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lower extremity function in patients with
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Ha Yeon Kim1, Joon-Ho Shin1,2* , Sung Phil Yang2, Min A. Shin2 and Stephanie Hyeyoung Lee2

Abstract

Background: Balance impairments are common in patients with infratentorial stroke. Although robot-assisted gait
training (RAGT) exerts positive effects on balance among patients with stroke, it remains unclear whether such
training is superior to conventional physical therapy (CPT). Therefore, we aimed to investigate the effects of RAGT
combined with CPT and compared them with the effects of CPT only on balance and lower extremity function
among survivors of infratentorial stroke.

Methods: This study was a single-blinded, randomized controlled trial with a crossover design conducted at a
single rehabilitation hospital. Patients (n = 19; 16 men, three women; mean age: 47.4 ± 11.6 years) with infratentorial
stroke were randomly allocated to either group A (4 weeks of RAGT+CPT, followed by 4 weeks of CPT+CPT) or
group B (4 weeks of CPT+CPT followed by 4 weeks of RAGT+CPT). Changes in dynamic and static balance as
indicated by Berg Balance Scale scores were regarded as the primary outcome measure. Outcome measures were
evaluated for each participant at baseline and after each 4-week intervention period.

Results: No significant differences in outcome-related variables were observed between group A and B at baseline.
In addition, no significant time-by-group interactions were observed for any variables, indicating that intervention order
had no effect on lower extremity function or balance. Significantly greater improvements in secondary functional
outcomes such as lower extremity Fugl-Meyer assessment (FMA-LE) and scale for the assessment and rating of ataxia
(SARA) were observed following the RAGT+CPT intervention than following the CPT+CPT intervention.

Conclusion: RAGT produces clinically significant improvements in balance and lower extremity function in individuals
with infratentorial stroke. Thus, RAGT may be useful for patients with balance impairments secondary to other
pathologies.

Trial registration: ClinicalTrials.gov Identifier NCT02680691. Registered 09 February 2016; retrospectively registered.
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Background
Balance impairments are common following stroke,
often resulting in poor recovery of mobility and inability
to perform activities of daily living unassisted. Such
impairments represent a major risk factor for falls,
which can lead to injury or death [1]. Although various
interventions improve balance outcomes following
stroke, no such intervention has been established as
superior to others [2].
Balance impairments are a major concern in patients

with infratentorial stroke, which accounts for 15–20% of
all stroke cases [3, 4]. Infratentorial stroke is defined as
stroke occurring below the tentorium cerebelli (includ-
ing the cerebellum and brainstem), which is supplied by
the vertebrobasilar artery. Common infratentorial pos-
terior circulation symptoms include visual disturbance,
vertigo, and ataxia [5]. The brainstem includes several
cranial nuclei and relay pathways associated with eye
movement, vestibular and somatosensory functions, and
motor execution. The cerebellum plays a well-established
role in modulating motor control, and brainstem dysfunc-
tion includes ataxia, dysdiadochokinesia, dysmetria,
dysarthria, diplopia, and dysphagia [6, 7]. The cerebellum
also contributes to the control of equilibrium and inter-
limb coordination during locomotion [8, 9]. A previous
study suggests that the injury of infratentorial areas
negatively affect balance functions [10]. Thus, balance
impairments are common in patients with infratentorial
stroke due to impaired integration of sensory information,
postural control, and muscle strength.
Recently, the use of robot-assisted gait training

(RAGT) for regaining and improving walking ability has
increased among survivors of stroke [11]. During RAGT,
the patient is placed in a supportive harness, and a ro-
botic exoskeleton is attached to their lower extremities.
The exoskeleton enables the application of guidance
force provided by the robotic-orthosis during ambula-
tion, thus allowing patients to engage in repeated
practice of complex gait patterns at near-normal speed
over a longer period. RAGT may enable practice enough
to induce reorganization [12]. In conjunction with
conventional physical therapy (CPT), it may result in
significantly greater improvements in locomotor func-
tion than CPT alone [13].
In addition to providing both visual feedback and

motor input for patients with stroke, RAGT is known to
exert positive effects on balance [13–21]. However, it
remains unclear whether RAGT results in greater im-
provements in balance than CPT [22]. While subsequent
studies confirmed that RAGT results in favorable
balance outcomes in patients with supratentorial stroke
[23, 24], most studies have excluded patients with infra-
tentorial stroke [16–21]. Because infratentorial stroke
involves lesion in the cerebellum and the brainstem, it

does not show the typical pattern of a supratentorial
stroke. Indeed, to our knowledge, no studies have specif-
ically investigated the effects of RAGT on balance
among survivors of infratentorial stroke. Patients with
infratentorial stroke often exhibit balance impairment
because of eye movement impairment, vestibular func-
tional deficits, vertigo, dizziness, and coordination defi-
cits including ataxia, dysmetria, and dysdiadochokinesia
other than motor weakness [25]. The infratentorial
region including the cerebellum and brainstem is a
pathway of the anterior corticospinal tract, tectospinal
tract, vestibulospinal tract, and reticulospinal tract,
which plays a role in balance; however, motor planning
involving the supplementary motor area and premotor
cortex is intact.
Therefore, this study aimed to compare the effects of

RAGT combined with CPT and CPT only on balance
function among survivors of infratentorial stroke. Given
the lack of evidence regarding the use of RAGT in
patients with infratentorial stroke, this study aimed to
examine the effects of RAGT on balance function in this
population. Our main hypothesis was that RAGT
combined with CPT would produce clinically greater
improvements in balance function than CPT only in
individuals with infratentorial stroke.

Methods
This single-blinded, randomized controlled trial with a
crossover design was conducted at the National Re-
habilitation Center in Korea. Participants were recruited
from among patients who had been admitted to the
stroke inpatient rehabilitation unit of the hospital from
February 2015 to January 2017. Participants were still
inpatients at the time of training. The inclusion criteria
for this study were as follows: chief complaint of balance
deficits rather than motor weakness following infraten-
torial stroke, no history of prior stroke, age > 19 years,
and an absence of cognitive deficits that would interfere
with the patient’s understanding and cooperation with
instructions provided by the investigator (i.e., Mini-
Mental State Examination score > 26). The exclusion
criteria were as follows: contractures limiting range of
motion in the lower extremities, lack of ambulation
prior to stroke, severe cardiac disease, uncontrolled
hypertension despite use of medication (average systolic
blood pressure ≥ 140 mmHg or average diastolic blood
pressure ≥ 90 mmHg measured over 7 days), presence of
non-healing ulcers in the lower limbs, and osteoporosis.
The experimental protocol was approved by the ethics
committee of Korea National Rehabilitation Center (IRB
no. NRC-2015-01-002).
Participants were randomly allocated to either group

A or B using the NCSS-PASS program-generated
randomization table, at an allocation ratio of 1:1. A
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principal investigator generated the random allocation
sequence, a researcher enrolled participants, another
researcher assigned participants to interventions, and a
third-party blinded researcher assessed outcome mea-
sures. The randomization assignments were concealed
in consecutively numbered, sealed opaque envelopes.
The envelopes were opened sequentially after each
patient provided written informed consent. Patients in
group A underwent an intervention consisting of 4
weeks of RAGT combined with CPT, followed by 4
weeks of CPT. Patients in group B underwent the same
interventions in reverse order (i.e., 4 weeks of CPT
followed by 4 weeks of RAGT+CPT). The combined
RAGT+CPT intervention consisted of 30 min of RAGT
and 30 min of CPT (RAGT+CPT), while each interven-
tion during the CPT only period consisted of 60 min of
CPT (CPT+CPT). We referred to the former and latter
as RAGT+CPT and CPT+CPT, respectively. Each
intervention consisted of 20 sessions (five sessions each
week). All participants were controlled for other gait-
related treatments except RAGT and CPT provided in
this study.
The Lokomat® robotic-orthosis (Hocoma AG, Zurich,

Switzerland) system was used during RAGT. Participants
were fitted with a harness so that a portion of their body
weight could be supported when walking in the device.
Typical initial body-weight support was provided at
70–80%. A minimum of 50% body-weight support
was provided to allow participants to focus on the
timing of their gait patterns. Typical initial walking speeds
were approximately 1.0 km/h. Training difficulty was
progressively increased by altering the walking speed and
level of body-weight support. For each level of weight
support, the speed of the robot-assisted gait was increased
in increments of 0.2 km/h per session, up to 3.0 km/h.
When the participant could ambulate at a certain level of
body-weight support at the highest speed, the level of
weight support was reduced by 5–10% per session to a
lower limit of 50% (from 70 to 80%). The guidance force
provided by the Lokomat was gradually reduced from 100
to 20%. The level of body-weight support and guidance
force reduced simultaneously with patient compliance.
The participants were requested to “walk with the robot.”
The primary goal of the CPT intervention was to

facilitate improvements in static and dynamic balance.
CPT consisted of balance-specific activities such as
postural stability training, symmetric weight-bearing,
general gait training, and trunk control. The structure of
the intervention was customized to the functional cap-
acity of each patient. All interventions were performed
by skilled and experienced physical therapists. Two
physical therapists kept training records that allowed
comparison of similarity between therapists to minimize
difference. After each intervention, therapists discussed

and minimized the differences among the therapists on
a daily basis. Each therapist worked with individuals in
groups A and B.
Outcome measures were evaluated for each participant

at baseline, after 20 intervention sessions (4 weeks), and
after 20 sessions of the alternative intervention (8 weeks)
by a blinded research therapist. Berg Balance Scale (BBS)
scores, which are used to assess balance based on
performance during 14 tasks representing common
functional movements in daily life, were regarded as the
primary outcome measure [26]. Each task is rated on a
five-point scale (0–4), with the maximum score of 56
indicating that balance function is within the normal
range. The BBS is a representative method for evaluating
the balance ability of stroke patients [27]. The BBS
measures both static and dynamic aspects of balance
and has been demonstrated as good valid, good reliable,
and fair to good responsiveness for use in patients with
stroke [28–30].
Secondary outcome measures were as follows: (1)

Static standing balance as measured using a force plate:
Changes in center-of-pressure (COP) were measured to
observe more detailed changes in static balance than
those that could be captured using BBS scores. For tests
of static standing balance, participants were instructed
to stand on the force plate and focus on a centrally lo-
cated spot in front of them, with arms hanging loosely
by their sides. Each participant performed the following
four tasks resembling those included in the Romberg
test: standing with their feet positioned at shoulder-
width under eyes-open (FSEO) or eyes-closed (FSEC)
conditions, standing with their feet together with eyes-
open (FTEO) or eyes-closed (FTEC). Each task was
performed for 20 s and repeated three times. A 464 ×
508-mm force plate (AMTI Force Platforms, Watertown,
MA) was used to obtain a two-dimensional analysis of
COP displacements along both the anteroposterior and
mediolateral axes of the platform. The force plate was
used to record the mean velocity of the COP displace-
ment (mm/s) in the anteroposterior (COP VelAP) and
mediolateral (COP VelML) directions, as well as the area
of the 90% confidence ellipse enclosing the COP (COP
area in mm2). Data were processed and analyzed using
Visual 3D™ software (C-Motion, Inc., Rockville, MD). (2)
Trunk impairment scale (TIS) scores: The TIS was
assessed because trunk control was related to standing
balance [31]. The TIS was used to evaluate static sitting
balance, dynamic sitting balance, trunk control, and
coordination [32]. Scores range from 0 to 23 points, with
higher scores indicating better sitting balance or trunk
performance. Measures of trunk performance including
the TIS have been significantly associated with measures
of gait ability [33]. (3) Lower extremity Fugl-Meyer As-
sessment (FMA-LE) scores: The FMA-LE was assessed
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because improved balance may also contribute to lower
extremity function. The 17-item FMA-LE was used to
examine motor function and coordination of the affected
lower extremity [34]. Total scores on the FMA-LE range
from 0 to 34 points, with higher scores indicative of
lower levels of impairment. Participants with quadriple-
gia were evaluated for the more affected side. (4) Func-
tional Ambulation Category (FAC) scores: The FAC was
used to assess gait ability, which was rated along six
levels (scores ranging from 0 to 5) based on the amount
of physical support required, regardless of whether an
assistive device was used [35]. Balance function is a
significant predictive factor for gait function [36]. A
previous systematic review has indicated that balance
and gait may share similar components that can be
targeted using a single form of therapy [22]. Because gait
is a comprehensive function that encompasses balance,
RAGT should influence both gait and balance in this pa-
tient population. (5) Results of 10-m walk test (10MWT)
at self-selected and fast walking speeds: The 10MWT
was used to examine gait speed, and the participant was
asked to walk on a 14-m walkway while wearing harness,
under two conditions: at the fastest speed or at a self-
selected, comfortable speed. Measurements were ob-
tained for the 10-m region in the center of the walkway,
while the 2-m acceleration and deceleration areas were
excluded [37]. The 10MWT was performed three times,
and the average value was used. The participants were
using their own walking aid during 10MWT. (6) Falls Ef-
ficacy Scale (FES) scores: The FES requires participants
to rank their confidence in their ability not to fall while
performing various activities of daily living. The max-
imum score on the FES is 100 points [38]. (7) Scale for
the Assessment and Rating of Ataxia (SARA) scores:
The SARA was a clinical scale that is based on a quanti-
tative assessment of cerebellar ataxia on an impairment
level. Only three items related to balance were used: gait,
stance, and sitting. A zero score means no ataxia, and a
higher score means a more severe ataxia [39].

Statistical analysis
The Kolmogorov-Smirnov test was used for normality
test. The baseline homogeneity of groups A and B in
BBS, static standing balance, TIS, FMA-LE, FAC,
10MWT, FES, and SARA was analyzed using the Mann–
Whitney U-test. The potential effects of training order
were examined by comparing results between groups A
and B. Outcomes were thus compared using 2 (Group;
group A, B) × 2 (Time; baseline, 8 weeks) repeated-
measures analyses of variance (ANOVA).
Further comparisons were made for the effect of RAGT

combined with CPT and CPT only on balance function
among persons with infratentorial stroke. Differences be-
tween RAGT+CPT and CPT+CPT were compared using

2 (intervention: RAGT+CPT and CPT+CPT) × 2 (time:
pre- and post-intervention) repeated-measures ANOVA.
Post-hoc Wilcoxon signed-rank tests were used to
compare pre- and post-intervention results between the
RAGT+CPT and CPT+CPT interventions.
The likelihood ratio test was used to test the signifi-

cance of the carry-over effect for treatment effect (>

x20:05;1 ¼ 3:84 ), using the following equation: ΔG2 = (−2
log LReduced) − (−2 log LFull) with dfFull degrees of freedom.
Outcome variables displaying no carry-over effects were
then compared using 2 (group: groups A, B) × 2 (time:
baseline, 8 weeks) repeated-measures ANOVA.
All data were analyzed using SPSS version 20.0 for

Windows (IBM SPSS Inc., Chicago, IL), and the level of
significance was set at α = 0.05.

Results
Nineteen participants with infratentorial stroke (16 men,
three women; mean ± standard deviation age: 47.4 ± 11.6
years) were included in this study (Tables 1 and 2). Par-
ticipants were either in the subacute or chronic phases
of post-stroke recovery, and the mean time after stroke
was 15.3 ± 25.0 months. Of the 10 participants initially
recruited in group A and the nine participants recruited
in group B, two dropped out during the 4-week inter-
vention, including one in group A (withdrew consent)
and one in group B (withdrew consent). Ultimately, 17
participants (group A, n = 9; group B, n = 8) completed
the study and were included in the final analysis (Fig. 1).
Groups A and B exhibited no significant differences in

outcome-related variables at baseline or time-by-group
interactions (Table 3, Additional file 1: Figure S1 and
Additional file 2: Figure S2). Therefore, findings were
compared between the RAGT+CPT and CPT+CPT
interventions, rather than between groups A and B.
Significantly greater improvements in BBS scores were
observed for RAGT+CPT than for CPT+CPT (F = 9.354,
df = 1.000, p = 0.004) (Fig. 2). Figure 3 displays the
changes in static standing balance throughout the inter-
vention. Significantly greater improvements in COP
VelML during FSEC (p = 0.016) and during FTEC (p =
0.018) were observed for RAGT+CPT than for
CPT+CPT. In addition, significant improvements were
observed in COP VelML during FSEO (p = 0.049), COP
VelML during FSEC (p = 0.006), COP VelML during
FTEC (p = 0.036), COP VelAP during FSEC (p = 0.049),
COP VelAP during FTEC (p = 0.036), and COP area
during FSEC (p = 0.015) for RAGT+CPT, but not for
CPT+CPT. No significant differences or changes were
observed in other variables associated with static stand-
ing balance.
Table 4 shows the results for the TIS, FMA-LE, FAC,

10MWT (self-selected walking speed and fast walking
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speed), FES, and SARA. Significant differences between
the RAGT+CPT and CPT+CPT conditions were observed
for FMA-LE (p = 0.001) scores and SARA gait (p = 0.033)
and stance scores (p = 0.002), but not for TIS (p = 0.268),
FAC (p = 0.140), FES (p = 0.062), or SARA sitting scores

(p = 0.317). RAGT+CPT improved TIS, FMA-LE, FAC,
FES, SARA gait, and SARA stance scores, while
CPT+CPT improved TIS and SARA gait scores. Neither
intervention significantly influenced 10MWT results for
self-selected walking speed or fast walking speed.

Table 1 Participant characteristics

No. Sex Age (year) Height (cm) Weight (kg) Time since
stroke (months)

FMA-LE score
at baseline

SARA Diagnosis

Gait Stance Sitting

Group A

1 M 47 163 63 11 24 4 2 1 Quadriplegia d/t bilateral
pontine infarction

2 F 39 165 70 111 27 4 3 0 Quadriplegia d/t bilateral
cerebellar infarction

3 M 57 177 67 30 22 6 5 0 Quadriplegia d/t bilateral
pontine and cerebellar
infarction

4 M 56 169 75 30 28 2 2 0 Quadriplegia d/t bilateral
midbrain and pontine
hemorrhage

5 M 59 160 59 11 16 5 2 0 Quadriplegia d/t bilateral
pontine infarction

6 M 44 170 71 3 31 2 2 0 Left hemiplegia d/t right
medullary infarction

7 M 40 174 88 5 21 2 1 0 Right hemiplegia d/t left
pontine hemorrhage

8 M 51 168 70 2 28 7 4 0 Right hemiplegia d/t right
cerebellar hemorrhage

9 M 49 173 64 2 33 2 2 0 Right hemiplegia d/t right
medullary infarction

10a M 45 170 56 7 25 2 2 0 Right hemiplegia d/t Right
cerebellar hemorrhage

Group B

11 M 37 170 85 15 30 2 1 0 Quadriplegia d/t right pontine
and cerebellar hemorrhage

12 M 67 171 77 3 21 5 1 0 Quadriplegia d/t left pontine
and cerebellar infarction

13a M 71 166 65 4 10 8 5 1 Quadriplegia d/t right
hemiplegia d/t right cerebellar
hemorrhage

14 F 33 165 62 2 28 5 3 0 Right hemiplegia d/t left
medullary infarction

15 M 48 178 74 12 21 6 4 0 Right hemiplegia d/t left
pontine hemorrhage

16 M 49 171 74 4 25 2 1 0 Quadriplegia d/t left pontine
and bilateral cerebellar
infarction

17 F 22 163 63 27 29 6 3 0 Quadriplegia d/t bilateral
cerebellar hemorrhage

18 M 39 170 78 3 29 2 2 0 Quadriplegia d/t bilateral
medullary infarction

19 M 48 167 63 8 29 5 4 0 Quadriplegia d/t bilateral
cerebellar hemorrhage

aTwo participants withdrew and were not included in the analyses. FMA-LE lower extremity Fugl-Meyer Assessment, SARA Scale for the Assessment and Rating
of Ataxia

Kim et al. Journal of NeuroEngineering and Rehabilitation           (2019) 16:99 Page 5 of 12



Significant carry-over effects were observed for all var-
iables except FAC (G2 = 0.4) and SARA stance scores
(G2 = 1.8). FAC (F = 12.775; p = 0.003), and SARA stance
(F = 11.029; p = 0.005) scores exhibited significant group-
by-time interactions, indicating that RAGT+CPT
followed by CPT+CPT was superior with regard to inde-
pendent walking and stance posture of ataxia.

Discussion
This study is the first clinical trial to demonstrate the ef-
fect of RAGT on balance and lower extremity function
among patients with infratentorial stroke. Our results in-
dicated that RAGT+CPT resulted in significantly greater
improvements in standing balance function than the
same duration of CPT+CPT. In addition, improvements
in balance confidence were observed following
RAGT+CPT, but not following CPT+CPT.
Notably, BBS scores for the RAGT+CPT interven-

tion increased by 6.5 points, exceeding the minimal
detectable change of 6 points [40]. To our knowledge,

only two studies have reported that RAGT is superior
to CPT; however, they failed to achieve clinically
meaningful changes in BBS scores [24, 40]. The sub-
jects of Bang and Shin’s [24] study were patients who
were already able to walk independently, so there
might be a limit to the degree of improvement of bal-
ance ability. The treatment group of Yoshimoto et al.
[41] underwent robot-assisted gait intervention once a
week for 8 weeks (20 min/session), for a total of eight
sessions, which may not be sufficient to achieve ad-
equate improvement in balance. Conversely, in our
study, RAGT facilitated clinically meaningful changes
in balance function among individuals with infraten-
torial stroke. These results led to the improvement of
SARA gait and stance scores in the RAGT+CPT
group. This appears to be due to the SARA gait and
stance evaluation reflects ataxia properties such as
dysmetria and dysdiadochokinesia in individuals with
infratentorial stroke.
When compared with CPT+CPT, the FMA-LE score

significantly improved by only 2.35 points for
RAGT+CPT. This improvement is below the most fre-
quently used minimal clinically significant difference of
6 points recently suggested by Pandian et al. [42]. Simi-
larly, the TIS score improved significantly but subclini-
cally for both groups. Further studies involving larger
numbers of patients are therefore required.
The observed effects of RAGT on balance can be

explained by several possible mechanisms. First,
RAGT may lead to somatosensory facilitation includ-
ing proprioceptive systems, which should be empha-
sized among individuals with infratentorial stroke.
Such enhancements would be marked in the eyes-
closed condition, as patients with infratentorial stroke,
who commonly exhibit vestibular or oculomotor dys-
function, may rely heavily on vision for maintaining
balance. In our study, a significant difference between

Fig. 1 CONSORT flow diagram

Table 2 Group demographics

Group A Group B p

Sex Male 9 (90.0%) 7 (77.8%) 0.466

Female 1 (10.0%) 2 (22.2%)

Age (year) 48.70 ± 7.01 46.00 ± 15.64 0.497

Height (cm) 168.90 ± 5.17 169.00 ± 4.42 0.968

Weight (kg) 68.30 ± 9.02 71.22 ± 8.24 0.497

Time since stroke (months) 21.20 ± 33.27 10.22 ± 8.54 0.842

FMA-LE score 25.50 ± 5.02 24.67 ± 6.50 0.905

SARA Gait 3.60 ± 1.90 4.56 ± 2.13 0.356

Stance 2.50 ± 1.20 2.67 ± 1.50 0.905

Sitting 0.10 ± 0.32 0.11 ± 0.33 0.968

FMA-LE lower extremity Fugl-Meyer Assessment, SARA Scale for the
Assessment and Rating of Ataxia
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RAGT+CPT and CPT+CPT was observed for the
eyes-closed condition only.
Second, RAGT enables loading and weight-shifting to

the affected side, allowing for latero-lateral weight-
shifting, resulting in symmetrical gait patterns [43, 44].
Because in quadriplegia weight is mainly supported by
the less affected side, it is effective even if it is not hemi-
plegia. Similarly, RAGT+CPT exerted greater effects on
COP VelML than CPT+CPT, and the most prominent
change due to RAGT+CPT was also observed for COP
VelML. Thus, RAGT may allow for greater improve-
ments in control over COP VelML, thereby decreasing
the risk of falls [45].
Third, RAGT may have altered muscle activity in the

lower extremities leading to improvements in functional
performance. Partial weight-bearing gait training re-
sulted in reduction in the mean burst amplitude of mus-
cles for gastrocnemius and increase in mean burst
amplitude of tibialis anterior [46]. These pattern changes
resulted in better stability against common activation
pattern in stroke patients, that is, higher activation of
gastrocnemius and reduced activation of tibialis anterior.
RAGT changed muscle coordination pattern with the
controlling amount of weight support and stride fre-
quency [47]. Moreover, the RAGT improved the moto-
neuronal firing rate by increasing motor unit firing
without altering muscle force [48]. These muscle ac-
tivity alterations without muscle force change may
have led to an improvement in balance in patients
with stroke who have difficulty in improving muscle
strength.
In the present study, RAGT+CPT was more likely to

result in better lower extremity function than CPT+CPT,
as demonstrated by more significant improvement in
FMA-LE scores. Within-group significant change was
observed in FAC score of the RAGT+CPT group;

however, no between-group difference was noted. Previ-
ous studies have reported that RAGT or treadmill-
supported gait training resulted in greater improvements
in lower extremity function compared with conventional
gait training [22, 49, 50]. In addition, one systematic re-
view reported that gait training may increase the risk of
falls in older adults, while balance training may reduce
this risk [51]. Indeed, RAGT may safely facilitate im-
provements in overall lower extremity function includ-
ing balance.
However, no significant differences in sitting bal-

ance or trunk coordination as indicated by TIS scores
were observed between RAGT+CPT and CPT+CPT.
This finding suggests task-specific effects of RAGT
on balance and biomechanically similar movements,
in accordance with the findings of previous studies
[52–54]. Our RAGT protocol may have been unable
to recruit trunk stabilizers or improve trunk-related
proprioception, as the trunk was equipped with a har-
ness when the exoskeleton made large movements of
the lower extremity.
On the contrary, most variables exhibited carry-over

effects, except for FAC and SARA stance, for which
we observed significant group-by-time interactions.
Thus, RAGT+CPT followed by CPT+CPT was more
effective with regard to independent walking and
stance posture compared to intervention conducted in
the reverse order. Previous researchers have proposed
that proximal trunk control training prior to distal
mobility training is essential for proper weight shift-
ing and distal limb control [32]. Thus, prior RAGT
may be optimal for improving independent gait and
standing balance.
This study has some limitations. First, various evalua-

tions related to balance, such as MiniBESTest or dy-
namic gait index, was not performed. In addition, we did

Fig. 2 Left: BBS scores between RAGT+CPT and CPT+CPT groups before and after intervention. Right: Four weeks BBS score change from
baseline. The error bars means standard errors. BBS: Berg Balance Scale; CPT: conventional physical therapy; RAGT: robot-assisted gait training
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not measure kinetic or electromyography data, which
may be useful for determining the mechanisms under-
lying the effects of RAGT. This may result in insuffi-
cient understanding of the mechanism of RAGT.
Second, in this study, the duration and intensity of
RAGT could be too low to promote meaningful re-
covery, and the long-term effects of follow-up were
not assessed. This did not confirm the underlying
neuroplasticity based on impairment level. Third, the
sample size was small, and this clinical trial was per-
formed using a crossover design without a washout
period. Moreover, the standard deviation of the static

standing balance measure is large because of the gap
between each subject’s balance ability, as this is a sen-
sitive assessment. This might cause a type II statistical
error. Therefore, there is a limit to the generalization
of this result, and attention should be paid to statis-
tical analysis.

Conclusions
RAGT produced clinically significant improvements
in static and dynamic balance and FMA-LE function
in patients with infratentorial stroke. RAGT+CPT re-
sulted in significantly greater improvements in

Fig. 3 Left: COP-based variables during FSEO, FSEC, FTEO, and FTEC in the RAGT+CPT and CPT+CPT groups. Right: Four weeks COP-based
variables change from baseline during FSEO, FSEC, FTEO, and FTEC. (A) COP VelML, (B) COP VelAP, and (C) COP area. The error bars mean standard
errors. COP: center of pressure; CPT: conventional physical therapy; FSEC: feet separated, eyes closed; FSEO: feet separated, eyes open; FTEC: feet
together, eyes closed; FTEO: feet together, eyes open; RAGT: robot-assisted gait training; VelAP: velocity in the anteroposterior direction; VelML:
velocity in the mediolateral direction
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standing balance and lower extremity motor function
than the same duration of CPT. These findings indi-
cate that RAGT may be useful for patients with bal-
ance impairments secondary to other pathologies, as
infratentorial stroke shares many balance-related
components.

Additional files

Additional file 1: COP-based variables during FSEO, FSEC, FTEO, and
FTEC from baseline to 8weeks in the groups A and B. (A) COP VelML, (B)
COP VelAP, and (C) COP area. The error bars means standard errors. COP:
center of pressure; FSEC: feet separated, eyes closed; FSEO: feet
separated, eyes open; FTEC: feet together, eyes closed; FTEO: feet
together, eyes open; VelAP: velocity in the anteroposterior direction; VelML:
velocity in the mediolateral direction. (JPG 143 kb)

Additional file 2: Secondary outcome measures from baseline to
8weeks in the groups A and B. (A) TIS, (B) FMA-LE, (C) FAC, and (D) FES.
The error bars means standard errors. FAC: Functional Ambulation Cat-
egory; FES: Falls Efficacy Scale; FMA-LE: lower extremity Fugl-Meyer As-
sessment; TIS: Trunk Impairment Scale. (JPG 60 kb)

Abbreviations
10MWT: 10-m walk test; ANOVA: Analyses of variance; BBS: Berg Balance
Scale; COP: Center of pressure; CPT: Conventional physical therapy;
FAC: Functional Ambulation Category; FES: Falls Efficacy Scale; FMA-LE: Lower
extremity Fugl-Meyer Assessment; FSEC: Feet separated, eyes closed;
FSEO: Feet separated, eyes open; FTEC: Feet together, eyes closed;
FTEO: Feet together, eyes open; RAGT: Robot-assisted gait training;
SARA: Scale for the Assessment and Rating of Ataxia; TIS: Trunk Impairment
Scale; VelAP: Velocity in the anteroposterior direction; VelML: Velocity in the
mediolateral direction
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