EAW) &
Trans-spinal stimu-
lation (TSS) for sub-
set of the partici-
pants (i.e., n=); PW:
– µs; Freq:
– Hz; Amp/Volt:
– mA

Body fat %, total
body, legs and
trunk’s lean and total
mass. DEXA

Reduction in % fat from
baseline was reported
for the total body
(−.%, (p=.)), leg
(−.%, (p=.)), and
trunk (−%, (p=.))
regions

– ✓

ABT, activity-based therapy; BW, body weight; BWSTT, body weight supported treadmill training; BMD, bonemineral densities; CT, computed tomography;
CSA, cross-sectional area; CE, cycle ergometry; DEXA, dual energy X-ray absorptiometry measures tbBMD, total body bone mineral density; DPXA, dual-
photon X-ray absorptiometry; IQR, Interquartile range; MRI – magnetic resonance imaging; NA, not applicable; ND, not described; n, number of
participants; pQCT, peripheral quantitative computed tomography—which could differentiate trabecular and cortical bone [, ]; TSI, time since injury.
✓: positive change, ✗: negative change, –: unreported.
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and improvement of lumbar spine BMD [45]. However,
partial attenuation [69], no influence [38, 40] or an insig-
nificant but positive trend on BMD improvement [46] were
reported in four studies [38, 40, 46, 69] mostly in acute SCI
cases [69].

Five studies [75, 77, 79, 80] reported BMD loss attenua-
tion and muscle thickness [78], following a prolonged
FES-rowing in individuals with chronic SCI. Apart from
FES-cycling and -rowing exercises, 10 studies [41, 52, 54, 55,
60–63, 79, 71] reported other FES-supported leg exercise
modalities. For example, Dudley et al. [52] showed significant
increase in quadriceps muscles CSA following intermittent
FES-isometric contractions to elicit high force contraction.
Bélanger et al. [55] demonstrated a partial reversal of BMD
loss of lower limb bones following FES-isokinetic knee
extension/flexion for 24 weeks in persons with chronic SCI.
Groah et al. [70] demonstrated the possibility of FES-induced
knee extension to attenuate the loss of lower extremities
BMD in persons with acute SCI. Shields et al. [61] reported a
partial prevention of the BMD loss following FES-induced
isometric plantar flexion against a compressive load of up to
twice of body weight in persons with acute SCI.

In a similar study by Shields et al. [62], it has been
demonstrated that isometric plantar flexion against a
compressive load of up to 1.5 of body weight could promote
BMD in acute SCI individuals. Preservation of tibia bone
integrity was reported by Rodgers et al. [41] following
12 weeks of knee extension exercise. Crameri et al. [54] re-
ported the preservation of muscle fibre area and type, and
prevention of connective tissue infiltration in acute SCI cases.
Also, Mahoney et al. [60] reported significant increase in
quadricepsmuscles’ CSA following 12 weeks of FES-resistance
training in personswith chronic SCI. However, Clark et al. [63]
reported that 5 months of FES-induced isotonic contractions
could not preserve lower extremities’ bone loss/BMD in per-
sons with acute SCI. Also, Astorino et al. [71] conducted a six-
month activity-based therapy (ABT) which included standing,
gait training and FES-cycling training in both acute and
chronic SCI cases, and found that the ABT was unable to
attenuate the bone loss. Two recently published studies by
Farkas et al. [81]; and Afshari et al. [82] also showed significant
improvement of BMD and muscle mass after a cycling and
rowing intervention respectively through reduction of total
body fat in personswith SCI. Table 2 summarises the results of
studies on cycling, rowing and knee extension related effects
onmuscle and bone health. In summary, the studies reported
here claimed that the accrued improvements through
FES-supported training could only be maintained if the
intervention is sustained for as long as feasible. Some studies

also showed that exercise intervention may not positively
impact both bone and muscle health.

Effects of walking on bone and
muscle health in persons with SCI

Five studies [83, 84, 87, 88, 96] reported increase in BMD [83, 84,
88] and muscle CSA [96] or muscle fibre area [87] and three
studies [85, 87, 88] reported no impairment/reduction in BMD
following walking with walking aids (i.e. RGO, BWST) after SCI
gait on a treadmill without FES. Seven studies [86, 89, 90, 92, 94,
95, 97] demonstrated that FES-walking promoted BMD/bone
turnover/lean bodymass [89, 95, 97] andmuscle CSA [86, 90, 92,
94] in chronic SCI individuals while only one study [85] re-
ported insignificant effect of this exercise on BMD [87]. Also,
only one study [93] reported an increase in both the BMD and
muscle CSA following FES-supported walking in persons with
SCI. Asselin et al. [98] and Sutor et al. [99] recently reported a
significant positive effect of exoskeleton-assisted walking on
muscle through the reduction total body fat percentage in
persons with chronic SCI while the effects of this exercise on
bone were unreported. Table 3 depicts the results of studies on
effects of walking on muscle and bone health.

Discussion

This review sought to synthesise published outcomes’ con-
clusions on the effectiveness of prominent lower limb ex-
ercise modes with and/or without the aid of FES on the
preservation of muscle and bone health in persons with SCI.
This is an important research study as the evidence on the
effectiveness of FES to preserve muscle and bone health in
persons with SCI was inconclusive [15]. Through this study
we have been able to ascertain that both muscle and bone
health outcomes were correlated in studies that reported
both findings except a few studies. It was also observable
that positive changes inmuscle healthweremore prominent
compared to bone health improvements, which may take
longer time or requires higher exercise dose than needed for
muscle health improvement.

Following a comprehensive literature search, this study
included 78 papers after applying the exclusion criteria. 12
out of those studies (15%) were on standing effects onmuscle
and bone healthwith orwithout FES.With only three studies
on FES-supported standing to improve muscle (i.e., two
studies) [9, 34] and bone health (i.e., one study) [22] in
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persons with SCI, there is a need for further investigation to
support the body of evidence on this topic for effective
clinical decisions. This is important as only the exercise effects
onquadricepsmuscle thickness and femurBMDwere reported
in the three available studies. While the mode of intervention
was not reported in one study [9], FES-standing training
involving high-dose and active resistance stance for a mini-
mum duration of ≤3 years appeared to be necessary for a
significant benefit of FES-supported standing on muscle and
bone health. The studies reported here majorly recruited per-
sonswith chronic SCI. Also, the recruited individualswerewith
paraplegia and some with high tetraplegia (i.e. one study [19]
with C2 and three studies [26, 27, 33] with C4). The population
selected and intervention adopted may be due to the fact that
sufficient trunk stability was required for upright stance and
this was lacking in most people with high tetraplegia from
C1-C4 [100]. Among the remaining studies, 1 h of frame-assisted/
treadmill standing, thrice weekly for a minimum of 6 months
was generally reported with some muscle and/or bone health
benefits except in a few acute SCI cases [26, 27] where no/
insignificant benefits were reported. In situations where sig-
nificant benefitswere found inacute SCI cases, the trainingwas
sustained for ≥2 years [20].

It appeared that more than 24 months [34] of standing
training may be needed before clinically worthwhile bone
health preservation could be achieved in specific cases
of standing initiated soon after SCI. As bone mechanical
loading may not reduce BMD loss after several months of
immobilisation due to osteoporosis after SCI [23], it was
evident that early standing intervention after SCI may likely
reduce the rate of BMD decline. This intervention should be
sustained for long-term to promote bonemineralization [33].
There seemed to be preliminary evidence to ascertain that
leg exercise supported by FES promote bone health. One
important information from the few available studies
showed that the effect of standing training was muscle
(i.e., muscle tissue properties) [9] and time since injury
dependent. Further evaluation of the standing modality for
bone health preservation is warranted before objective
generalisation could be made. On the other hand, evidence
of standing effect on muscle mass or volume was generally
scarce and in fact, no recent study on this topic could be
found in the literature. However, a positive effect of standing
supported by FES and standing frame on the participants’
muscle mass preservation was one important suggestion
from the study of Taylor et al. [9].

Forty-nine out of the remaining studies (63%) were on
cycling, rowing and knee extension related effects on muscle
and bone health with or without FES. All the 49 studies here
applied FES to support the exercise intervention. One expla-
nation for this could be that the exercise under this category

cannot be executed without FES, since the target population
lack voluntary motor activity, if improved muscle and bone
health were sought. The subjects recruited for the studies
reported here had paraplegia and few with tetraplegia with
injury levels between C1-L5. This may suggest that cycling,
rowing and knee extension exercise targeted at preserving or
promoting health in persons with SCI could only be effective if
supported with FES technologies. Out of the 49 studies under
this category only four studies [56, 39, 45, 62] reported no
benefits of the exercise interventions. The probable explana-
tions for this observation appeared to be “insufficient” dura-
tion of the intervention, training intensiveness, time after
injury of the participants and the injury severity. In general
cycling/cycle ergometry with FES-support that accounted for
63% of all included studies happened to be the most common
mode of muscle and both health preservation.

The remaining 17 studies (22%) were on walking effects
on muscle and/or bone health with or without FES. Except
in one study [85], FES-supported walking generally has a
positive effect on muscle and/or bone health following
intensive training.Walkingwith BWSTT/robotic exoskeleton
appeared to be promising too as most studies reported here
with participants with injury ranges from C3-T10 showing
positive health benefits on lower limb’s muscle and bone.
These outcomes suggest that walking exercise with or
without FES should be promoted in lower limb rehabilitation
in persons with SCI. This is suggested to be preceded by
clinical assessment of relevant bones for suitability.

It is evident that the skeletal muscle contractions and
the consequent tension on the skeleton, elicited by FES may
aid the preservation of muscle integrity and bone health
[101]. Based on the available studies on FES-supported ex-
ercises on muscle and bone health preservation, it can be
deduced that FES combined with standing frame/walking
treadmill better preserves lower limb muscle and bone
health in individuals with motor paralysis in comparison to
the exercise intervention that rely only on frame standing/
walking treadmill support. This information is useful to
ascertain the potential of lower limb exercise in impacting
musculoskeletal integrity to promote modest independent
living in persons with SCI. Furthermore, the available evi-
dence did not describe the potential complication or adverse
effects associated with the exercise interventions described
in this study. However, it is evident that clinical assessment
before lower limb exercise may be required to exclude pa-
tients with bones that may be prone to spontaneous fracture
due to a significant loss of BMD andmuscle atrophy after SCI
especially in the chronic phase of injury. A simple clinical
task such as FES-supported knee extension exercise may
precede challenging lower limb physical exercises, espe-
cially for habituation to prepare the bone for the challenging
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mechanical bone loading due to these exercises for pre-
vention of spontaneous bone fracture.

Overall, a significant delay of bone loss and improved
muscle integrity appeared to improve with longer exercise
duration and higher exercise intensity. At minimum, a
marginal improvement in bone andmuscle health following
an increase in BMD and muscle bulk, respectively, due to
lower limb exercise, has generally been observed. For
example, as the diagnosis of osteoporosis potential in pa-
tients, areal bonemineral density is conventionally used as a
predictor for the development of osteoporosis in the clinical
and experimental settings. Furthermore, the accrued BMD
increase due to FES-supported lower limb has been shown to
be prominent in distal femur [66, 102] and proximal tibia
[66], known to be mostly susceptible to fractures [102]. This
development further buttresses the clinical usefulness of
lower limb exercise intervention in clinical rehabilitation.

The most commonly reported stimulation parameter
adopted in the reviewed studies included the stimulation
frequency that ranged between 20 and 35 Hz (≤58 studies)
while other studies applied 15Hz (2 studies), 40Hz (5 studies),
50 Hz (7 studies), and 60 Hz (2 studies). Also, the pulse width
of the stimulation pulse mostly ranged between 200 and
400 µs (≤64) while other studies used 450 µs (4 studies),
500 µs (3 studies), 667 ms (2 studies), and 1,000 µs (1 study).
Furthermore, 300 mA was the highest stimulation current
for current controlled stimulation. The combination of these
common parameters appeared to have yielded optimum
stimulation outcomes due to their promotion of efficient
motor unit recruitment strategies.

Effects of bone andmuscle health promotion
on spasticity

Spasticity is a common clinical condition in persons with
SCI confined to wheelchair and it adversely affects their
response to functional rehabilitation, especially, the range of
motion [32]. Although spasticity can promote muscle tro-
phism [103] and bone density [104], if not properly managed,
its primary complication may include contracture leading to
discomfort while its secondary complication may lead to
pain and impaired function execution [105]. This may be
especially evident during lower limb exercise. Thus, reha-
bilitation physicians and allied health professionals are
interested in methods to reduce this clinical condition in
order to promote rehabilitation outcomes in lower limbs.
Therefore, a reduction of spasticity may be an additional
benefit for the patients following leg exercise to improve
bone and muscle health. Several adjustment strategies to
reduce the influence of spasticity or “hamstring tightness”

during leg exercise have been promoted. This knowledge is
based on the study of Bekhet and colleagues [106] where
effectiveness of FES for managing spasticity had been pro-
posed with proper stimulation strategies. For example,
during knee extension exercise training, a sitting position
that ensured that the hip joint flexion is set at ∼110° [77] has
been promoted. Although passive standing exercise may
reduce spasticity [107], Kunkel and colleagues [32] suggested
the application of FES-standing exercise for reducing spas-
ticity as passive frame-assisted standing may be less effec-
tive. Also, FES-supported cycling [108] and locomotion
[87, 109, 110] may reduce spasticity. It appeared that exer-
cises involving active muscle movement elicited by FES or
muscle stretching such as those described in this review
could be used to reduce spasticity.

It must however be emphasized here that persons with
peripheral nerve lesions (i.e., leading to lowermotor neuron
lesion) may have limited improvement and effectiveness of
the various lower limb exercises reviewed in this study. This
is because although FES is believed to “promote nerve
regeneration and functional recovery”, it is largely relevant
if the transected nerve has been surgically or otherwise
repaired [111]. Even with this, one challenge of nerve tran-
section or grafting is that the motor function may be largely
unrecovered [112]. This is believed to be themajor issue with
using FES-supported rehabilitation for functional restora-
tion in persons with peripheral nerve lesions. However, one
recent study [113] have reported a promotion of muscle size
and health following the deployment of “long pulse width
stimulation” strategy. As this topic is beyond the scope of this
study, further investigation may be of interest.

Conclusions

Evidence seems to be emerging to affirm that a rigorous and
controlled high intensity frame- and/or FES-supported leg
exercise is a possible “non-pharmacological” means of pre-
venting muscle atrophy, osteoporosis and bone fracture in
persons with SCI. Responses of bone and muscle integrity to
exercise interventions appear to be heavily influenced by
injury duration and how early the exercise is commenced as
well as exercise duration and frequency of training. Affir-
mative comments on this may be justified by more studies
especially RCTs. This stems from the fact that FES- and/or
frame-supported leg exercises have been shown in this study
to provide certain benefits, especially regarding musculo-
skeletal health promotion. FES-supported leg exercise may,
therefore, serve as a useful augmentation for other tradi-
tional leg exercise aids. This may have significant and posi-
tive effects if combined with pharmacological means for
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preservation ofmuscle and bone integrity. The present study
could guide clinical rehabilitation professionals to make an
evidence-based decision on the need to promote FES- and
frame-supported leg exercise as a standard and viable clin-
ical rehabilitation modality for muscle and bone health
preservation in order to aid its wider clinical deployment.
This study is also vital for understanding the clinical
significance of leg exercise for muscle and bone health
promotion and associated secondary benefits in the man-
agement of persons with SCI especially those with motor
paralysis.

Research funding: None declared.
Author contributions: All the authors have accepted
responsibility for the entire content of this manuscript and
approved its submission.
Competing interests: Authors state no conflict of interest.
Informed consent: Not applicable.
Ethical approval: Not applicable.

References

1. Arija-Blázquez A, Ceruelo-Abajo S, Díaz-Merino MS, Godino-
Durán JA, Martínez-Dhier L, Martin JLR, et al. Effects of
electromyostimulation on muscle and bone in men with acute
traumatic spinal cord injury: a randomized clinical trial. J Spinal
Cord Med 2014;37:299–309.

2. Davis GM, Hamzaid NA, Fornusek C. Cardiorespiratory, metabolic,
and biomechanical responses during functional electrical
stimulation leg exercise: health and fitness benefits. Artif Organs
2008;32:625–9.

3. Draghici AE, Shefelbine SJ. Increased bone fracture after SCI: can
exercise reduce risk? In: Taylor JA, editor. The physiology of exercise in
spinal cord injury. Boston, MA: Springer US; 2016: 161–74 pp.

4. Carbone LD, Chin AS, Burns SP, Svircev JN, Hoenig H, Heggeness M,
et al. Mortality after lower extremity fractures in men with spinal cord
injury. J Bone Miner Res 2014;29:432–9.

5. de Zepetnek Totosy J, Craven B, Giangregorio L. An evaluation of the
muscle-bone unit theory among individuals with chronic spinal cord
injury. Spinal Cord 2012;50:147–52.

6. Craven B, Giangregorio L, Robertson L, Delparte JJ, Ashe MC, Eng JJ.
Sublesional osteoporosis prevention, detection, and treatment: a
decision guide for rehabilitation clinicians treating patientswith spinal
cord injury. Crit Rev Phys Rehabil Med 2008;20:277–321.

7. Shields RK. Muscular, skeletal, and neural adaptations following
spinal cord injury. J Orthop Sports Phys Ther 2002;32:65–74.

8. Lanyon LE. Using functional loading to influence bone mass and
architecture: objectives, mechanisms, and relationship with
estrogen of the mechanically adaptive process in bone. Bone 1996;
18:S37–43.

9. Taylor PN, Ewins DJ, Fox B, Grundy D, Swain ID. Limb blood flow,
cardiac output and quadriceps muscle bulk following spinal cord
injury and the effect of training for the Odstock functional electrical
stimulation standing system. Paraplegia 1993;31:303–10.

10. Nassaralla C, Lyles KW. Possible way to reduce fracture rates in
patients with traumatic spinal cord injury? Arch Phys Med Rehabil
2014;95:1021–2.

11. Schoenau E. From mechanostat theory to development of the
“Functional Muscle-Bone-Unit”. J Musculoskelet Neuronal Interact
2005;5:232–8. 16172514.

12. Kagaya H, Shimada Y, Sato K, Sato M. Changes in muscle force
following therapeutic electrical stimulation in patients with complete
paraplegia. Spinal Cord 1996;34:24–9.

13. Jones LM, LeggeM, Goulding A. Intensive exercisemay preserve bone
mass of the upper limbs in spinal cord injured males but does not
retard demineralisation of the lower body. Spinal Cord 2002;40:
230–5.

14. Ibitoye MO, Hamzaid NA, Hayashibe M, Hasnan N, Davis GM.
Restoring prolonged standing via functional electrical stimulation
after spinal cord injury: a systematic review of control strategies.
Biomed Signal Process Control 2019;49:34–47.

15. Biering-Sørensen F, Hansen B, Lee BSB. Non-pharmacological
treatment and prevention of bone loss after spinal cord injury: a
systematic review. Spinal Cord 2009;47:508–18.

16. Giangregorio LM, Webber CE, Phillips SM, Hicks AL, Craven BC,
Bugaresti JM, et al. Can body weight supported treadmill training
increase bone mass and reverse muscle atrophy in individuals with
chronic incomplete spinal cord injury? Appl Physiol Nutr Metabol
2006;31:283–92.

17. Dolbow DR, Gorgey AS, Daniels JA, Adler RA, Moore JR, Gater DR. The
effects of spinal cord injury and exercise on bone mass: a literature
review. NeuroRehabilitation 2011;29:261–9.

18. Rosley N, Hamzaid NA, Hasnan N, Davis GM,Manaf H.Muscle size and
strength benefits of functional electrical stimulation-evoked cycling
dosage in spinal cord injury: a narrative review. Sains Malays 2019;48:
607–12.

19. van der Scheer JW, Goosey-Tolfrey VL, Valentino SE, Davis GM, Ho CH.
Functional electrical stimulation cycling exercise after spinal cord
injury: a systematic review of health and fitness-related outcomes. J
NeuroEng Rehabil 2021;18:99.

20. 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:
727.

21. Goktepe AS, Tugcu I, Yilmaz B, Alaca R, Gunduz S. Does standing
protect bone density in patients with chronic spinal cord injury? J
Spinal Cord Med 2008;31:197–201.

22. Dudley-Javoroski S, Saha PK, Liang G, Li C, Gao Z, Shields RK. High dose
compressive loads attenuate bonemineral loss in humans with spinal
cord injury. Osteoporos Int 2012;23:2335–46.

23. Goemaere S, Van Laere M, De Neve P, Kaufman JM. Bone mineral
status in paraplegic patients who do or do not perform standing.
Osteoporos Int 1994;4:138–43.

24. Thomaz SR, Cipriano G Jr., Formiga MF, Fachin-Martins E,
Cipriano GFB, Martins WR, et al. Effect of electrical stimulation on
muscle atrophy and spasticity in patients with spinal cord injury – a
systematic review with meta-analysis. Spinal Cord 2019;57:258–66.

25. Hamzaid NA, Davis GM. Health and fitness benefits of functional
electrical stimulation-evoked leg exercise for spinal cord–injured
individuals. Top Spinal Cord Inj Rehabil 2009;14:88–121.

26. de Bruin ED, Frey-Rindova P, Herzog RE, Dietz V, Dambacher MA,
Stüssi E. Changes of tibia bone properties after spinal cord injury:
effects of early intervention. Arch Phys Med Rehabil 1999;80:
214–20.

Ibitoye et al.: FES-supported leg exercise promotes paralysed lower limb muscle and bone health 347



27. Frey-Rindova P, de Bruin ED, Stüssi E, Dambacher MA, Dietz V. Bone
mineral density in upper and lower extremities during 12months after
spinal cord injury measured by peripheral quantitative computed
tomography. Spinal Cord 2000;38:26–32.

28. Ben M, Harvey L, Denis S, Glinsky J, Goehl G, Chee S, et al. Does
12 weeks of regular standing prevent loss of ankle mobility and bone
mineral density in people with recent spinal cord injuries? Aust J
Physiother 2005;51:251–6.

29. Zamarioli A, Battaglino RA, Morse LR, Sudhakar S, Maranho DAC,
Okubo R, et al. Standing frame and electrical stimulation therapies
partially preserve bone strength in a rodent model of acute spinal
cord injury. Am J Phys Med Rehabil 2013;92:402–10.

30. Panisset MG, Galea MP, El-Ansary D. Does early exercise attenuate
muscle atrophy or bone loss after spinal cord injury? Spinal Cord 2016;
54:84–92.

31. Panisset MG, El-Ansary D, Dunlop SA, Marshall R, Clark J, Churilov L,
et al. Factors influencing thigh muscle volume change with cycling
exercises in acute spinal cord injury – a secondary analysis of a
randomized controlled trial. J Spinal Cord Med 2022;45:510–21.

32. Kunkel CF, Erika Scremin AM, Eisenberg B, Garcia JF, Roberts S,
Martinez S. Effect of “standing” on spasticity, contracture, and
osteoporosis in paralyzed males. Arch Phys Med Rehabil 1993;74:
73–8.

33. Sabo D, Blaich S, Wenz W, Hohmann M, Loew M, Gerner HJ.
Osteoporosis in patients with paralysis after spinal cord injury. Arch
Orthop Trauma Surg 2001;121:75–8.

34. Dudley-Javoroski S, Shields RK. Active-resisted stance modulates
regional bone mineral density in humans with spinal cord injury.
J Spinal Cord Med 2013;36:191–9.

35. James D, Dolbow DRD, Gorgey AS, Adler RA, Gater DR. The effects of
aging and electrical stimulation exercise on bone after spinal cord
injury. Aging Dis 2013;4:141–53. 23730530.

36. Fournier A, Goldberg M, Green B, Brucker B, Petrofsky J, Eismont F,
et al. A medical evaluation of the effects of computer assisted muscle
stimulation in paraplegic patients. Orthopedics 1984;7:1129–33.

37. Petrofsky JS, Phillips CA, Heaton HHI, Glaser RM. Bicycle ergometer for
paralyzed muscle. J Clin Eng 1984;9:13–20.

38. Pacy PJ, Hesp R, Halliday DA, Katz D, Cameron G, Reeve J. Muscle and
bone in paraplegic patients, and the effect of functional electrical
stimulation. Clin Sci 1988;75:481–7.

39. Block JE, Steinbach LS, Friedlander AL, Steiger P, Ellis W, Morris JM, et al.
Electrically-stimulated muscle hypertrophy in paraplegia: assessment by
quantitative CT. J Comput Assist Tomogr 1989;13:852–4.

40. Leeds EM, Klose KJ, GanzW, Serafini A, GreenBA. Bonemineral density
after bicycle ergometry training. Clin J Sport Med 1990;71:207–9.

41. Rodgers M, Glaser R, Figoni S, Hooker S, Ezenwa B, Collins S, et al.
Musculoskeletal responses of spinal cord injured individuals to
functional neuromuscular stimulation-induced knee extension
exercise training. J Rehabil Res Dev 1991;28:19–26.

42. Bremner LA, Sloan KE, Day RE, Scull ER, Ackland T. A clinical exercise
system for paraplegics using functional electrical stimulation. Spinal
Cord 1992;30:647–55.

43. Hangartner TN, Rodgers MM, Glaser RM, Barre PS. Tibial bone density
loss in spinal cord injured patients: effects of FES exercise. J Rehabil
Res Dev 1994;31:50–61.

44. Sloan KE, Bremner LA, Byrne J, Day RE, Scull ER. Musculoskeletal
effects of an electrical stimulation induced cycling programme in the
spinal injured. Spinal Cord 1994;32:407–15.

45. Bloomfield SA, Mysiw WJ, Jackson RD. Bone mass and endocrine
adaptations to training in spinal cord injured individuals. Bone 1996;
19:61–8.

46. BeDell KK, Scremin AME, Perell KL, Kunkel CF. Effects of functional
electrical stimulation-induced lower extremity cycling on bone density
of spinal cord-injured patients. Am J Phys Med Rehabil 1996;75:29–34.

47. Hjeltnes N, Aksnes AK, Birkeland KI, Johansen J, Lannem A, Wallberg-
Henriksson H. Improved body composition after 8 week of electrically
stimulated leg cycling in tetraplegic patients. Am J Physiol Regul Integr
Comp Physiol 1997;273:R1072–9.

48. Mohr T, Andersen JL, Biering-Sørensen F, Galbo H, Bangsbo J,
Wagner A, et al. Long term adaptation to electrically induced cycle
training in severe spinal cord injured individuals. Spinal Cord 1997;35:
1–16.

49. Mohr T, Pødenphant J, Sørensen BF, Galbo H, Thamsborg G, Kjær M.
Increased bone mineral density after prolonged electrically induced
cycle training of paralyzed limbs in spinal cord injured man. Calcif
Tissue Int 1997;61:22–5.

50. Baldi JC, Jackson RD, Moraille R, Mysiw WJ. Muscle atrophy is
prevented in patients with acute spinal cord injury using functional
electrical stimulation. Spinal Cord 1998;36:463.

51. Erika Scremin AM, Kurta L, Gentili A, Wiseman B, Perell K, Kunkel C,
et al. Increasing muscle mass in spinal cord injured persons with a
functional electrical stimulation exercise program. Arch Phys Med
Rehabil 1999;80:1531–6.

52. Dudley GA, Castro MJ, Rogers S, Apple DF Jr. A simple means of
increasing muscle size after spinal cord injury: a pilot study. Eur J Appl
Physiol Occup Physiol 1999;80:394–6.

53. Chilibeck PD, Bell G, Weiss C, Bell G, Burnham R. Histochemical
changes in muscle of individuals with spinal cord injury following
functional electrical stimulated exercise training. Spinal Cord 1999;37:
264–8.

54. Crameri RM, Weston AR, Rutkowski S, Middleton JW, Davis GM,
Sutton JR. Effects of electrical stimulation leg training during the acute
phase of spinal cord injury: a pilot study. Eur J Appl Physiol 2000;83:
409–15.

55. Bélanger M, Stein RB, Wheeler GD, Gordon T, Leduc B. Electrical
stimulation: can it increase muscle strength and reverse osteopenia in
spinal cord injured individuals? Arch PhysMed Rehabil 2000;81:1090–8.

56. Sköld C, Lönn L, Harms-Ringdahl K, Hultling C, Levi R, Nash M, et al.
Effects of functional electrical stimulation training for six months on
body composition and spasticity in motor complete tetraplegic spinal
cord-injured individuals. J Rehabil Med 2002;34:25–32.

57. Eser P, De Bruin ED, Telley I, Lechner HE, Knecht H, Stüssi E, et al. Effect
of electrical stimulation-induced cycling on bone mineral density in
spinal cord-injured patients. Eur J Clin Invest 2003;33:412–19.

58. Chen S-C, Lai C-H, ChanWP, HuangM-H, Tsai H-W, Chen J-JJ. Increases
in bone mineral density after functional electrical stimulation cycling
exercises in spinal cord injured patients. Disabil Rehabil 2005;27:
1337–41.

59. Demchak TJ, Linderman JK, Mysiw WJ, Jackson R, Suun J, Devor ST.
Effects of functional electric stimulation cycle ergometry training on
lower limbmusculature in acute sci individuals. J Sports Sci Med 2005;
4:263–71.

60. Mahoney ET, Bickel CS, Elder C, Black C, Slade JM, Apple D Jr., et al.
Changes in skeletal muscle size and glucose tolerance with electrically
stimulated resistance training in subjects with chronic spinal cord
injury. Arch Phys Med Rehabil 2005;85:1502–4.

348 Ibitoye et al.: FES-supported leg exercise promotes paralysed lower limb muscle and bone health



61. Shields RK, Dudley-Javoroski S, Law LAF. Electrically induced muscle
contractions influence bone density decline after spinal cord injury.
Spine 2006;31:548–53.

62. Shields RK, Dudley-Javoroski S. Musculoskeletal plasticity after acute
spinal cord injury: effects of long-term neuromuscular electrical
stimulation training. J Neurophysiol 2006;95:2380–90.

63. Clark JM, Jelbart M, Rischbieth H, Strayer J, Chatterton B, Schultz C,
et al. Physiological effects of lower extremity functional electrical
stimulation in early spinal cord injury: lack of efficacy to prevent bone
loss. Spinal Cord 2007;45:78–85.

64. Liu C-W, Chen S-C, Chen C-H, Chen T-W, Jason Chen J-J, Lin C-S, et al.
Effects of functional electrical stimulation on peak torque and body
composition in patients with incomplete spinal cord injury. Kaohsiung
J Med Sci 2007;23:232–40.

65. Kakebeeke TH, Hofer PJ, Frotzler A, Lechner HE, Hunt KJ, Perret C.
Training and detraining of a tetraplegic subject: high-volume FES cycle
training. Am J Phys Med Rehabil 2008;87:56–64.

66. Frotzler A, Coupaud S, Perret C, Kakebeeke TH, Hunt KJ,
Donaldson NN, et al. High-volume FES-cycling partially reverses bone
loss in people with chronic spinal cord injury. Bone 2008;43:169–76.

67. Frotzler A, Coupaud S, Perret C, Kakebeeke TH, Hunt KJ, Eser P. Effect
of detraining on bone andmuscle tissue in subjectswith chronic spinal
cord injury after a period of electrically-stimulated cycling: a small
cohort study. J Rehabil Med 2009;41:282–5.

68. Griffin L, Decker MJ, Hwang JY, Wang B, Kitchen K, Ding Z, et al.
Functional electrical stimulation cycling improves body composition,
metabolic and neural factors in persons with spinal cord injury.
J Electromyogr Kinesiol 2009;19:614–22.

69. Lai C-H, Chang WH-S, Chan WP, Peng C-W, Shen L-K, Chen J-JJ, et al.
Effects of functional electrical stimulation cycling exercise on bone
mineral density loss in the early stages of spinal cord injury. J Rehabil
Med 2010;42:150–4.

70. Groah SL, Lichy AM, Libin AV, Ljungberg I. Intensive electrical
stimulation attenuates femoral bone loss in acute spinal cord injury.
PM&R 2010;2:1080–7.

71. Astorino TA, Harness ET, Witzke KA. Effect of chronic activity-based
therapy on bone mineral density and bone turnover in persons with
spinal cord injury. Eur J Appl Physiol 2013;113:3027–37.

72. Sadowsky CL, Hammond ER, Strohl AB, Commean PK, Eby SA,
Damiano DL, et al. Lower extremity functional electrical stimulation
cycling promotes physical and functional recovery in chronic spinal
cord injury. J Spinal Cord Med 2013;36:623–31.

73. Fornusek C, Davis GM, Russold MF. Pilot study of the effect of low-
cadence functional electrical stimulation cycling after spinal cord
injury on thigh girth and strength. Arch Phys Med Rehabil 2013;94:
990–3.

74. Kuhn D, Leichtfried V, Schobersberger W. Four weeks of functional
electrical stimulated cycling after spinal cord injury: a clinical cohort
study. Int J Rehabil Res 2014;37:243–50.

75. Gibbons RS, McCarthy ID, Gall A, Stock CG, Shippen J, Andrews BJ. Can
FES-rowing mediate bone mineral density in SCI: a pilot study. Spinal
Cord 2014;52:S4–5.

76. Johnston TE, Marino RJ, Oleson CV, Schmidt-Read M, Leiby BE,
Sendecki J, et al. Musculoskeletal effects of 2 functional electrical
stimulation cycling paradigms conducted at different cadences for
people with spinal cord injury: a pilot study. Arch Phys Med Rehabil
2016;97:1413–22.

77. Gibbons RS, Beaupre GS, Kazakia GJ. FES-rowing attenuates bone loss
following spinal cord injury as assessed by HR-pQCT. Spinal Cord Ser
Sases 2016;2:15041.

78. Deley G, Denuziller J, Casillas J-M, Babault N. One year of training with
FES has impressive beneficial effects in a 36-year-old woman with
spinal cord injury. J Spinal Cord Med 2017;40:107–12.

79. Draghici AE, Taylor JA, Bouxsein ML, Shefelbine SJ. Effects of FES-
rowing exercise on the time-dependent changes in bone
microarchitecture after spinal cord injury: a cross-sectional
investigation. JBMR Plus 2019;3:e10200.

80. Lambach RL, Stafford NE, Kolesar JA, Kiratli BJ, Creasey GH,
Gibbons RS, et al. Bone changes in the lower limbs from participation
in an FES rowing exercise program implemented within two years
after traumatic spinal cord injury. J Spinal Cord Med 2020;43:306–14.

81. Farkas GJ, Gorgey AS, Dolbow DR, Berg AS, Gater DR Jr. Energy
expenditure, cardiorespiratory fitness, and body composition
following arm cycling or functional electrical stimulation exercises in
spinal cord injury: a 16-week randomized controlled trial. Top Spinal
Cord Inj Rehabil 2021;27:121–34.

82. Afshari K, Ozturk ED, Yates B, Picard G, Taylor JA. Effect of hybrid FES
exercise on body composition during the sub-acute phase of spinal
cord injury. PLoS One 2022;17:e0262864.

83. Ogilvie C, Bowker P, Rowley DI. The physiological benefits
of paraplegic orthotically aided walking. Spinal Cord 1993;31:
111–5.

84. Thoumie P, Claire GL, Beillot J, Dassonville J, Chevalier T, Perrouin-
Verbe B, et al. Restoration of functional gait in paraplegic patientswith
the RGO-II hybrid orthosis. A multicenter controlled study. II:
physiological evaluation. Spinal Cord 1995;33:654–9.

85. Needham-Shropshire BM, Broton JG, Klose KJ, Lebwohl N, Guest RS,
Jacobs PL. Evaluation of a training program for persons with SCI
paraplegia using the Parastep 1 ambulation system: part 3. Lack of effect
on bone mineral density. Arch Phys Med Rehabil 1997;78:799–803.

86. Klose KJ, Jacobs PL, Broton JG, Guest RS, Needham-Shropshire BM,
Lebwohl N, et al. Evaluation of a training program for personswith SCI
paraplegia using the Parastep®1 ambulation system: Part 1.
Ambulation performance and anthropometric measures. Arch Phys
Med Rehabil 1997;78:789–93.

87. Stewart BG, Tarnopolsky MA, Hicks AL, McCartney N, Mahoney DJ,
Staron RS, et al. Treadmill training–induced adaptations in muscle
phenotype in persons with incomplete spinal cord injury. Muscle
Nerve 2004;30:61–8.

88. Giangregorio LM, Hicks AL, Webber CE, Phillips SM, Craven BC,
Bugaresti JM, et al. Body weight supported treadmill training in acute
spinal cord injury: impact on muscle and bone. Spinal Cord 2005;43:
649–57.

89. Carvalho DCL, Garlipp CR, Bottini PV, Afaz SH, Moda MA, Cliquet A Jr.
Effect of treadmill gait on bone markers and bone mineral density of
quadriplegic subjects. Braz J Med Biol 2006;39:1357–63.

90. de AbreuDCC, Júnior AC, Rondina JM, Cendes F.Muscle hypertrophy in
quadriplegics with combined electrical stimulation and body weight
support training. Int J Rehabil Res 2008;31:171–5.

91. Forrest GF, Sisto SA, Barbeau H, Kirshblum SC, Wilen J, Bond Q, et al.
Neuromotor andmusculoskeletal responses to locomotor training for
an individual with chronic motor complete AIS-B spinal cord injury.
J Spinal Cord Med 2008;31:509–21.

92. Jayaraman A, Shah P, Gregory C, BowdenM, Stevens J, BishopM, et al.
Locomotor training and muscle function after incomplete spinal cord
injury: case series. J Spinal Cord Med 2008;31:185–93.

93. Coupaud S, Jack L, Hunt K, McLean A, Allan D. Muscle and bone
adaptations after treadmill training in incomplete spinal cord injury: a
case study using peripheral quantitative computed tomography.
J Musculoskelet Neuronal Interact 2009;9:288–97.

Ibitoye et al.: FES-supported leg exercise promotes paralysed lower limb muscle and bone health 349



94. de Abreu DCC, Cliquet A, Rondina JM, Cendes F. Electrical stimulation
during gait promotes increase of muscle cross-sectional area in
quadriplegics: a preliminary study. Clin Orthop Relat Res 2008;467:553.

95. Craven BC, Giangregorio LM, Alavinia SM, Blencowe LA, Desai N,
Hitzig SL, et al. Evaluating the efficacy of functional electrical
stimulation therapy assisted walking after chronic motor incomplete
spinal cord injury: effects on bone biomarkers and bone strength.
J Spinal Cord Med 2017;40:748–58.

96. Karelis AD, Carvalho LP, Castillo MJE, Gagnon DH, Aubertin-
Leheudre M. Effect on body composition and bone mineral density of
walking with a robotic exoskeleton in adults with chronic spinal cord
injury. J Rehabil Med 2017;49:84–7.

97. Terson de Paleville DGL, Harkema SJ, Angeli CA. Epidural stimulation
with locomotor training improves body composition in individuals
with cervical or upper thoracic motor complete spinal cord injury: a
series of case studies. J Spinal Cord Med 2019;42:32–8.

98. Asselin P, Cirnigliaro CM, Kornfeld S, Knezevic S, Lackow R, Elliott M,
et al. Effect of exoskeletal-assisted walking on soft tissue body
composition in persons with spinal cord injury. Arch PhysMed Rehabil
2021;102:196–202.

99. Sutor TW, Ghatas MP, Goetz LL, Lavis TD, Gorgey AS. Exoskeleton
training and trans-spinal stimulation for physical activity
enhancement after spinal cord injury (EXTra-SCI): an exploratory
study. Front Rehabil Sci 2022;2:789422.

100. Milosevic M, Masani K, Kuipers MJ, Rahouni H, Verrier MC,
McConville KMV, et al. Trunk control impairment is responsible for
postural instability during quiet sitting in individuals with cervical
spinal cord injury. Clin Biomech 2015;30:507–12.

101. Maïmoun L, Fattal C, Micallef JP, Peruchon E, Rabischong P. Bone loss
in spinal cord-injured patients: from physiopathology to therapy.
Spinal Cord 2005;44:203.

102. Ragnarsson KT, Sell GH. Lower extremity fractures after spinal
cord injury: a retrospective study. Arch Phys Med Rehabil 1981;62:
418–23.

103. Gorgey AS, Dudley GA. Spasticity may defend skeletal muscle size and
composition after incomplete spinal cord injury. Spinal Cord 2008;46:
96–102.

104. Löfvenmark I, Werhagen L, Norrbrink C. Spasticity and bone density
after a spinal cord injury. J Rehabil Med 2009;41:1080–4.

105. Cha S, Yun J-H, Myong Y, Shin H-I. Spasticity and preservation of
skeletal muscle mass in people with spinal cord injury. Spinal Cord
2019;57:317–23.

106. Bekhet AH, Bochkezanian V, Saab IM,Gorgey AS. The effects of electrical
stimulation parameters in managing spasticity after spinal cord injury:
a systematic review. Am J Phys Med Rehabil 2019;98:484–99.

107. Bohannon RW. Tilt table standing for reducing spasticity after spinal
cord injury. Arch Phys Med Rehabil 1993;74:1121–2.

108. Krause P, Szecsi J, Straube A. Changes in spastic muscle tone
increase in patients with spinal cord injury using functional
electrical stimulation and passive leg movements. Clin Rehabil
2008;22:627–34.

109. Mirbagheri MM, Ladouceur M, Barbeau H, Kearney RE. The effects of
long-term FES-assisted walking on intrinsic and reflex dynamic
stiffness in spastic spinal-cord-injured subjects. IEEE Trans Neural Syst
Rehabil Eng 2002;10:280–9.

110. Possover M, Schurch B, Henle K. New strategies of pelvic nerves
stimulation for recovery of pelvic visceral functions and locomotion in
paraplegics. Neurourol Urodyn 2010;29:1433–8.

111. Fu T, Jiang L, Peng Y, Li Z, Liu S, Lu J, et al. Electrical muscle stimulation
accelerates functional recovery after nerve injury. Neuroscience 2020;
426:179–88.

112. Dodla MC, Alvarado-Velez M, Mukhatyar VJ, Bellamkonda RV.
Peripheral nerve regeneration. In: Atala A, Lanza R, Mikos AG,
Nerem R, editors Principles of Regenerative Medicine, 3rd ed. Boston:
Academic Press; 2019:1223–36 pp.

113. Chandrasekaran S, Davis J, Bersch I, Goldberg G, Gorgey AS. Electrical
stimulation and denervated muscles after spinal cord injury. Neural
Regen Res 2020;15:1397–407.

350 Ibitoye et al.: FES-supported leg exercise promotes paralysed lower limb muscle and bone health


	Effectiveness of FES-supported leg exercise for promotion of paralysed lower limb muscle and bone health—a systematic review
	Introduction
	Methods
	Search strategy
	Eligibility criteria

	Outcomes selection process

	Results
	Characteristics of included studies

	Standing effects on bone and muscle health in persons with SCI
	Cycling, rowing and knee extension effects on bone and muscle health in persons with SCI
	Effects of walking on bone and muscle health in persons with SCI
	Discussion
	Effects of bone and muscle health promotion on spasticity

	Conclusions
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


