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Objective: To evaluate the effects of a 20-min gait training 
session using the Lokomat® combined with a negative kin-
ematic constraint on the non-paretic limb and a positive kin-
ematic constraint on the paretic limb, on peak knee flexion 
and other biomechanical parameters in chronic hemiparetic 
subjects.
Design: Preliminary study, before–after design.
Subjects: Fifteen hemiparetic subjects.
Methods: Subjects were evaluated using 3-dimensional gait 
analysis before, immediately after the end of the training, 
and after a 20-min rest period. The positive constraint in-
creased the range of motion of the paretic limb (hip and 
knee), while the negative constraint reduced the range of 
motion of the non-paretic limb (hip and knee). 
Results: Peak knee flexion and other, kinematic, kinetic and 
spatiotemporal, parameters were significantly improved fol-
lowing the training session. These positive effects occurred 
predominantly in the paretic limb. Moreover, there was no 
worsening of biomechanical parameters of the non-paretic 
limb despite the use of negative constraint on this limb. 
These effects persisted for at least 20 min following the end 
of the gait training session.
Conclusion: This type of training may be effective to im-
prove gait in hemiparetic patients. A larger investigation of 
the training programme is justified. 

Key words: stroke; Lokomat®; gait training; biomechanical gait 
parameters; motor after-effects. 
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Introduction 

The majority of patients with hemiparesis following stroke 
have residual gait impairments (1–3). Several rehabilitation 
techniques have been shown to be effective in improving gait 

function in stroke patients. However, no particular technique 
has been shown to be more effective than another (4–7). In 
recent years, many mechanical and electronic systems have 
been developed to assist movement in hemiparetic patients. 
Rehabilitation using these systems is based on the concepts of 
repetitive, intensive, task-orientated training, which has been 
shown to be effective (8–10). 

Among these systems, the Gait Trainer® and the Lokomat® 
(Hocoma) (which provide mechanical assistance to limb 
movement with body weight support) have been developed 
to improve gait in patients with neurological pathologies. The 
few existing studies have not shown any differences in effec-
tiveness between the use of one of these assistive gait devices 
and conventional therapy (7, 11); however, Morone et al. (12) 
suggested that combining robotic therapy with conventional 
therapy may be more effective than conventional therapy 
alone. Studies evaluating the effects of gait training using the 
Lokomat® have shown contradictory results. Schwartz et al. 
(13) and Hidler et al. (14) showed that use of the Lokomat® did 
not improve spatiotemporal gait parameters or performance on 
the 6-min walk test in stroke patients. In contrast, Mayr et al. 
(15) and Husemann et al. (16), respectively, found an increase 
in performance on the 6-min walk test and an increase in the 
duration of paretic-limb stance phase as a percentage of the 
gait cycle following a training session using the Lokomat®. 
Westlake et al. (17) found similar effects when they compared 
Lokomat® training with treadmill training with body-weight 
support in chronic hemiparetic patients.

Thus, there are currently no conclusive results regarding the 
effectiveness of Lokomat® training compared with convention-
al training on spatiotemporal gait parameters. The differences 
in results between the different studies could be explained by 
the difference in degree of chronicity of the patients as well 
as by the settings used during the Lokomat® gait training 
session (range of motion, level of guidance, speed), or they 
may indicate a lack of consistent benefit of Lokomat® therapy. 

By means of its exoskeleton design, the Lokomat® may have 
a particular effect on the gait pattern. As far as we are aware, 
no studies have assessed its effects on kinematic and kinetic 
gait parameters in hemiparetic patients. 
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The Lokomat® programmes are designed to assist and fa-
cilitate symmetrical gait-like movements, and thus to create a 
normal gait pattern. However, it is possible that facilitation of 
a different type of gait pattern may be more effective. Indeed, 
constraint-induced movement therapy (CIMT), based on the 
constraint of a non-affected part of the body such as the upper 
limb (18,19), lower limb (20, 21) or trunk (22) to force use of 
the affected part, has been shown to be an effective rehabili-
tation technique for the upper limb (18, 19, 22). In contrast, 
the effect of such an approach on gait has rarely been studied 
(20, 21). Marklund et al. (20) found an improvement in motor 
function, functional gait tests and weight-bearing symmetry in 
hemiparetic subjects after a gait training programme, which 
involved wearing an orthosis on the non-paretic lower limb to 
limit knee flexion and extension. More recently, Regnaux et 
al. (21) found improvements in kinematic, kinetic and spatio-
temporal parameters after a 20-min gait training session on 
a treadmill with a mass applied to the non-paretic ankle in 
hemiparetic subjects. In both studies, the improvements in gait 
parameters occurred immediately after the end of the training 
session and were maintained or further increased 20 min later. 
These innovative studies suggest that the use of negative con-
straint on the non-paretic lower limb of hemiparetic patients 
during a gait training session could be a useful rehabilitation 
technique for the improvement in gait. 

The design of the Lokomat® robotic system allows both 
positive constraint (i.e. an increase in range of motion to fa-
cilitate movement) and negative constraint (i.e. a reduction in 
range of motion to restrain the movement) to be applied. Based 
on data in the literature, it would appear that a gait training 
paradigm, which involves imposing positive constraint on the 
paretic lower limb and negative constraint on the non-paretic 
lower limb, may be effective for rehabilitation. Such a para-
digm has, until now, never been studied. The aim of this study 
was therefore to evaluate the effects of a 20-min gait training 
session using the Lokomat® set so as to provide negative 
constraint on the non-paretic limb and positive constraint on 
the paretic limb on biomechanical gait parameters (kinematic, 
kinetic and spatiotemporal parameters) in stroke patients. Since 
we imposed a large range of motion on the paretic limb, we 
hypothesized that the principal effect of this training paradigm 
would be on kinematic gait parameters. Because knee flexion 
during the swing phase is frequently limited in hemiparetic 
patients and is often the target of treatment techniques, we 
chose this parameter as the primary outcome measure for the 
study. In addition, we hypothesized that this Lokomat® train-
ing paradigm would also improve other kinematic, kinetic and 
spatiotemporal gait parameters on the paretic side.

MethodS
Subjects
Fifteen hemiparetic subjects were included (9 with right hemiparesis, 6 
with left hemiparesis; 11 males, 4 females, mean age 53.4 years (stand-
ard deviation (SD) 13.3). Patients were recruited from the department 
if they were hospitalized and from medical outpatient consultations 
in our hospital. The inclusion criteria were: a cerebral vascular lesion 

affecting a single hemisphere which occurred more than 6 months 
previously; able to walk 10 m with no assistance or assistive device 
and for 20 min non-stop. All patients who fulfilled the inclusion criteria 
between December 2011 and April 2012 were asked to participate and 
all agreed. All subjects gave informed consent before inclusion. The 
study was carried out according to “the ethical codes of the World 
Medical Association” (Declaration of Helsinki) and was approved 
by the local ethics committee (CPP Ile de France – Ambroise Paré).

Experimental procedure
Each subject underwent 20 min of gait training with the Lokomat® 
(wearing their own shoes), during which a negative kinematic con-
straint was applied to the non-paretic limb (the range of motion of the 
hip and knee joints was reduced) and a positive kinematic constraint 
was applied to the paretic limb (the range of motion of the hip and 
knee joints was increased). The training sessions were carried out using 
the basic version of the Lokomat®. Gait speed was set to 1.5 km/h 
for each patient. The Lokomat® was set so as to impose the largest 
possible range of flexion/extension on the paretic hip and knee and 
the smallest range of flexion/extension on the non-paretic hip and 
knee. When the application of the 2 constraints was too difficult for 
the patient to follow the movement, the security system stopped the 
device. Constraint settings were thus individualized for each patient 
with the aim being to create the largest degree of hip and knee asym-
metry between the paretic and non-paretic limbs without activating 
the security system. The settings for each patient are listed in Table 
I. Guidance was set to 100% for each patient in order to ensure that 
the full range of imposed asymmetry was carried out. The patient 
was instructed to participate as actively as possible, since Peurala et 
al. (23) demonstrated the importance of therapist instructions during 
gait training in order to optimize the effects of rehabilitation. All the 
gait training sessions were supervised by the same physiotherapist. 

Assessments
Clinical. Before the training session, the patients underwent a clinical 
evaluation of their level of independence in activities of daily living 
(Barthel Index) and their gait ability (New Functional Ambulation 
Classification NFAC) (24, 25).

Table I. Percentage of asymmetry induced by the Lokomat®

Subject
Hip asymmetry
Mean (SD)

Knee asymmetry
Mean (SD)

1 32.6 (3.4) 34.2 (3.1)
2 27.3 (3.5) 31.6 (5.5)
3 20.7 (0.0) 40.1 (3.9)
4 30.7 (8.1) 61.4 (15.9)
5 29.3 (7.2) 34.1 (9.3)
6 40.4 (6.2) 46.4 (8.7)
7 35.3 (4.4) 33.5 (10.4)
8 25.7 (4.3) 28.2 (3.4)
9 46.5 (15.6) 54.2 (26.6)

10 38.7 (8.9) 45.0 (12.3)
11 47.3 (5.9) 36.4 (13.7)
12 18.7 (6.2) 45.9 (8.5)
13 31.9 (14.9) 35.6 (17.4)
14 15.7 (3.7) 21.2 (4.9)
15 50.8 (5.8) 62.1 (16.3)

A value of zero indicates perfect symmetry. Higher values indicate a higher 
level of asymmetry on the paretic side relative to the non-paretic side. 
Percentage of asymmetry induced by the Lokomat® is calculated with 
the symmetry index (SI) defined by Robinson et al. (34), as follows:
SI = (ABS(Vparetic – Vnon-paretic)/ABS (0.5 (Vparetic + Vnon-paretic))) × 100
SI: symmetry index as a percentage; Vparetic: biomechanical gait parameter 
of the paretic lower limb; Vnon-paretic: biomechanical gait parameter of the 
non-paretic lower limb; SD: standard deviation; ABS: absolute value. 
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Instrumented. Each patient underwent 3 quantified 3-dimensional gait 
analyses: before training (Baseline), immediately after training (Post 
0) and after a 20 min rest (Post 20). The gait analyses were carried 
out using a motion analysis system consisting of 8 optoelectronic 
cameras (Motion Analysis Corporation, Santa Rosa, CA, USA, Sam-
pling Frequency 100 Hz) with 2 force platforms (AMTI, Watertown, 
MA, USA, sampling frequency 1000 Hz). Thirty reflective markers 
were positioned according to the Helen Hays protocol (26). Subjects 
walked at their spontaneous velocity wearing their own shoes, in order 
to maintain the same conditions as during the training in the Loko-
mat®. Ten gait trials were recorded and averaged for each subject. 
The signal was filtered at 6 Hz using a low-pass Butterworth filter 
(27). Orthotrak 6.2.8 (Motion Analysis Corporation, CA, USA) was 
used to calculate the kinematic and kinetic gait parameters for each 
gait cycle. The training was carried out in a different room from the 
gait analyses and patients were pushed in a wheelchair between the 
rooms. The position of the markers was marked on the skin in order 
to avoid errors relating to their repositioning. All gait analyses were 
performed by the same investigator. 

Three types of biomechanical gait parameters were studied:
•	 Kinematic: peak hip and knee flexion and extension and ankle 

dorsifexion and plantarflexion were calculated for both limbs;
•	 Kinetic: peak propulsion and braking forces in the sagittal plane 

and peak vertical ground reaction force (GRF) during stance phase 
were calculated for both limbs;

•	 Spatiotemporal: gait velocity, step length, cadence and the percent-
age of the gait cycle spent in stance and swing phase.

Statistical analysis
A repeated measures analysis of variance (ANOVA) test was used. 
Time (at Baseline, Post 0 and Post 20) were analysed for each variable. 
p < 0.05 was considered significant in each case. A post hoc analysis using 
Fisher’s least significant difference was carried out on the significant 
comparisons. To check the robustness of the results, Friedman’s test had 
also been applied, followed by Wilcoxon signed-rank test as a post hoc 
test. Statistical analysis was carried out using Statistica 7.1 software. 

Results

Kinematic gait parameters
The kinematic gait parameters for both limbs are shown in Table II. 

The primary outcome measure: the mean standard deviation 
(SD) peak knee flexion during swing phase was significantly 

increased following the training session (41.5º (SD 8.4) at 
Baseline, 44.1º (SD 7.5) at Post 0 (p = 0.01) and 43.9º (SD 
7.6) at Post 20 (p = 0.02)). In addition, the repeated measures 
ANOVA showed a significant effect of time on several other 
kinematic parameters; there was a significant increase in peak 
hip extension (–1.6º (SD 7.4) at Baseline, –3.7º (SD 7.8) at 
Post 0 (p = 0.01) and –3.4º (SD 7.6) at Post 20 (p = 0.04)), and 
a decrease in the mean peak knee extension (2.9º (SD 8.9) at 
Baseline, 1.1º (SD 9.9) at Post 0 (p = 0.03) and 0.8º (SD 9.9)at 
Post 20 (p = 0.008)), in the paretic limb. For each parameter, 
the post hoc analysis showed a difference between Baseline 
and Post 0 and Baseline and Post 20, but not between Post 0 
and Post 20. The improvements in peak knee flexion and peak 
hip extension in the paretic limb are shown in Figs 1 and 2, 
respectively. Figures are shown as boxes, with minimum, 
maximum, mean and 1% and 99% of the values. It can be 
noted that peak hip flexion of the paretic lower limb was not 
modified by the gait training session. 

There were no statistically significant differences for any of 
the kinematic parameters analysed for the non-paretic limb.

Friedman test confirmed the findings for peak knee flexion, 
the primary outcome measure (p = 0.02; Wilcoxon signed-rank 
test showed a significant difference between Baseline and Post 
20), and for peak hip extension (p = 0.03; Wilcoxon signed-rank 
test showed a significant difference between Baseline and Post 
0) and peak knee extension (p = 0.02; Wilcoxon signed-rank 
test showed a significant difference between Baseline and Post 
20) on the paretic side. A significant difference was also found 
for peak ankle plantarflexion on the paretic side (p = 0.03) with 
Friedman test (Wilcoxon signed-rank test confirmed this dif-
ference between Baseline and Post 20). 

Kinetic gait parameters

The results of all the kinetic gait parameters studied for both 
limbs are shown in Table III. Following training, the repeated 
measures ANOVA showed a significant effect of time on several 
kinetic parameters. Indeed, there was a significant increase in 

Table II. Kinematic gait parameters

Baseline
Mean (SD)

Post 0
Mean (SD)

Post 20
Mean (SD) p-values

Difference Post 20 – Baseline 
Mean (95% CI)

Peak hip flexion, paretic side, º 31.5 (6.6) 31.3 (5.3) 31.5 (5.7) 0.91 –0.02 (–1.31 to 1.28)
Peak hip extension, paretic side, º –1.6 (7.4) –3.7 (7.8)* –3.4 (7.6)* 0.03 –1.74 (–3.77 to 0.28)
Peak knee flexion, paretic side, º 41.5 (8.4) 44.1 (7.5)* 43.9 (7.6)* 0.02 2.47 (–0.04 to 4.99)
Peak knee extension, paretic side, º 2.9 (8.9) 1.1 (9.9)* 0.8 (9.9)* 0.02 –2.13 (–3.98 to –0.28)
Peak ankle dorsiflexion, paretic side, º 16.9 (5.9) 17.2 (3.8) 17.2 (4.0) 0.88 0.26 (–1.34 to 1.86)
Peak ankle plantarflexion, paretic side, º –8.6 (7.8) –9.0 (7.3) –9.8 (7.1) 0.06 –1.24 (–2.33 to –0.15)
Peak hip flexion, non-paretic side, º 39.8 (5.7) 40.0 (5.3) 40.9 (5.3) 0.19 1.1 (–0.38 to 2.62)
Peak hip extension, non-paretic side, º –8.7 (6.4) –10.2 (5.9) –9.9 (6.9) 0.27 –1.28 (–3.73 to 1.16)
Peak knee flexion, non-paretic side, º 66.7 (4.5) 67.3 (3.6) 67.6 (3.4) 0.08 0.89 (–0.04 to 1.83)
Peak knee extension, non-paretic side, º 4.8 (4.5) 4.9 (4.5) 4.4 (4.6) 0.44 –0.40 (–1.44 to 0.63)
Peak ankle dorsiflexion, non-paretic side, º 21.6 (3.1) 21.8 (2.7) 21.8 (2.5) 0.73 0.18 (–0.44 to 0.80)
Peak ankle plantarflexion, non-paretic side, º –8.7 (4.9) –8.8 (5.1) –9.2 (4.9) 0.67 –0.48 (–1.63 to 0.66)

p-values correspond to analysis of variance (ANOVA) analysis.
*Significant difference (p < 0.05) between baseline and Post 0 and between baseline and Post 20.
No difference between Post 0 and Post 20. 
Baseline: before the training; Post 0: immediately after the training; Post 20: after 20 min rest; 95% CI: 95% confidence intervals; SD: standard deviation.
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peak propulsion force for both limbs (paretic limb: 0.058 N/
kg at Baseline, 0.064 N/kg at Post 0, and 0.068 N/kg at Post 
20 (p = 0.006); non-paretic limb: 0.156 N/kg at Baseline, 0.169 
N/kg at Post 0 (p = 0.03), and 0.169 N/kg at Post 20 (p = 0.03)). 
There was also a significant increase in peak braking force in 
both limbs (paretic limb: –0.145 N/kg at Baseline, –0.174 N/kg 
at Post 0 (p = 0.007) and –0.157 N/kg at Post 20; non-paretic 
limb: –0.118 N/kg at Baseline, –0.127 N/kg at Post 0 and 
–0.134 N/kg at Post 20 (p = 0.007)). Post hoc analysis showed 
differences between Baseline and Post 20 for peak propulsion 
force of the paretic limb and between Baseline and Post 0 and 
Post 20 for peak propulsion force of the non-paretic limb. It 
also showed a significant difference between Baseline and 
Post 0 for peak braking force on the paretic side and between 
Baseline and Post 20 for the non-paretic limb. There were 
no significant differences in peak vertical GRF during stance 
phase in either limb.

Friedman test confirmed the findings obtained with ANOVA 
for the peak propulsion force (p = 0.01; Wilcoxon signed-rank 
test showed a significant difference between Baseline and Post 
20) and the peak braking force (p = 0.008; Wilcoxon signed-

rank test showed also a significant difference between Baseline 
and Post 0) on the paretic side, but did not highlight a signifi-
cant difference for these parameters on the non-paretic side. 

Spatiotemporal gait parameters
The spatiotemporal gait parameters for each limb are shown  
in Table IV. Following the training session, the ANOVA 
showed a significant effect of time on gait velocity, cadence 
and paretic step length. There was a significant increase in 
gait velocity (76.4 cm/s (SD 21.3) at Baseline, 81.3 cm/s (SD 
17.9) at Post 0 (p = 0.02) and 81.9 cm/s (SD 19.0) at Post 20 
(p = 0.01)), cadence (86.4 steps/min (SD 13.5) at Baseline, 
89.6 steps/min (SD 11.9) at Post 0 (p = 0.02) and 89.6 steps/
min (SD 12.2) at Post 20 (p = 0.02)) and paretic step length 
(52.1 cm (SD 9.3) at Baseline, 55.4 cm (SD 6.9) at Post 0 
(p = 0.04), 55.7 cm (SD 6.9) at Post 20 (p = 0.03)). For each 
of these parameters, post hoc analysis showed differences 
between Baseline and Post 0 and Baseline and Post 20, but 
not between Post 0 and Post 20. 

There was no significant change in the percentage of the 
gait cycle spent in stance or swing phase on the paretic limb. 

Table III. Kinetic gait parameters

Baseline
Mean (SD)

Post 0
Mean (SD)

Post 20
Mean (SD) p-values

Difference Post 20 – 
Baseline  
Mean (95% CI)

Vertical GRF: Total support phase, paretic side, N/kg 0.782 (0.05) 0.789 (0.03) 0.791 (0.03) 0.06 0.01 (–0.01 to 0.02)
Peak propulsion: Final support phase, paretic side, N/kg 0.058 (0.02) 0.064 (0.03) 0.068 (0.03)* 0.02 0.01 (0.00 to 0.02)
Peak braking: Initial support phase, paretic side, N/kg –0.145 (0.05) –0.174 (0.06)* –0.157 (0.06) 0.02 –0.01 (–0.03 to 0.01)
Vertical GRF: Total support phase, non-paretic side, N/kg 0.830 (0.03) 0.829 (0.03) 0.837 (0.03) 0.15 0.01 (–0.02 to 0.02)
Peak propulsion: Final support phase, non-paretic side, N/kg 0.156 (0.06) 0.169 (0.04)* 0.169 (0.05)* 0.04 0.02 (0.01 to 0.03)
Peak braking: Initial support phase, non-paretic side, N/kg –0.118 (0.05) –0.127 (0.05) –0.134 (0.05)* 0.02 –0.02 (–0.03 to –0.01)

p-values correspond to analysis of variance (ANOVA) analysis.
*Significant difference (p < 0.05) between baseline and Post 0 and between baseline and Post 20.
No difference between Post 0 and Post 20. 
Baseline: before the training; Post 0: immediately after the training; Post 20: after 20 min rest; 95% CI: 95% confidence intervals; SD: standard deviation.

Fig. 1. Knee flexion on the paretic side at Baseline, Post 0 and Post 20 
shown with min–max (┬

┴  ), mean () and 1% and 99% (×) of the values 
(*significant difference at p < 0.05 between Baseline and Post 0 and between 
Baseline and Post 20). Baseline: before training; P0: immediately after 
training; P20: after 20 min of rest.

* * 

Baseline Post 0 Post 20 
Fig. 2. Hip extension on the paretic side at Baseline, Post 0 and Post 20 
shown with min–max (┬

┴  ), mean () and 1% and 99% (×) of the values 
(*significant difference at p < 0.05 between Baseline and Post 0 and between 
Baseline and Post 20). Baseline: before training; P0: immediately after 
training; P20: after 20 min of rest.

Baseline Post 0 Post 20 

* *
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There was no statistically significant difference for any of the 
spatiotemporal parameters analysed for the non-paretic limb.

Friedman test did not find any significant difference for all 
the spatio-temporal gait parameters assessed.

Clinical assessment
The median Barthel index score was 95. The median score 
of the modified Functional Ambulation Classification was 7.

Discussion

The main aim of this study was to evaluate the effect of a 
Lokomat® constraint training paradigm on peak knee flexion 
in chronic hemiparetic subjects. The secondary aims were 
to evaluate the after-effects of the single training session on 
other biomechanical gait parameters (kinematic, kinetic and 
spatiotemporal). To our knowledge, this is the first study to use 
such a rehabilitation paradigm. It is also the first study to evalu-
ate the immediate (Post 0) and short-term after-effects (Post 
20) induced by a gait training session using the Lokomat® on 
biomechanical gait parameters. The results showed that a single 
Lokomat® gait training session significantly improved peak 
knee flexion during the swing phase of the gait cycle, as well 
as other kinematic, kinetic and spatiotemporal gait parameters. 
In addition, the results of this study showed that a negative 
kinematic constraint applied to the non-paretic lower limb did 
not alter its biomechanical parameters. 

Effects on the paretic limb
Peak knee flexion during the swing phase increased signifi-
cantly on the paretic side following a Lokomat® gait training 
session using a constraint paradigm in stroke patients. This 
suggests that negative kinematic constraint on the non-paretic 
limb, coupled with positive constraint on the paretic limb, in-
creased knee flexion towards a more normal range of motion. 
As this paradigm also increased peak propulsion of the paretic 
lower limb, but did not modify peak hip flexion, it might be 
hypothesized that the increased knee flexion resulted from an 
improvement in knee angular velocity at toe-off. Although 

ANOVA statistical analysis did not find a significant increase 
of peak ankle plantarflexion on the paretic side, Friedman test 
showed a significant improvement in this parameter after the 
training session. As ankle plantarflexion could be associated 
with increase peak propulsion force, it might be hypothesized 
that these 2 mechanisms, which are concomitant during the final 
support push-off phase (28), contributed to increase peak knee 
flexion in the swing phase after the training session. Peak hip 
extension was also increased following the training session. 
The improvement in this kinematic parameter was measured 
with the 2 different statistical analyses performed; thus we have 
confidence in this result, which is in accordance with the results 
of Hidler et al.’s study (29). These authors compared kinematic 
changes in 6 healthy subjects following a gait training session 
on the Lokomat® and on a treadmill and found similar findings. 
They showed that the kinematic changes that occurred following 
the Lokomat® training were similar to those following treadmill 
training, but that there was a significantly greater increase in 
peak hip extension and range of hip and ankle flexion-extension 
following the Lokomat® training. 

The results of this study highlighted that both peak hip exten-
sion and peak knee flexion are increased after a gait training 
session performed on the Lokomat® with a specific paradigm. 
These kinematic improvements are also associated with an 
improvement in gait speed (which is significant on ANOVA 
statistical analysis, but not with the Friedman test). This differ-
ence could be explained by the nature of the statistical analysis 
performed; i.e. a parametric test on the one hand and a non-
parametric test on the other hand. Independently of the statisti-
cal analysis performed, the gait speed increased after the gait 
training session on the Lokomat®. This result is in accordance 
with those of Westlake & Patten (17), who found a significant 
speed improvement following a Lokomat® training in stroke 
patients. It can also be noticed that when stroke subjects are 
asked to walk faster, they increase both hip flexion/extension 
angles and knee flexion angle (30, 31). Taken together, these 
results suggest that these 2 kinematic parameters (hip flexion/
extension range of motion and peak knee flexion in the swing 
phase) might be the kinematic parameters that are: (i) the most 
sensitive to change, and (ii) the best “controlled” by patients.

Table IV. Spatiotemporal gait parameters

Baseline
Mean (SD)

Post 0
Mean (SD)

Post 20
Mean (SD) p-values

Difference Post 20 – Baseline 
Mean (95% CI)

Speed, cm 76.4 (21.3) 81.3 (17.9)* 81.9 (19.0)* 0.02 5.4 (1.4; 9.5)
Cadence, step/min 86.4 (13.5) 89.6 (11.9)* 89.6 (12.2)* 0.04 3.1 (0.4; 5.9)
Step length, paretic side, cm 52.1 (9.3) 55.4 (6.9)* 55.7 (6.9)* 0.04 3.6 (0.6; 6.5)
Percentage support phase, paretic side, % 60 (4.0) 59.3 (3.3) 59.1 (3.3) 0.12 –0.9 (–1.9; 0.2)
Percentage swing phase, paretic side, % 39.9 (4.0) 40.7 (3.3) 40.9 (3.3) 0.12 0.9 (–0.2; 1.9)
Step length, non-paretic side, cm 47.7 (8.0) 50.6 (5.0) 51.4 (4.4) 0.06 3.7 (0.5; 6.9)
Percentage support phase, non-paretic side, % 69.1 (4.4) 68.1 (3.1) 68.1 (3.0) 0.12 –0.9 (–2.1; 0.1)
Percentage swing phase, non-paretic side, % 30.9 (4.4) 31.9 (3.2) 31.9 (3.0) 0.12 0.9 (–0.2; 2.1)

p-values correspond to analysis of variance (ANOVA) analysis.
*Significant difference (p < 0.05) between baseline and Post 0 and between baseline and Post 20.
No difference between Post 0 and Post 20.  
Baseline: before the training; Post 0: immediately after the training; Post 20: after 20 min rest; 95% CI: 95% confidence intervals; SD: standard deviation.
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Effects on the non-paretic side
The application of negative constraint on the non-paretic 
limb could theoretically have worsened biomechanical gait 
parameters of the non-paretic limb. However, our results did 
not confirm this hypothesis. Indeed, there was no worsening 
of any of the parameters evaluated. Friedman analysis showed 
no significant change on the non-paretic side, and ANOVA 
analysis showed significant improvement on the non-paretic 
side following the Lokomat® gait training. The modifications 
of kinetic values observed with ANOVA analysis, showing that 
propulsion and braking force are increased on the non-paretic 
side, suggest compensation between both lower limbs. Indeed 
during gait, when one lower limb is in the initial double stance 
phase, the other limb is in the final double stance phase and vice 
versa. In order to maintain balance, it appears important that 
any increase in propulsion force on one side is compensated for 
by an increased braking force on the other side (32). As such, 
it is possible that an increase in propulsion force on the paretic 
limb during the final double stance phase is compensated for 
by an increase in braking force on the non-paretic limb, and 
vice versa. These results suggest strongly that a gait training 
session performed on Lokomat®, combined with a negative 
constraint, does not alter the kinetic parameters of the limb to 
which it is applied.

Duration of the effects
Wilcoxon signed-rank post hoc test particularly highlighted 
improvements in short-term kinematics on the paretic side 
(significant difference between Baseline and Post 20). Fisher’s 
less significant difference post hoc test showed improvements 
in immediate and short-term kinematics (significant differ-
ence between Baseline and Post 0 and between Baseline and 
Post 20). Taken together, these 2 statistical methods support 
the results, indicating that the gait training session performed 
with this particular paradigm significantly improved kinematic 
and kinetic gait parameters 20 min after the end of the train-
ing. This is in agreement with a study by Kim et al. (33), who 
found that gait training using a robotic exoskeleton in healthy 
subjects led to kinematic after-effects that lasted for at least 2 
h following the training. Regnaux et al. (21) also found that 
20 min of treadmill training with a constraint applied on the 
non-paretic limb led to significant immediate improvements 
in kinematic and kinetic parameters of the paretic limb in 10 
hemiparetic patients, which persisted, or even continued to in-
crease 20 min later. Further studies are necessary to determine 
the exact duration of the after-effects, as well as to evaluate 
whether a series of gait training sessions with the Lokomat®, 
coupled with positive constraint on the paretic lower limb 
and negative constraint on the non-paretic limb, could induce 
long-term effects on gait.

Limitations
This pilot study was designed to evaluate an original paradigm 
of kinematic constraint to improve gait pattern in hemiparetic 
patients. We have confidence in the kinematic and kinetic 

improvements on the paretic side following the training, since 
both statistical analyses found same significant results. Further 
studies with more subjects are necessary to draw conclu-
sions about spatio-temporal gait parameters and to determine 
whether this type of training is more effective than conven-
tional training. Further studies are also necessary to assess 
the effects of several training sessions using this constraint 
paradigm, since the confidence intervals for improvements 
with a single session performed in 15 subjects were quite 
wide. The patients included in this study had a good level of 
recovery, as shown by the NFAC score and gait velocity at 
baseline (76.4 cm/s). They were all capable of walking at least 
20 min without stopping. The results are therefore applicable 
only to patients with a moderate to good motor recovery. It 
could be argued that the results found during the training ses-
sion were related to the velocity imposed on the subject. This 
hypothesis, however, is unlikely to be true because of the fact 
that the mean baseline gait velocity was 2.5 km/h, while the 
training was carried out at 1.5 km/h.

The Lokomat® was designed to assist gait and to impose a 
symmetrical pattern close to normal. Although it is possible to 
set the Lokomat® to create an asymmetrical pattern, beyond 
a certain level of asymmetry the system prevents this, and 
the training is stopped. Therefore, in this study, each patient 
underwent the training with the largest possible asymmetry 
they could cope with. This varied between patients (mean30% 
asymmetry at the hip and 42% at the knee). This does not in-
validate the results of the study, particularly since the patients 
with the lowest percentage of asymmetry either at the hip or 
the knee had similar changes following the training to those 
who carried out the training with larger levels of asymmetry.

The basic version of the Lokomat® does not quantify the 
degree of participation of the patient in the training, which is 
why a level of guidance of 100% was used in order to ensure 
that the patients actually went through the whole range of mo-
tion set by the kinematic constraints. Verbal encouragement 
was given to all patients during the training session in order 
to promote active participation. However, it is possible that 
the patients did not all participate to the same degree, which 
could mask certain effects. It can also be argued that the after-
effects induced by the gait training session performed on the 
Lokomat® could be either due to the paradigm used or due to 
the gait training on the Lokomat® itself. The results of Hidler 
et al. (29) showed that after-effects induced by a gait training 
session performed on the Lokomat® induced changes in hip 
range of motion, but did not find any modifications in peak knee 
flexion of the paretic lower limb (which was the case in the 
present study). This last result suggests that the biomechanical 
after-effects observed are probably due to the paradigm used. 

Conclusion 
The results of this study suggest that a Lokomat® constraint 
gait training session, improves peak knee flexion of the paretic 
limb as well as gait velocity, paretic-limb step length, peak 
hip extension on the paretic side, and peak propulsion and 
braking forces in both limbs. The effects were predominant in 
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the paretic limb and there was no worsening of biomechanical 
parameters of the non-paretic limb despite the application of 
negative constraint to this limb. These effects persisted after a 
rest period of 20 min after the end of the training session. This 
type of training could constitute a novel therapeutic approach 
to improving gait velocity as well as gait pattern in hemiparetic 
patients with moderate to good recovery.

Acknowledgements 

The authors would like to thank the patients who participated in this study, 
and Raphael Zory for his constructive comments. 

A grant was awarded for this project by the Coloplast Foundation. 

References

1.	Bohannon RW. Gait performance of hemiparetic stroke patients: 
selected variables. Arch Phys Med Rehabil 1987; 68: 777–781.

2.	Olney SJ, Griffin MP, Mc Bride ID. Temporal, kinematic and 
kinetic variables related to gait speed in subjects with hemiplegia: 
a regression approach. Phys Ther 1994; 74: 872–885. 

3.	Von Schroeber HP, Coutts RD, Lyden PD, Billings E Jr, Nickel 
VL. Gait parameters following stroke: a practical assessment. J 
Rehabil Res Dev 1995; 32: 25–33.

4.	Hummelsheim H. Rationales for improving motor function. Curr 
Opin Neurol 1999; 12: 697–701.

5.	Langhorne P, Duncan P. Does the organization of post-acute stroke 
care really matter? Stroke 2001; 32: 268–274.

6.	Liston R, Mickelborough J, Harris B, Hann AW, Tallis RC. Conven-
tional physiotherapy and treadmill re-training for higher-level gait 
disorders in cerebrovascular disease. Age Ageing 2000; 29: 311–318.

7.	Belda-Lois JM,  Mena-del Horno S,  Bermejo-Bosch I,  Moreno 
JC, Pons JL, Farina D, et al. Rehabilitation of gait after stroke: a 
review towards a top-down approach. J Neuroeng Rehabil 2011; 
13: 8–66.

8.	Carr R, Shepherd J. Neurological rehabilitation. Optimizing motor 
performance. Oxford: Butterworth-Heinemann; 1998.

9.	Dobkin BH. Neurobiology of rehabilitation. Ann N Y Acad Sci 
2004; 1038: 148–170.

10.	Kwakkel G, Wagenaar RC, Twisk JW, Lankhorst GJ, Koetsier JC. 
Intensity of leg and arm training after primary middle-cerebral-
artery stroke: a randomised trial. Lancet 1999; 354: 191–196.

11.	Peurala SH, Tarkka IM, Pitkanen K, Sivenius J. The effectiveness 
of body weight supported gait training and floor walking in patients 
with chronic stroke. Arch Phys Med Rehabil 2005; 85: 1557–1564.

12.	Morone G, Bragoni M, Iosa M, De Angelis D, Venturiero V, Coiro 
P et al. Who may benefit from robotic-assisted gait training? A ran-
domized clinical trial in patients with subacute stroke. Neurorehabil 
Neural Repair 2011; 25: 636–644.

13.	Schwartz I, Sajin A, Fisher I, Neeb M, Shochina M, Katz-Leurer 
M, et al. The effectiveness of locomotor therapy using robotic-
assisted gait training in subacute stroke patients: a randomized 
controlled trial. PMR 2009; 1: 516–523.

14.	Hidler J, Nichols D, Pelliccio M, Brady K, Campbell DD, Kahn 
JH, et al. Multicenter randomized clinical trial evaluating the 
effectiveness of the Lokomat in subacute stroke. Neurorehabil 
Neural Repair 2009; 23: 5–13.

15.	Mayr A, Kofler M, Quirbach E, Matzak H, Fröhlich K, Saltuari 
L. Prospective, blinded, randomized crossover study of gait 
rehabilitation in stroke patients using the Lokomat gait orthosis. 
Neurorehabil Neural Repair 2007; 21: 307–314.

16.	Husemann B, Müller F, Krewer C, Heller S, Koenig E. Effects of 
locomotion training with assistance of a robot-driven gait orthosis 
in hemiparetic patients after stroke: a randomized controlled pilot 
study. Stroke 2007; 38: 349–354.

17.	Westlake KP, Patten C. Pilot study of Lokomat versus manual-
assisted treadmill training for locomotor recovery post-stroke. J 
Neuroeng Rehabil 2009; 12; 6–18.

18.	Kunkel A, Kopp B, Muller G, Villringer K, Villringer A, Taub E, 
et al. Constraint-induced movement therapy for motor recovery in 
chronic stroke patients. Arch Phys Med Rehabil 1999; 80: 624–628.

19.	Sirtori V, Corbetta D, Moja L, Gatti R. Constraint-induced move-
ment therapy for upper extremities in stroke patients. Cochrane 
Database Syst Rev 2009: CD004433.

20.	Marklund I, Klassbo M. Effects of lower limb intensive mass 
practice in poststroke patients: single subject experimental design 
with long-term follow-up. Clin Rehabil 2006; 20: 568–576.

21.	Regnaux JP, Pradon D, Roche N, Robertson J, Bussel B, Dobkin B. 
Effects of loading the unaffected limb for one session of locomotor 
training on laboratory measures of gait in stroke. Clin Biomech 
2008; 23: 762–768. 

22.	Michaelsen SM, Luta A, Roby-Brami A, Levin MF. Effect of trunk 
restraint on the recovery of reaching movements in hemiparetic 
patients. Stroke 2001; 32: 1875–1883.

23.	Peurala SH, Pitkänen K, Sivenius J, Tarkka IM. How much ex-
ercise does the enhanced gait-oriented physiotherapy provide for 
chronic stroke patients? J Neurol 2004; 251: 449–453.

24.	Mahoney FI, Barthel D. Functional evaluation: the Barthel Index. 
Maryland State Medical Journal 1965; 14: 56–61.

25.	Brun V, Mousbeh Z, Jouet-Pastre B, Benaim C, Kunnert JE, Dhoms 
G. Evaluation clinique de la marche de l’hémiplégique vasculaire: 
proposition d’une modification de la functional ambulation clas-
sification. Ann Readapt Med Phys 2000; 43: 14–20. 

26.	Kadaba, MP, Ramakrishnan HK, Wootten M.E. Measurement of 
lower extremity kinematics during level walking. J Orthopaed 
Res 1990; 8: 383–392.

27.	Winter DA, Sidwall HG, Hobson DA. Measurement and reduc-
tion of noise in kinematics of locomotion. J Biomechan 1974; 7: 
157–159.

28.	Perry J. Gait analysis: normal and pathological function. Slack 
Inc.; Thorofare, NJ 1992.

29.	Hidler  J,  Wisman W, N eckel N. Kinematic trajectories while 
walking within the Lokomat robotic gait-orthosis. Clin Biomech 
2008; 23: 1251–1259.

30.	Jonkers I, Delp S, Patten C. Capacity to increase walking speed 
is limited by impaired hip and ankle power generation in lower 
functioning persons post-stroke. Gait Posture 2009; 29: 129–137.

31.	Lamontagne A, Fung J. Faster is better: implications for speed-
intensive gait training after stroke. Stroke 2004; 35: 2543–2548. 

32.	Nilsson J, Thorstensson A. Ground reaction forces at different 
speeds of human walking and running. Acta Physiol Scand 1989; 
136: 217–227.

33.	Kim SH, Banala SK, Brackbill EA, Agrawal SK, Krishnamoorthy 
V, Scholz JP. Robot-assisted modifications of gait in healthy indi-
viduals. Exp Brain Res 2010; 202: 809–824.

34.	Robinson R.O, Herzog W, Nigg B.M. Use of force platform vari-
ables to quantify the effects of chiropractic manipulation on gait 
symmetry. J Manipul Physiol Therapeut 1987; 10: 172–176.

J Rehabil Med 46


