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Abstract.

BACKGROUND: Robotic-assisted gait training (RAGT) has been proposed as a novel, promising intervention paradigm
to improve gait function in subacute or chronic stroke neurorehabilitation. However, the benefits of RAGT combined with
conventional physical therapy for gait recovery in patients with subacute and chronic hemiparetic stroke remain unclear.
OBJECTIVES: The aim of the present study was to compare the effect of RAGT combine with conventional physical therapy
on hip joint kinetics, kinematics, and clinical function characteristics between subacute and chronic hemiparetic stroke.
METHODS: Seventeen patients with hemiparetic stroke (nine subacute and eight chronic patients) performed progressive
RAGT (session 1, 40 min) combined with conventional physical therapy (session 1, 40 min) 5 days per week, for an average
of 86 sessions over 8 weeks. The clinical outcomes included the Functional Ambulation Category (FAC), modified Rankin
scale (mRS), Korean version of the modified Barthel index (K-MBI), and modified Ashworth scale, in addition to hip joint
kinetics and kinematics before and after intervention.

RESULTS: The mean change in active torque, resistive torque, and stiffness in the paretic hip joint did not differ significantly
between the two groups. However, Cohen’s effect size suggested a moderate difference between the groups in the hip flexion
phase (d=0.58, d=0.70, and d=0.70). The mean change in maximal hip flexion kinematics in the chronic group was
significantly greater than that in the subacute group (p =0.04, d =-0.70). The mean change in the clinical function test results
between the groups was not statistically significant. However, both groups showed significantly improved FAC, mRS, and
K-MBI scores.
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CONCLUSIONS: RAGT combine with conventional physical therapy may be useful when selecting therapeutic interventions
to improve the active torque, resistive torque, and stiffness in the paretic hip flexion phase in patients with chronic hemiparetic

stroke who reached a plateau in the maximum locomotor recovery after conventional locomotor training.
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1. Introduction

Hip flexion stiffness is an important neurome-
chanical marker that contributes to an asymmetrical
hemiplegic hip flexion gait pattern in spastic hemi-
paretic stroke (Balaban & Tok, 2014; Woolley, 2001).
Hip flexion stiffness results from hypertonicity of
the hip flexors such as rectus femoris (Hutin et al.,
2010; Robertson et al., 2009; Stoquart et al., 2008).
It has been postulated that hypertonicity of the hip
flexors is associated with cortical disinhibition in the
affected hemisphere in patients with stroke and is cor-
related with poor motor outcomes (Dobkin, 2005;
Hyngstrom et al., 2010; Sheean, 2002; Sheean &
McGuire, 2009). Moreover, such increased hyper-
tonicity and associated stiffness of the hip flexors
can reciprocally inhibit gluteus maximus activity and
restrict hip extension movement from the terminal
stance to the pre-swing phases (Balaban & Tok,
2014; Finley et al., 2008). The lack of hip extension
movement will cause hip joint instability during the
stance phase and increase the risk of falls in hemi-
paretic stroke (Weerdesteyn et al., 2008). During the
pre-swing phase, the forward momentum is also com-
promised, decreasing the symmetrical stride or step
length and velocity (Balasubramanian et al., 2007).
To compensate for this deficiency in hip extension
movement control, a hip hiking or circumduction
gait becomes evident with an overutilization of the
quadratus lumborum, and causes an inefficient energy
consumption (Balaban & Tok, 2014; Woolley, 2001).

Contemporary locomotor rehabilitation tech-
niques include treadmill gait training, partial weight
support gait training, and robotic-assisted gait
training (RAGT). However, their outcomes are
inconclusive (Duncan et al., 2011; Fisher et al.,
2011). Among these techniques, RAGT system is
engineered to systematically provide an accurate
kinematic and kinetic locomotor pattern for patients
with abnormal gait patterns due to neurological
impairments, such as spinal cord injury, stroke, trau-
matic brain injury, or cerebral palsy and other related
gait impairments (Jung, Lee, You, & Lee, 2009;
Kim, Shin, Joa, Shin, Lee, & You, 2013; Kim, Yang,
Park, Kim, Park, You, & Shin 2015). RAGT has

recently gained widespread acceptance among neu-
rorehabilitation clinicians because it provides the
advantages of an intensive, repetitive, resistive, fun,
and task-specific gait training paradigm with com-
parable results to conventional stroke rehabilitation
(Kim et al., 2015). A previous study has reported that
a 30-min RAGT session significantly decreased knee
flexion stiffness associated with hamstring spasticity
and improved knee extension torques during the ter-
minal swing phase in hemiparetic stroke (Kim et al.,
2013). A systematic review of RAGT studies sup-
ported that locomotor retraining with robotic-guided
assistance is beneficial for enhancing locomotor func-
tion in individuals with hemiparetic stroke (Mehrholz
& Pohl, 2012). In particular, early mobilization using
RAGT is recommended to prevent the potential devel-
opment of connective tissue contracture because of
prolonged immobilization and spasticity. There is
accumulating clinical evidence supporting the effects
of robotic therapy administered during the subacute
phase of post-stroke onset (Morone, Bragoni, Iosa,
De Angelis Venturiero, Coiro, & Paolucci, 2011;
Morone et al., 2012). However, the effects of RAGT
were not compared between patients with suba-
cute and chronic stroke. Furthermore, the therapeutic
effects of RAGT on hip stiffness and kinematics in
hemiparetic stroke remain unclear.

Therefore, the objective of this study was to com-
pare the effect of RAGT combined with conventional
physical therapy on hip joint stiffness, kinemat-
ics, and clinical function tests between patients
with subacute and chronic hemiparetic stroke. We
hypothesized that RAGT combined with conven-
tional physical therapy would have different effects
on hip joint stiffness, kinematics, and clinical func-
tion outcome measures in these different patients.

2. Materials and methods
2.1. Materials
The Walkbot (P&S Mechanics, Seoul, South

Korea) is a state-of-the-art robotic-assisted system
equipped with various control strategies, including
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passive (trajectory tracking), active-assistive, and
active modes that modify control parameters based on
ongoing participant performance and real-time visual
biofeedback for torque and stiffness, in addition to
kinematics for the hip, knee and ankle joints during
gait training. Unlike other robotic-assisted systems,
the Walkbot system has an independent ankle actu-
ator in addition to hip and knee actuators for foot
clearance, which naturally simulate the optimal gait
trajectory (Jung et al., 2009; Lee et al., 2016). The
motorized treadmill speed and torque (assistance and
resistance) can be adjusted to provide the user with
safe and challenging locomotor retraining modes as
the training progresses.

2.2. Participants

Patients with a verified diagnosis of stroke with
lower extremity hemiparesis via computed tomogra-
phy or magnetic resonance imaging were screened
for eligibility at a major university medical center.
The inclusion criteria were as follows: (1) first-ever
stroke or prior stroke with no residual deficits affect-
ing ambulation; (2) supratentorial lesions; (3) age
between 18 and 80 years; (4) significant ambulation
deficits (functional ambulation category [FAC]<3)
(Holden et al., 1986); (5) ability to follow a three-step
command; and (6) ability to perform rehabilitation
management at least 5 days per week. The exclu-
sion criteria were as follows: (1) severe spasticity
(modified Ashworth scale [MAS]>2) in the affected
lower-extremity with a range of motion <80% (Kim
et al., 2015; Morone et al., 2011); (2) uncontrolled
high blood pressure; (3) severe visual and cognitive
impairments; (4) musculoskeletal or integumentary
system impairments (bedsores around the loading
area of the suspension belt); (5) previous robotic
interventions for ambulation training; and (6) body
mass >135 kg or height <150 cm. After screening, the
enrolled patients were evaluated for baseline charac-
teristics and stratified in according to the time from
stroke. The patients with an elapsed time from stroke
of 4 weeks to 6 months were allocated to the subacute
group, while the patients with an elapsed time of >6
months were allocated to the chronic group (Adams
etal., 1994) (Fig. 1).

Except for the months from stroke to RAGT, no sig-
nificant differences in baseline characteristics were
observed between the two groups (Table 1).

2.3. Intervention

The experimental study protocol was approved
by the institutional review board of the national

Participants screened for the Excluded (n = 10):

stud;
(; : 2)18) According to the

exclusion criteria
|—,
Included in the study
(n=18)
T 2. Stroke with a high
mortality (n = 5)

1. Participants without
stroke (n = 5)

Baseline tests
Hip kinematics and kinetics,
MMT, MAS, FAC, mRS,
and K-MBI

Stratified for stroke duration
< 6 or > 6 months

Participants allocated to the Participants allocated to the
subacute group chronic group
(n=9) (n=9)

I |

RAGT (session 1, 40 mins)
combined with conventional
physical therapy (session 1, 40
mins), 5 days/week, 8 weeks

RAGT (session 1, 40 mins)
combined with conventional
physical therapy (session 1, 40
mins), 5 days/week, 8 weeks

I I
Lost to follow-up (n=0) Lost to follow-up (n = 0)
Discontinued intervention Discontinued intervention
(n=0) (n=0)
I I
Post-test Post-test
Hip kinematics and kinetics, Hip kinematics and kinetics,
MMT, MAS, FAC, mRS, and MMT, MAS, FAC, mRS, and

K-MBI K-MBI
I [
Analyzed Analyzed
(n=9) (n=8)

Excluded in the analysis
(n=1)
Reason: lack of data

Fig. 1. Flow diagram of the study. MMT: manual muscle testing;
MAS: modified Ashworth scale; FAC: functional ambulation cate-
gory; mRS: modified Rankin scale; K-MBI: Korean version of the
modified Barthel index.

university hospital. All participants provided
informed consent and performed progressive RAGT
(session 1, 40min) combined with conventional
physical therapy (session 1, 40 min) 5 days per week
for an average of 86 sessions over § weeks. Conven-
tional physical therapy included early mobilization,
balance, and transfer during sit-to-stand, and gradual
progression to overground gait training with or
without assistive devices for 40 min (Veerbeek et
al., 2014). In addition to conventional physical
therapy, RAGT was added for another 40 min.
Anthropometric data (height, weight, foot size, thigh
length, shank length, and ankle height) were entered
into the computer and the robotic system adjusted
itself to these data. The exoskeleton legs lengthened
or shortened based on the participant’s leg length
and system automatically set the spatiotemporal
values based on these data. The spatiotemporal
(stride length, gait velocity, and gait cycle) values
were changed if necessary before RAGT. Each
participant wore a suspension harness connected to
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Table 1
Summary of the participants’ characteristics (n=17)*
Characteristic Subacute group (n=9) Chronic group (n=28) P
Age, y 52.22 (15.89) 53.13 (12.00) 0.92
Sex 0.08
Male (%) 9 (100) 5(62.5)
Female (%) 00 3(37.5)
Type of stroke 0.64
Infarction (%) 4(44.4) 5(62.5)
Hemorrhage (%) 5(55.6) 3(37.5)
Side of hemiplegia 1.00
Right (%) 4(44.4) 4 (50)
Left (%) 5(55.6) 4 (50)
Months from stroke to RAGT 1.78 (0.97) 15.75 (12.03) 0.00*

4Mean (SD) or numbers (%). RAGT, robotic-assisted gait training. *p <0.05 by Mann-Whitney U
test for continuous variables and Fisher’s exact test for categorical variables between the two groups.

a counterweight system aligned with the exoskeletal
system’s actuators (hip, knee, and ankle joints),
and secured with elastic straps. Depending on the
patient’s clinical conditions (e.g., pain, muscle weak-
ness, spasticity, tolerance, fatigue, or endurance),
approximately 40-60% (adjustable range, 0—100%)
of the total body weight was sustained at the first
session and then gradually decreased in 5-10%
increments per session. Stride length was initially
adjusted at 1.0-1.6m/cycle and walking velocity
started at 1.00—1.20 km/h and gradually increased by
0.1 km/h every 5 min as tolerated to 2.40-2.60 km/h
(maximally adjustable to 3.00km/h) (Kim et al.,,
2015).

The RAGT system was set to an assist-training
strategy, which effectively controls the amount of
force the system provides. If the participant’s walk-
ing ability improved to the level at which they could
adjust the magnitude of their leg movements to reduce
kinematic trajectory errors, they could alter the kine-
matic trajectory using active torque. At this time,
the force was reduced in the robotic system, which
offers maximal assistance at 100% force for the more
affected leg. At 0% force, the system only com-
pensates for the weight, resistance, and inertia in
accomplishing symmetrical, optimal gait patterns. A
monitor located in front of the participants provided
them with biofeedback of their gait kinematics (joint
angles of the lower limb and vertical displacement
of the center of mass), and torques of the hip, knee,
and ankle joints to reduce error signals in the kine-
matic trajectory. During RAGT, the participants were
provided with constant verbal encouragement using
the knowledge of performance. Furthermore, a sub-
cortical locomotor relearning paradigm was used as
the participants kicked the ball automatically pre-
sented rather than consciously making an accurate

step. Heart rate was monitored to maintain it below
80% of the age-appropriate level and blood pressure
was checked in real-time during RAGT. Finally, inter-
training rest was provided if necessary.

2.4. Outcome measures

2.4.1. Hip joint kinematic and stiffness
measurements

The robotic system-STIFF measurement was used
to examine hip joint stiffness associated with RAGT.
The graphical output data were recorded at a maximal
sampling rate of 72 Hz (gait cycle varies with the indi-
vidual walking velocity; frequency range 28-72 Hz
in the 1.00-2.60 km/h) with a moving averaging fil-
ter. The stiffness, k, of a hip joint segment measures
the resistance offered by an elastic body segment to
deformation. For a hip joint segment with a single
degree of freedom (e.g., stretching or compression
of a hip segment), the resistive stiffness is defined as
follows:

F

knst =

where F is the resistive force acting on the hip joint
and 6 is the angular displacement produced by the
force acting on the hip joint. The hip joint torque
data were obtained by the servomotors that modulate
the bilateral hip, knee, and ankle joint kinematics and
kinetics using encoders. Each encoder determines the
joint angle, angular velocity, and acceleration data,
which are then used to compute for the moment or
torque associated with the active and resistive forces
of the body segment acting on the hip joint as the
participant walks. Active torque was defined as the
moment that rotates with a certain hip joint angular
displacement in the same direction, whereas resistive
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torque was defined as the moment that rotates in
the opposite direction. Hence, greater active torque
represents greater voluntary strength recovery in the
paretic limb during gait, while greater resistive torque
represents greater stiffness, which constrains volun-
tary hip joint movement. Peak angular displacement
and averaged force values were obtained from 10 gait
cycles of each stable state that was longer than 5 min.
These data were divided into the movement directions
(hip flexion/extension). Knowing the thigh lever arm
acting at the robot system, the recorded force data can
be transformed into hip joint torques that act between
the robotic system and participant’s leg. Based on the
hip joint angular displacement and resistive torque
data, the hip joint stiffness was calculated from the
slope of the linear regression in the torque-angular
displacement curve during the gait cycle (Paduaetal.,
2006). Hip joint torque and stiffness were performed
offline using the Matlab platform ver. 9.0.0 (Math-
Works, Natick, MA, USA).

2.4.2. Clinical function tests

Standardized clinical tests included FAC, mRS,
K-MBI, and MAS, which were performed before and
after the intervention. The FAC is designed to exam-
ine the levels of assistance needed for a 15-m walk
with a scoring scale ranging from 0 (non-ambulatory)
to 5 (normal) (Mehrholz et al., 2007). The mRS
assesses the severity of disability associated with
ambulation in patients with hemiparetic stroke with a
grading score ranging from O (no symptoms at all) to
6 (death) (Banks & Marotta, 2007). The K-MBI is a
widely-used assessment tool that measures the levels
of assistance or dependence in performing functional
activities of daily living with a scoring scale from
1 (total dependent) to 5 (independent) (Jung, Park,
Shin, Kang, Pyun, Paik & Han, 2007). The lower leg
MAS measures the sum of the scores at the knee and
ankle flexors to estimate abnormal muscle tone in the
lower extremity with a grading scale of O (no increase
in muscle tone) to 4 (rigidity) (Morone et al., 2011),
and scores of 1+, 2, 3, and 4 were changed to 2, 3,
4, and 5 for statistical analysis, respectively (Lim et
al., 2016). The reliability and validity of the FAC,
mRS, K-MBI, and MAS are well established (Banks
& Marotta, 2007; Blackburn et al., 2002; Jung et al.,
2007).

2.5. Statistical analysis

All continuous variables were analyzed to ensure
the assumption of a normal distribution using the

Kolmogorov-Smirnov test. The Mann-Whitney U
test was used to evaluate group differences in
the baseline characteristics and hip kinematics and
kinetics. Fisher’s exact test for categorical variables
was used to evaluate group differences in baseline
characteristics. In addition, the effect size (Cohen’s
d) was used to calculate the magnitude of the dif-
ferences and practical significance in these variables
between the two groups. The Mann-Whitney U
test values were transformed to effect sizes for the
non-parametric variables via the normal distribution
approximation. A statistical package was used to
acquire appropriate z values in addition to the U val-
ues to calculate the Eta squared value (2= Z2/N)
(Fritz et al., 2012). The strength of the effect
sizes was interpreted as small (d<0.4), moderate
(0.4 <d<0.8), or large (d > 0.8) (Cohen, 1988). The
pre- and post- intervention changes within each group
were analyzed using the Wilcoxon signed rank test.
SPSS for Windows (version 21.0, Chicago, IL, USA)
was used with statistical significance set at p <0.05.

3. Results
3.1. Kinetic data

The mean change in active torque, resistive torque,
and stiffness in the paretic hip joint did not dif-
fer significantly between the two groups (Table 2).
However, Cohen’s effect size suggested a moder-
ate difference between the groups in the hip flexion
phase (d=0.58, d=0.70, and d=0.70, respectively)
(Table 2).

3.2. Kinematic data

The mean change in maximal paretic hip flexion in
the chronic group was significantly greater than that
in the subacute group (p =0.04, d=-0.70) (Table 2).
Although the mean change in maximal paretic hip
extension in the chronic group was greater than that
in the subacute group, the difference did not reach
statistical significance (p =0.29). However, the effect
size statistics indicated a moderate difference in max-
imal extension of the paretic hip joint between the
groups (d=-0.68) (Table 2).

3.3. Clinical function tests

The mean change in clinical function test results
between the groups was not statistically significant.
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Table 2
Change in the paretic hip joint kinematics and kinetics at 8 weeks (n=17)*

Effect

Between-

=8)

Chronic group (n

=9)

Subacute group (n

Size
(Cohen’s d)®

group

change p

Change in the values

p

Pre Post

Change in the values

p

Post

Pre

Kinematics

-0.70

0.04"
0.

2.02 (2.33)

0.01*
0.26

28.08 (3.05)
17.89 (0.66)

26.06 (2.96)
16.02 (2.70)

0.39 (0.89)
-0.03 (1.57)

1

0.5
58

27.22 (3.39)
16.54 (2.22)

26.83 (2.83)
16.57 (2.83)

Maximal flexion (°)

-0.68

29

1.87 (2.81)

0.

Maximal extension (°)

Kinetics

Active torque (Nm)

0.58
0.13

0.20

0.69 (0.62)
0.13 (0.24)

0.01*

1.16 (0.53)
0.96 (0.37)

0.46 (0.24)
0.83 (0.49)

1.05 (0.51)
0.16 (0.24)

0.01*
0.

1.30 (0.56)
0.47 (0.23)

0.25 (0.12)
0.31 (0.19)

Flexion

0.66

0.12

08

Extension
Resistive torque (Nm)
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0.70
0.43

0.31
0.53

-0.79 (0.33)
-0.45 (0.46)

0.01*
0.05

0.59 (0.29)

1.39 (0.39)
1.67 (0.85)

—-0.56 (0.39)
-0.25 (0.65)

0.01*
0.26

0.68 (0.40)

1.24 (0.51)
1.91 (0.22)

Flexion

1.22 (0.40)

1.65 (0.72)

Extension
Resistive stiffness (Nm /°)

0.70
0.25

0.12
0.50

~0.82 (0.40)
~0.33 (0.51)

0.01*
0.12

0.23 (0.19)
0.79 (0.30)

1.05 (0.44)
1.12 (0.57)

-0.54 (0.36)
-0.20 (0.35)

0.01*
0.

0.83(0.43)

1.37 (0.33)
1.24 (0.37)

Flexion

15

1.04 (0.52)

Extension

2Mean (SD). PEffect sizes are based on the standard deviation of the mean change in the chronic group (a negative effect size denotes an increase in the maximal angle and active torque in the

chronic group and a positive effect size in resistive torque and stiffness indicates an increase in the mean change in the chronic group). *Wilcoxon signed rank test for the within-group analysis,

p<0.05. TMann-Whitney U test between the two groups, p <0.05

However, both groups showed significantly improved
FAC, mRS, and K-MBI scores (Table 3).

4. Discussion

This study is the first clinical trial to demonstrate
the effects of RAGT combined with conventional
physical therapy on hip joint kinematics, kinetics,
and clinical function characteristics between patients
with subacute and chronic hemiparetic stroke. Most
importantly, differences in the maximal flexion angu-
lar displacement of the paretic hip joint were observed
between the subacute and chronic groups (p =0.04).
Although our findings showed no statistically signifi-
cant differences in active torque, resistive torque, and
stiffness in the paretic hip joint tested using the Mann-
Whitney U test, the effect size (Cohen’s d) indicated a
practical significance for these variables between the
groups. In fact, a moderate effect size demonstrated a
practical significance in the mean differences in active
torque (d =0.58), resistive torque (d =0.70), and stiff-
ness (d=0.70) between the groups in the hip flexion
phase.

With respect to hip joint kinetics, the patients in the
chronic group demonstrated greater improvements in
hip resistive torque (d =0.70) and stiffness (d=0.70)
in the paretic hip flexion phase than those in the sub-
acute group. An increased active torque as well as
maximal extension angular displacement resulting in
a decreased resistive torque (elongated hip flexor)
and subsequent changes in the length-tension curve
are thus conceivable, which may decrease stiffness
in the paretic hip flexion phase in the chronic group.
Neuromechanically, intensive, repetitive, symmetri-
cal, and active-assisted RAGT may have contributed
to neural plasticity and synaptogenic efficacy or to
the unmasking of the underutilized neural circuits or
utilization of the alternative neuronal pathways (e.g.,
ipsilateral corticospinal tracts, supplementary motor
areas and premotor cortex areas) implicated in loco-
motor control (Diserens et al., 2007; Shimodozono
et al.,, 2013). In addition to the neuronal compo-
nent, non-neural adaptive changes, such as changes
in the stiffness of the muscle fibers, collagen tissues,
and tendons, and mechanical muscle-fiber property
changes may contribute to the mechanical resistance
to passive movement (Dietz et al., 1991).

Although the mean change in active torque in
hip flexion was greater in the subacute group (1.05
Nm) than in the chronic group (0.69 Nm), this mean
change did not improve the hip flexion kinematics in
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Changes in clinical outcomes at 8 weeks (n=17)*

Outcome Subacute group (n=9) Chronic group (n=38) p Effect Size
Pre Post P Change in Post P Change in (Cohen’s d)
the score the score
MMT 1.33(0.90) 2.06(0.85) 0.02*  0.72(0.75)  2.00(1.10) 2.25(1.00) 0.16 0.25(0.46)  0.17 1.02
"MAS 0.11(0.33) 0.78(1.09) 0.11 0.67 (1.05) 1.13(1.36) 1.38(1.30) 0.71 -0.13(1.62) 0.33 0.49
FAC 0.89 (0.60) 2.00(1.00) 0.02* 1.11 (0.93) 1.50 (0.76) 2.50(0.53) 0.04* 1.00 (1.07)  0.72 0.10

"mRS 3.78 (0.83) 3.11(0.93) 0.01* -0.67(0.50)
K-MBI 1.89(0.78) 2.78(0.83) 0.04*  0.89 (1.05)

4.13(0.35) 3.38(0.52) 0.03* -0.75(0.71)  0.90 0.11
1.63(0.74) 2.38(0.92) 0.03*

0.75(0.71)  0.96 0.20

#Mean (SD). MMT, manual muscle testing; MAS, modified Ashworth scale; FAC, functional ambulation category; mRS, modified Rankin
scale; K-MBI, Korean version of the modified Barthel index. PIn this scale, a reduction in the score indicates an improvement in the condition
being evaluated. *Wilcoxon signed rank test for the within-group analysis, p <0.05.

the subacute group. Improvements in active torque in
the subacute group were insufficient to counterbal-
ance the strong resistive torque induced by the hip
extensors, which consequently did not to improve
the hip flexion kinematics in this group. It is con-
ceivable that an antagonist (hip extensor) is not
inhibited reflexively when its agonist (hip flexor) is
activated. Physiologically, this is an important find-
ing because it explains the result of neuroreflexive
changes, which may exhibit delayed activation in
hip flexion. Given that the greatest motor recovery
occurs in the first 3 months after stroke, we believe
that the subacute group (mean onset duration <2
months) was still undergoing neurologic recovery.
For these reasons, evidence of the beneficial effect
of RAGT combined with conventional physical ther-
apy has been found in chronic stroke in motor control,
strength, mobility, and functional gait ability (Bae et
al., 2014; Liepert et al., 2000; Teixeira-Salmela et al.,
2001).

Contrary to the greater amount of hip flexion
improvement, we did not find group differences in
the kinematics and kinetics in the hip extension
phase. One explanation for the lack of hip exten-
sion improvements may be related to the fact that
patients after stroke could not generate voluntary
torque without generating joint torques in other direc-
tions and joints (Dewald & Beer, 2001). To minimize
the asymmetrical gait pattern, the patients were fitted
with hip, knee, and ankle exoskeletons of revolute
joints so that corrective alignment could be pro-
vided via enriched proprioceptive stimuli within the
robotic system. Therefore, it might be difficult to
generate voluntary hip extension torque selectively
without employing abnormal synergy torque in other
joints. This scenario is supported by the study by
Sakuma et al. (2014) who reported that the abil-
ity to generated torque using abnormal synergy may
help in the locomotor improvement of patients with
stroke.

Improvement in active torque of the hip flexors
may be a result of the reciprocal inhibition of the
resistive torque of the hip extensors, which in turn
failed to induce statistically significant active torque
of the hip extensors from the terminal stance to the
pre-swing phases. Ideally, the hypertonic hip flexor
muscles are deactivated while reciprocally facilitat-
ing the hip extensors, thereby reducing excessive hip
flexion stiffness. Our finding of greater hip flexion
kinematics, which resulted from the decreased resis-
tive torque of the hip flexors, is in contrast to the
result of a previous study by Kim et al. (2013). The
authors reported improved knee flexion stiffness and
associated knee extension kinematics instead of knee
flexion kinematics. Similarly, Schmartz et al. (2011)
also reported a significant reduction of resistive hip
flexion stiffness for hip extension movements during
passive leg movements in children with cerebral palsy
after a single session of RAGT. Reciprocal-improved
stiffness control results in the proper advancement
of the reciprocal locomotor movement pattern and
increased stride length and velocity of the paretic limb
in spastic hemiparetic stroke (Macko, 2013).

Clinically, these neuromechanical improvements
were associated with functional ambulation and inde-
pendent motor performance in daily activities of
living. Although the mean change in the clinical
function test results between the groups was not
statistically significant, practical significance was
found in the manual muscle testing (d=1.02) and
MAS (d=0.49) scores. Furthermore, both groups
showed significantly improved FAC, mRS, and K-
MBI scores, suggesting that RAGT combined with
conventional physical therapy caused improvements
in ambulation, level of assistance during ambulation,
and daily activity function. These findings are con-
sistent with those of previous studies, which reported
positive clinical outcomes in the functional ambu-
lation measures for individuals with hemiparetic
stroke and spinal cord injury as well as children
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with cerebral palsy (Patritti et al., 2010; Schwartz
et al., 2009; Schwartz et al., 2011). In the present
study, increased active torque and decreased resistive
stiffness were not consistent with clinical spasticity
measurement, which is not thought to quantify subtle
changes in muscle tone objectively due to its contro-
versial intra- and inter-rater reliability (Blackburn et
al., 2002; Ghotbi et al., 2011). Conversely, the robotic
system-STIFF measurement is safe and sensitive
enough to record such minute changes in reflex-
mediated stiffness or passive movement because it
utilizes a low threshold of torque sensors for resistive
stiffness (Jung et al., 2009).

Several limitations in the present study should be
considered in future research endeavors. First, the
small sample size may explain the lack of statisti-
cally significant differences between the two groups.
Further studies with larger numbers of patients are
needed. Second, the concurrent measurement of mus-
cle activity using electromyography may help to
ascertain different confounding attributes that con-
tribute to overall hip joint stiffness. Third, itis difficult
to generalize our results to infratentorial lesions
since the participants had lesions in the supratentorial
region of the brain.

5. Conclusion

RAGT combined with conventional physical ther-
apy is a promising locomotor retraining paradigm for
patients with chronic hemiparetic stroke who reach
a plateau in maximum locomotor recovery after con-
ventional neurorehabilitation, which is conducive to
improvements in hip active torque, resistive torque,
and stiffness of the hip flexion phase. In addition,
RAGT combined with conventional physical therapy
is an important additional treatment for improving
walking ability and daily activities in patients with
hemiparetic stroke.

Acknowledgments

We thank Kyung-hwan Lee for technical support.
This research received financial and administrative
supports from the “Brain Korea 21 PLUS Project
(grant no. 2016-51-0009) and the Basic Science
Research Program (grant no. 2017-51-0187)” spon-
sored by the Korean Research Foundation for the
Department of Physical Therapy in Graduate School,
Yonsei University.

Contflict of interest

No conflicts of interest have been reported by the
authors or by any individual in control of the content
of this manuscript.

Funding

This research received financial and administra-
tive supports from the Brain Korea 21 PLUS Project
(grant no. 2016-51-0009) and the Basic Science
Research Program (grant no. 2017-51-0187) spon-
sored by the Korean Research Foundation for the
Department of Physical Therapy in Graduate School,
Yonsei University. This manuscript has been submit-
ted solely to this journal and has not been published,
or submitted elsewhere.

References

Adams, H. P, Brott, T. G., Crowell, R. M., Furlan, A. J., Gomez,
C. R,, Grotta, J., Helgason, C. M., Marler, J. R., Woolson,
R. E, & Zivin, J. A. (1994). Guidelines for the manage-
ment of patients with acute ischemic stroke. Stroke, 25(9),
1901-1914.

Bae, Y. H., Ko, Y. J.,, Chang, W. H., Lee, J. H., Lee, K. B., Park,
Y.J.,Ha, H. G., & Kim, Y. H. (2014). Effects of robot-assisted
gait training combined with functional electrical stimulation
on recovery of locomotor mobility in chronic stroke patients:
A randomized controlled trial. Journal of physical Therapy
Science, 26(12), 1949-1953.

Balaban, B., & Tok, F. (2014). Gait disturbances in patients with
stroke. PM & R, 6(7), 635-642.

Balasubramanian, C. K., Bowden, M. G., Neptune, R. R., & Kautz,
S. A. (2007). Relationship between step length asymmetry
and walking performance in subjects with chronic hemipare-
sis. Archives of Physical Medicine and Rehabilitation, 88(1),
43-49,

Banks, J. L., & Marotta, C. A. (2007). Outcomes validity and reli-
ability of the modified Rankin scale: Implications for stroke
clinical trials. Stroke, 38(3), 1091-1096.

Blackburn, M., van Vliet, P., & Mockett, S. P. (2002). Reliability of
measurements obtained with the modified Ashworth scale in
the lower extremities of people with stroke. Physical Therapy,
82(1), 25-34.

Cohen, J. (1988). Statistical power analysis for the behavioral
sciences. Hillsdale, NJ: Lawrence Erlbaum Associates.

Dewald, J., & Beer, R. E. (2001). Abnormal joint torque patterns
in the paretic upper limb of subjects with hemiparesis. Muscle
& Nerve, 24(2), 273-283.

Dietz, V., Trippel, M., & Berger, W., (1991). Reflex activity and
muscle tone during elbow movements in patients with spastic
paresis. Annals of Neurology, 30(6), 767-779.

Diserens, K., Perret, N., Chatelain, S., Bashir, S., Ruegg, D.,
Vuadens, P., & Vingerhoets, F., (2007). The effect of repetitive



J.-H. Park et al. / Comparative effects of RAGT in stroke 189

arm cycling on post stroke spasticity and motor control: Repet-
itive arm cycling and spasticity. Journal of the Neurological
Sciences, 253(1), 18-24.

Dobkin, B. H., (2005). Rehabilitation after stroke. New England
Journal of Medicine, 352(16), 1677-1684.

Duncan, P. W., Sullivan, K. J., Behrman, A. L., Azen, S. P,
Wu, S. S., Nadeau, S. E., & Hayden, S. K. (2011). Body-
weight—supported treadmill rehabilitation after stroke. New
England Journal of Medicine, 364(21), 2026-2036.

Finley, J. M., Perreaul, E. J., & Dhaher, Y. Y. (2008). Stretch reflex
coupling between the hip and knee: Implications for impaired
gait following stroke. Experimental Brain Research, 188(4),
529.

Fisher, S., Lucas, L., & Thrasher, T. (2011). Robot-assisted gait
training for patients with hemiparesis due to stroke. Topics in
Stroke Rehabilitation, 18(3), 269-276.

Fritz, C. O., Morris, P. E., & Richler, J. J. (2012). Effect size esti-
mates: Current use, calculations, and interpretation. Journal of
Experimental Psychology: General, 141(1), 2.

Ghotbi, N., Ansari, N. N., Naghdi, S., & Hasson, S. (2011).
Measurement of lower-limb muscle spasticity: Intrarater reli-
ability of Modified Ashworth Scale. Journal of Rehabilitation
Research and Development, 48(1), 83.

Holden, M., Gill, K., & Magliozzi, M. (1986). Gait assessment
for neurologically impaired patients. Standards for outcome
assessment. Physical Therapy, 66(10), 1530-1539.

Hutin, E., Pradon, D., Barbier, F., Gracies, J. M., Bussel, B.,
& Roche, N. (2010). Lower limb coordination in hemi-
paretic subjects: Impact of botulinum toxin injections into
rectus femoris. Neurorehabilitation and Neural Repair, 24(5),
442-449.

Hyngstrom, A., Onushko, T., Chua, M., & Schmit, B. D. (2010).
Abnormal volitional hip torque phasing and hip impairments
in gait post stroke. Journal of Neurophysiology, 103(3), 1557-
1568.

Jung, H. Y., Park, B. K., Shin, H. S., Kang, Y. K., Pyun, S. B., Paik,
N. J., & Han, R. T. (2007). Development of the Korean ver-
sion of Modified Barthel Index (K-MBI): Multi-center study
for subjects with stroke. Journal of Korean Academy of Reha-
bilitation Medicine, 31(3), 283-297.

Jung,J.H.,Lee,N.G., You, J. H., & Lee, D. C. (2009). Validity and
feasibility of intelligent Walkbot system. Electronics Letters,
45(20), 1016-1017.

Kim, D. H., Shin, Y. I, Joa, K. L., Shin, Y. K., Lee, J. J.,
& You, S. H. (2013). Immediate effect of Walkbot robotic
gait training on neuromechanical knee stiffness in spas-
tic hemiplegia: A case report. NeuroRehabilitation, 32(4),
833-838.

Kim, S.Y., Yang, L., Park, I.J.,Kim, E.J., Park, M. S., You, S. H., &
Shin, Y. I. (2015). Effects of innovative WALKBOT robotic-
assisted locomotor training on balance and gait recovery in
hemiparetic stroke: A prospective, randomized, experimenter
blinded case control study with a four-week follow-up. IEEE
Transactions on Neural Systems and Rehabilitation Engineer-
ing, 23(4), 636-642.

Lee,D.R., Shin, Y. K., Park, J. H., & You, J. H. (2016). Concurrent
validity and test-retest reliability of the WALKBOT-K system
for robotic gait training. Journal of Mechanics in Medicine and
Biology, 16(08), 1640029.

Liepert, J., Bauder, H., Miltner, W. H., Taub, E., & Weiller, C.
(2000). Treatment-induced cortical reorganization after stroke
in humans. Stroke, 31(6), 1210-1216.

Lim, Y. H., Choi, E. H., & Lim, J. Y. (2016). Comparison of effects
of botulinum toxin injection between subacute and chronic
stroke patients: A pilot study. Medicine, 95(7), 1-7.

Macko, R. F. (2013). Changes in passive ankle stiffness and its
effects on gait function in people with chronic stroke. Journal
of Rehabilitation Research and Development, 50(4), 555.

Mehrholz, J., & Pohl, M. (2012). Electromechanical-assisted gait
training after stroke: A systematic review comparing end-
effector and exoskeleton devices. Journal of Rehabilitation
Medicine, 44(3), 193-199.

Mehrholz, J., Wagner, K., Rutte, K., Meifner, D., & Pohl, M.
(2007). Predictive validity and responsiveness of the func-
tional ambulation category in hemiparetic patients after stroke.
Archives of Physical Medicine and Rehabilitation, 88(10),
1314-1319.

Morone, G., Bragoni, M., losa, M., De Angelis, D., Venturiero,
V., Coiro, P., & Paolucci, S. (2011). Who may benefit from
robotic-assisted gait training? A randomized clinical trial in
patients with subacute stroke. Neurorehabilitation and Neural
Repair, 25(7), 636-644.

Morone, G., losa, M., Bragoni, M, De Angelis, D., Ven-
turiero, V., Coiro, P., & Paolucci, S. (2012). Who may have
durable benefit from robotic gait training? Stroke, 43(4),
1140-1142.

Padua, D. A., Arnold, B. L., Perrin, D. H., Gansneder, B. M.,
Carcia, C. R., & Granata, K. P. (2006). Fatigue, vertical leg
stiffness, and stiffness control strategies in males and females.
Journal of Athletic Training, 41(3), 294.

Patritti, B. L., Straudi, S., Deming, L. C., Benedetti, M. G., Nimec,
D. L., Bonato, P. (2010). Robotic gait training in an adult with
cerebral palsy: A case report. PM&R, 2(1), 71-75.

Robertson, J. V., Pradon, D., Bensmail, D., Fermanian, C., Bus-
sel, B., & Roche, N. (2009). Relevance of botulinum toxin
injection and nerve block of rectus femoris to kinematic and
functional parameters of stiff knee gait in hemiplegic adults.
Gait & Posture, 29(1), 108-112.

Sakuma, K., Ohata, K., Izumi, K., Shiotsuka, Y., Yasui, T., Ibuki,
S., & Ichihashi, N. (2014). Relation between abnormal synergy
and gait in patients after stroke. Journal of Neuroengineering
and Rehabilitation, 11(1), 141.

Schmartz, A. C., Meyer-Heim, A. D., Miiller, R., Bolliger, M.
(2011). Measurement of muscle stiffness using robotic assisted
gaitorthosis in children with cerebral palsy: A proof of concept.
Disability and Rehabilitation: Assistive Technology, 6(1), 29-
37.

Schwartz, 1., Sajin, A., Fisher, I., Neeb, M., Shochina, M.,
Katz-Leurer, M., & Meiner, Z. (2009). The effectiveness of
locomotor therapy using robotic-assisted gait training in sub-
acute stroke patients: A randomized controlled trial. PM &R,
1(6), 516-523.

Schwartz, 1., Sajina, A., Neeb, M., Fisher, 1., Katz-Luerer, M., &
Meiner, Z. (2011). Locomotor training using a robotic device in
patients with subacute spinal cord injury. Spinal Cord, 49(10),
1062-1067.

Sheean, G. (2002). The pathophysiology of spasticity. European
Journal of Neurology, 9(s1), 3-9.

Sheean, G., & McGuire, J. R. (2009). Spastic hypertonia and
movement disorders: Pathophysiology, clinical presentation,
and quantification. PM &R, 1(9), 827-833.

Shimodozono, M., Noma, T., Nomoto, Y., Hisamatsu, N., Kamada,
K., Miyata, R., & Kawahira, K. (2013). Benefits of a repetitive
facilitative exercise program for the upper paretic extremity



190 J.-H. Park et al. / Comparative effects of RAGT in stroke

after subacute stroke: A randomized controlled trial. Neurore-
habilitation and Neural Repair, 27(4), 296-305.

Stoquart, G. G., Detrembleur, C., Palumbo, S., Deltombe, T., &
Lejeune, T. M. (2008). Effect of botulinum toxin injection in
the rectus femoris on stiff-knee gait in people with stroke: A
prospective observational study. Archives of Physical Medicine
and Rehabilitation, 89(1), 56-61.

Teixeira-Salmela, L. F., Nadeau, S., Mcbride, I., & Olney, S. J.
(2001). Effects of muscle strengthening and physical condi-
tioning training on temporal, kinematic and kinetic variables
during gait in chronic stroke survivors. Journal of Rehabilita-
tion Medicine, 33(2), 53-60.

Veerbeek, J. M., van Wegen, E., van Peppen, R., van der Wees, P.
J., Hendriks, E., Rietberg, M., & Kwakkel, G. (2014). What
is the evidence for physical therapy poststroke? A systematic
review and meta-analysis. PloS one, 9(2), e87987.

Weerdesteyn, V., de Niet M., van Duijnhoven, H. J., & Geurts, A.
C. (2008). Falls in individuals with stroke. Journal of Rehabil-
itation Research and Development, 45(8), 1195.

Woolley, S. M. (2001). Characteristics of gait in hemiplegia. Topics
in stroke rehabilitation, 7(4), 1-18.



