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Evidence of end-effector based gait machines
in gait rehabilitation after CNS lesion
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Abstract.
BACKGROUND: A task-specific repetitive approach in gait rehabilitation after CNS lesion is well accepted nowadays. To ease
the therapists’ and patients’ physical effort, the past two decades have seen the introduction of gait machines to intensify the
amount of gait practice. Two principles have emerged, an exoskeleton- and an endeffector-based approach. Both systems share
the harness and the body weight support. With the end-effector-based devices, the patients’ feet are positioned on two foot plates,
whose movements simulate stance and swing phase.
OBJECTIVE: This article provides an overview on the end-effector based machine’s effectiveness regarding the restoration of
gait.
METHODS: For the electromechanical gait trainer GT I, a meta analysis identified nine controlled trials (RCT) in stroke subjects
(n = 568) and were analyzed to detect differences between end-effector-based locomotion + physiotherapy and physiotherapy
alone.
RESULTS: Patients practising with the machine effected in a superior gait ability (210 out of 319 patients, 65.8% vs. 96 out of
249 patients, 38.6%, respectively, Z = 2.29, p = 0.020), due to a larger training intensity. Only single RCTs have been reported for
other devices and etiologies.
CONCLUSION: The introduction of end-effector based gait machines has opened a new succesful chapter in gait rehabilitation
after CNS lesion.
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1. Introduction

Restoration and improvement of gait are a major
issue in neurorehabilitation. Stroke patients are the
largest group, stroke affects 180 per 100.000 inhabitants
in the industrialized world, annually (Kolominsky et al.,
2001). Three months after the stroke, 20% of the sur-
viving patients remain wheelchair-bound, and in 60%
gait velocity and endurance are impaired (Wade et al.,
1987). Among the ambulatory patients, the self-selected
speed helps to distinguish three functional classes, a gait
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speed < 0.4 m/s classifies a patient who is ambulatory at
home, a gait speed ranging from 0.4 to 0.8 m/s a lim-
ited community ambulator, and a gait speed > 0.8 m/s
an unlimited community ambulator (Perry, 1992). To
pass safely a cross-walk in Berlin, a gait speed of at
least 0.9 m/s is required (Hesse et al., 2009). Regarding
climbing up and down stairs, an Italian study reported
that only 5% out of 437 stroke patients relearned climb-
ing up and down a flight independently following an
in-patient rehabilitation (Paolucci et al., 2008).

The currently mostly favoured treatment concept
is a task-specific repetitive approach (Carr & Shep-
ard, 1987), expressed by the slogan: “who wants to
relearn walking, has to walk” (Hesse et al., 1994). Two
decades ago, neurophysiological treatment concepts
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with tone-inhibiting and gait preparatory manoeuvres
were prevailing; gait itself was practiced very little
(Hesse et al., 1995). Treadmill training with partial
body weight support was a first step towards a more
intensive gait practice (Hesse et al., 1994). A har-
ness compensated for postural deficiencies, part of
the body weight was relieved according to the pare-
sis of the affected weight-bearing muscles, and the
motor-driven treadmill enforced locomotion. In case of
non-ambulatory patients, two therapists had to place
the paretic limb and had to assist with shifting weight.
Controlled studies, however, failed to show any supe-
rior effect of treadmill training as compared to floor
walking in non-ambulatory stroke patients with respect
to gait restoration (Moseley et al., 2003; Franceschini et
al., 2009; Duncan et al., 2011). Ambulatory stroke sub-
jects profited from an aerobic treadmill training, the belt
velocity and the inclination were increased in a step-
wise manner to reach a preset target heart rate (Eich et
al., 2004; Macko et al., 2005).

The major limitation of treadmill training and con-
ventional physiotherapy in wheelchair-bound subjects
was the physical assistance required to assist gait,
thereby limiting the intensity of gait practice due to
effort and budget constrains.

Gait machines helped to relieve the therapists’
physical effort, Colombo et al. introduced the
exoskeleton-based Lokomat, and Hesse et al. the end-
effector-based Gait Trainer GT I (GT I) both in the
late nineties of the last century (Hesse, Sarkodie-Gyan,
& Uhlenbrock, 1999; Colombo et al., 2000). The two
devices shared the harness and the body weight sup-
port, with the Lokomat the patient wore an exoskeleton
with drives flexing the hip and knee during the swing
phase, the ankle was passively guided, the treadmill
provided the stance phase. With the GT I the patients’
feet were positioned on two foot plates; which sim-
ulated stance and swing phase. Cables attached to
the patients’ harness controlled the vertical and hori-
zontal movements of the centre of gravity. Mehrholz
& Pohl conducted an indirect comparison between
the two approaches. They included 18 trials involv-
ing 885 patients. They found significantly higher rates
of independent walking in end-effector compared with
exoskelton-based training (p = 0.03). They suggested
that the type of electromechanical-assisted device might
positively influence the outcome of gait rehabilitation
after stroke (Mehrholz & Pohl, 2013).

Other gait machines followed the end-effector
approach in combination with harness support and body
weight relief. The Haptic Walker, Berlin, Germany

is a robot with fully programmable foot plates in 3
dimensions (step, length and height, and ankle rota-
tion), enabling not only simulated walking on the floor
but also climbing stairs up and down (Schmidt et al.,
2003). The commercial successor was the gait robot
G-EO, Bolzano, Italy, which also included an actu-
ated weight relief system (Hesse, Waldner, & Tomelleri,
2010). The Lokohelp, Weil am Rhein, Germany, com-
bined a treadmill and an add-on option, to be mounted
on the treadmill, moving both feet in a gait like fash-
ion (Freivogel et al., 2009), and the Gaitmaster, Japan,
was designed as a footpad-type locomotion interface
(Tanaka et al., 2012).

The following article will present an overview of con-
trolled clinical studies on the use of end-effector gait
machines in stroke, CP and M. Parkinson patients. A
meta-analysis on studies in stroke subjects treated with
the electromechanical GT I is included. It is the most
common end-effector based device, for the other end-
effector devices only open studies or preliminary data
are available. For patients with other etiologies, only
open studies have been reported so far.

2. Methods of the literature search and search
terms used

We searched the Cochrane Stroke Group Trials Reg-
ister, CENTRAL, MEDLINE, EMBASE, CINAHL,
AMED, SPORTDiscus, PEDro, COMPENDEX

and INSPEC. Our search strategy used for MED-
LINE and modifications for other databases is reported
and published elsewhere (Mehrholz & Pohl, 2012).

In addition, we hand-searched relevant conference
proceedings, searched trials and research registers,
checked reference lists in an effort to identify further
published, unpublished and ongoing trials. Our final
search was completed on December 2012.

We included studies as follows: (i) randomized con-
trolled trials that evaluated end-effector based gait
machines in gait rehabilitation after CNS lesion; (ii)
studies of automated end-effector based gait machines
used in combination with functional electrical stim-
ulation applied to the legs during gait training or
transcranial direct current stimulation during gait train-
ing; (iii) outcome measure walking ability.

3. Meta-analysis

We identified 2521 studies and excluded obviously
irrelevant trials. We obtained the full text for the remain-
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ing studies. Based on our inclusion criteria (types of
studies, participants, outcome measures) we ranked
these studies as relevant or irrelevant. We excluded
all trials ranked initially as irrelevant, but included
all other trials at this stage. We excluded all trials of
specific treatment components, such as electrical stim-
ulation as stand-alone treatment, treadmill training and
continuous passive motion treatment. We resolved any
disagreements through discussion between the review
authors. Afterwards we extracted trial and outcome data
from the selected trials and pooled data for every sub-
population such as stroke, Parkinson’s disease and CP
children. For all statistical comparisons we used the
current version of the Cochrane Review Manager soft-
ware, RevMan 5. We analysed binary outcomes with
an odds ratio (OR) random-effects-model with 95%
confidence intervals (CI) or calculated risk differences
(RD) instead of ORs as appropriate using the methods
described in the Cochrane Handbook for Systematic
Reviews of Interventions (Higgins J, Green S. Cochrane
handbook for systematic reviews of interventions, ver-
sion 5.1.0. The Cochrane Collaboration 2011; available
from www.cochrane-handbook.org.).

4. Stroke patients/GT I

Pohl et al. conducted the largest study (DEGAS,
Deutsche Gangtrainerstudie). Four German centres
included 155 non-ambulatory subacute, first-time
stroke patients, and allocated them to two groups (Pohl
et al., 2007). A lacking cardiovascular fitness, an acti-
vated lower limb joint arthrosis, and severe lower limb
spasticity excluded the patients from participation in
the study.

The experimental group A practised on the GT I
(Fig. 1) 20 minutes net time every workday for four
weeks, a therapy session including donning and doffing
lasted 30 min. In addition, A-patients received 30 min
of individual physiotherapy every workday; the content
of the physiotherapy sessions was the restoration of gait
including stair climbing. The control group B received
60 min of individual physiotherapy every workday for
four weeks; the content of these sessions again was
the restoration of gait including stair climbing. Primary
variables were gait ability (Functional Ambulation Cat-
egory, 0–5;) (Holden et al., 1984), and the Barthel
Index (0–100) (Mahoney & Barthel, 1965), which were
blindly assessed at study onset, end, and six months
later for follow-up. Responders of the therapy had to
become ambulatory (Functional Ambulation Category

Fig. 1. A left hemiparetic non-ambulatory patient practicing gait
repetitively on the Gait Trainer GT I.

4 or 5) or reach a Barthel Index (BI, 0–100) of > or = 75.
The intention-to-treat analysis revealed that a signifi-
cantly greater number of patients (p < 0.0001) in group
A walked independently without a person helping, it
means that 41 out of 77 versus 17 out of 78 patients in
group B became a responder after the 4 week treatment
period. Also, significantly more group A patients had
reached a Barthel Index > or = 75 : 44 of 77 versus 21 of
78. At six-month follow-up, the superior gait ability in
group A persisted (54 of 77 versus 28 of 78), while the
Barthel Index responder rate did not differ.

A meta analysis, undertaken according to Cochrane
guidelines and following the checklist in the Preferred
Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) statement (Higgins & Green,
2008), identified nine GT I studies in stroke subjects.
Table 1 presents an overview of the studies (Dias et al.,
2007; Geroin et al., 2011; Morone et al., 2011; Peu-
rala et al., 2005; Peurala et al., 2009; Pohl et al., 2007;
Rumiantsateva et al., 2010; Tong et al., 2006; Werner
et al., 2002). (Table 1).

The primary outcome was defined as the ability to
walk independently by the end of the study. The ability
to walk was measured with the Functional Ambulation
Category (FAC). A FAC score of 4 or 5 indicated inde-
pendent walking over a 15-m surface irrespective of
aids used (such as a cane) and were defined as “event”.
An “event” therefore represented the ability to walk
independently. A FAC score of less than 4 indicates

www.cochrane-handbook.org
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Fig. 2. The Forest plot of a meta-analysis on 9 studies evaluating the GT I in stroke gait rehabilitation as compared to conventional physiotherapy.
Please note, that the odds ratio is in favour of the experimental group.

dependency in walking (supervision or assistance, or
both, must be given in performing walking) and was
defined as a “non-event”. A “non-event” therefore rep-
resented the inability to walk independently. If FAC
scores were not reported in the included studies we used
alternative indicators of independent walking, such as:
a score of 3 on the ambulation item of the Barthel
Index (BI); or a score of 6 or 7 for the walking item of
the Functional Independence Measure (FIM) (Granger,
1984); or a “yes” response to the item “walking inside,
with an aid if necessary (but with no standby help)”
or “yes” to “walking on uneven ground” in the River-
mead Mobility Index (RMI) (Collen et al., 1991). We
contacted all study investigators and requested infor-
mation regarding walking ability status at study onset
and study end.

The review authors independently read the titles and
abstracts of the identified references and eliminated
obviously irrelevant studies and independently ranked
these studies as relevant, irrelevant or possibly rel-
evant. The authors independently extracted trial and
outcome data from the selected trials. We analyzed the
binary outcomes with an odds ratio (OR) random effects
model with 95% confidence intervals (CI) using the
methods described in the Cochrane Handbook for Sys-
tematic Reviews of Interventions (Higgins & Green,
2008).

Nine studies with a total of 568 patients used the
GT I device in the experimental group (Table 1).
Its use in gait rehabilitation for patients after stroke
increased the chance to walk independently (OR
2.77, 95% CI 1.16 to 6.62, p = 0.02; random effects

model, level of heterogeneity I2 = 64%). However,
one study investigated patients who were already
independent in walking at study onset, (Dias et al.,
2007). Some studies investigated a mix of indepen-
dent and dependent walkers without stratification of
ambulatory status. (Peurala et al., 2005; Peurala et
al., 2009). In the total population 78 patients of 568
patients (14%) were independent walkers at study
onset.

At the end of the study significantly more patients
were walking independently when the GT I device was
used compared with the control group without using
any devices (210 of 319 patients, 65.8% vs. 96 of 249
patients, 38.6%, respectively, Z = 2.29, p = 0.02).

Neither functional electrical stimulation of selected
lower limb muscles (Tong et al., 2006), nor transcranial
direct current stimulation (Geroin et al., 2011), had an
additional effect on robot-assisted gait training with the
GT I in non-ambulatory stroke patients.

5. Stroke patients/other end-effector devices

The G-EO, enabling the repetitive practice of stair
climbing up and down, was tested in a first pre-
liminary controlled trial (Hesse et al., 2012). Thirty
non-ambulatory subacute stroke patients (FAC 1 or
2) were assigned to two groups. During 60 min ses-
sions every workday for four weeks, the experimental
group received 30 min of robot training and 30 min of
physiotherapy, and the control group received 60 min
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of physiotherapy. The standardized robot training
included both simulated floor walking and stair climb-
ing. The primary variable was gait ability, assessed with
the help of the Functional Ambulation Category, FAC,
0–5. Both groups were comparable at study onset, and
functionally improved over time. The improvements
were significantly larger in the experimental group. At
the end of the intervention, seven experimental group
patients and one control group patient had reached an
FAC score of 5.

The end-effector-based Gaitmaster was evaluated in
a preliminary study with 10 chronic stroke patients.
Twelve 20 min sessions on the device were compared to
usual care in a cross over design. Gait speed improved
only significantly during the intervention phase (Tanaka
et al., 2012).

6. CP children

Smania et al. conducted a first RCT, 18 ambula-
tory children with diplegic or tetraplegic cerebral palsy
were randomly assigned to two groups (Smania et al.,
2011). The experimental group received 30 min of GT
I plus 10 min of passive joint mobilisation and stretch-
ing exercises. The control group received 40 min of
conventional physiotherapy. Each subject underwent a
total of 10 treatment sessions over a 2 week period. The
experimental group showed significant post treatment
improvement on the 10-m walk test, 6-min walk test,
and hip kinematics, all of which were maintained at
the 1-month follow-up. The small number of patients
included limited the validity of the study.

7. M. Parkinson

Picelli et al. asked, whether robot-assisted gait train-
ing could have a positive influence on postural stability
in M. Parkinson patients at Hoehn & Yahr stages 3–4
(Picelli et al., 2012, Hoehn & Yahr, 1967). The authors
assigned 34 patients with M. Parkinson at Hoehn &
Yahr stages 3–4 into two groups. The GT I group
(n = 17) underwent locomotor training, while the phys-
ical therapy group (n = 17) underwent a conventional
training programme. Each subject received twelve, 40-
min treatment sessions, three days / week, for four
consecutive weeks. Primary outcome was Berg Bal-
ance scale. At the end of the intervention, the GT I
group scored significantly higher as compared to the
control group: Berg: 43.44 ± 2.73 vs. 37.27 ± 5.68.

The superior result persisted at the 1-month follow-up
evaluation. The authors concluded that robot-assisted
locomotor training on the GT I may improve postural
stability in PD patients at Hoehn & Yahr stage 3–4. For
the Lokomat, Carda et al. noted that robotic gait training
with the Lokomat was not superior to treadmill training
in Parkinson patients, Hoehn & Yahr stage < 3 (Carda
et al., 2012).

8. Conclusion

The studies presented offered ample evidence that an
end-effector based gait training was effective in restor-
ing and improving gait in subacute and chronic stroke
patients. Most of the studies had used the electrome-
chanical gait trainer GT I, a meta-analysis identified
nine RCTs on a total of 556 patients, the test for an
overall effect for achieving independent walking was
statically significant in favour of the GT I. The most
likely explanation of the device’s superior effect was a
higher number of repetitions practised as compared to
conventional physiotherapy, obviously outweighing the
disadvantage, inherent to the concept, of a non-perfect
simulation of the swing phase. Biomechanical analysis
revealed that the patients tended to take advantage of
the plate’s support during the swing phase, loading it
with approximately 10% – 15% of body weight dur-
ing the swing phase. Obvious advantages of the GT I
were an easy donning and doffing, and no risk of knee
malalignment, thereby reducing the risk of lower limb
muscle activation pattern perturbations, as reported
for the Lokomat (Hidler, Wisman, & Neckel, 2008).
Furthermore, one cannot exclude that the endeffector
based GT I provided an enviroment that encouraged
greater patient engagement, other open questions are
the device’s impact on gait dynamics and efficiency.

The GT I studies in CP children and M. Parkinson
patients as well as the first preliminary trials on the
G-EO and the GaitMaster in stroke patients are promis-
ing but the small number of patients included does not
warrant any definite conclusions.

Future research should focus more on efficiency
aspects of the approach. A studio, combining gait
machines for the non-ambulatory and a treadmill with
partial body weight support for the ambulatory patients
in a group setting, may be a cost-effective option.
Furthermore, the potentially additional effect of vir-
tual reality, stair climbing-option and sophisticated
man-machine interactions via integrated force sensors
need to be evaluated. Last but not least, head-to-head
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comparisons between end-effector and exoskeleton
solutions are highly mandatory. There is also a need to
assess possible responders and non-responders to each
device relative to acutity and impairments. For instance,
Benito-Penalava et al. reported a similar effectiveness
of the Lokomat and the GTI in 130 SCI patients studied
(Benito-Penalva et al., 2012).

In summary, end-effector based gait machines have
opened a new promising chapter in gait rehabilitation
of non-ambulatory subjects; the scientific evidence in
stroke subjects is strong.
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