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Abstract: Step length asymmetry is a characteristic feature of gait in post-stroke patients. A novel
anterioposterior weight-shift training method with visual biofeedback (AP training) was developed
to improve the forward progression of the trunk. This study aimed to investigate the effect of AP
training on gait asymmetries, patterns, and gait-related function in subacute stroke patients. Forty-six
subacute stroke patients were randomly assigned to the AP training group or the control group. The
AP training group received conventional gait training and AP training five times per week for 4 weeks.
The control group received the same intensity of conventional gait training with patient education
for self-anterior weight shifting. Plantar pressure analysis, gait analysis, energy consumption, and
gait-related behavioral parameters were assessed before and after training. The AP training group
showed significant improvement in step length asymmetry, forefoot contact area and pressure, Berg
balance scale score, and Fugl-Meyer assessment scale of lower extremity score compared to the
control group (p < 0.05). However, there was no significant between-group difference with respect to
energy cost and kinetic and kinematic gait parameters. In conclusion, AP training may help improve
the asymmetric step length in stroke patients, and also improve anterior weight shifting, balance, and
motor function in subacute stroke survivors.

Keywords: stroke; step length asymmetry; gait asymmetry; weight shifting; gait training

1. Introduction

Post-stroke hemiparetic gait is characterized by an asymmetric pattern of walking [1–3].
Gait asymmetry can lead to comorbidities further affecting post-stroke gait such as slow
walking speed [1], impaired balance [2], loss of bone density [3], musculoskeletal injuries, and
joint pain [4]. Among these, correction of step length asymmetry is an important aspect of post-
stroke gait rehabilitation after the patient has regained the ability to walk independently [1,5–7].

The shortened non-paretic step length is associated with impaired forward propulsion,
which is generated through the anterior–posterior ground force of the paretic side that
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enables the trunk to progress forward while the non-paretic side is in swing [8]. The ground
reaction force is the force generated by the weight-bearing surface, and post-stroke patients
typically have weight-bearing asymmetry with a shift in the mean position of the center of
pressure (CoP) toward the non-paretic side [9].

Recent studies have demonstrated that visual feedback can promote weight shifting
in stroke patients, improving asymmetric posture [10], walking velocity [11], and balance
control [11]. However, most of these studies entailed multi-directional weight-shift training,
and subjects had chronic stroke or other disorders. Moreover, no randomized controlled
trials (RCTs) have investigated the therapeutic effect of improvements in gait asymmetry
on walking in patients with subacute stroke.

Our study group developed an anterioposterior weight-shift training system with
visual feedback (AP training) to improve step length asymmetry [12]. This training system
was designed based on the pathologic mechanism, i.e., impaired forward propulsion on
the paretic side that enables the trunk to progress forward. Forward propulsion can be
assessed by measuring real-time CoP trajectory using a plantar pressure analysis system,
and this training system helps promote anterior weight shifting on the affected side using
visual biofeedback. In our previous preliminary case series study, this training system was
found to improve step length asymmetry in chronic stroke patients [12].

Because most of the functional gains tend to be achieved during the first 12 weeks
after stroke [13], we hypothesized that AP training would be more effective in the subacute
phase of stroke. Therefore, we conducted a single-blind RCT to investigate the effect of AP
training on gait asymmetry in acute stroke patients primarily, and to investigate whether AP
training is effective in improving plantar pressure distribution, gait pattern, and gait-related
motor function.

2. Materials and Methods
2.1. Participants

Forty-six post-stroke patients admitted to the Department of Rehabilitation Medicine
at Severance Hospital, Yonsei University College of Medicine, between June 2014 and June
2020 were enrolled.

The inclusion criteria were (1) hemiplegic patients who had a stroke within the pre-
ceding six months; (2) an ability to walk independently for 10 m; (3) Korean Mini Mental
State Examination score ≥ 15; (4) asymmetrical gait pattern with a step length asymmetry
ratio (SLAR) > 1.1; (5) provision of written informed consent for participation in the study;
(6) ability to understand the purpose of this study and to adapt to the treatment process;
and (7) age > 19 years. The exclusion criteria were (1) patients with quadriplegia or double
hemiplegia; (2) a musculoskeletal or other nervous system disorder; (3) history of more than
one stroke; or (4) patients judged to be unsuitable for participation for any other reason.

The sample size for this study was estimated as follows: A preliminary study involving
five stroke patients was conducted to estimate the sample size required for the main study.
The pre- and post-treatment SLARs and weight shifting were assessed. The change in the
patients’ average SLAR in the preliminary study was 1.008 (±0.61). Therefore, the mean
change in the SLAR value was assumed to be 1.008 in the treatment group and 0.4 in the
control group (40% of that in the treatment group), and the standard deviation in both
groups was assumed to be 0.61. Factoring a power of 80% and an alpha of 0.05, seventeen
patients each were required for the treatment group and the control group. Assuming
a dropout rate of 30%, a total of 46 patients were enrolled.

A schematic illustration of the study design and patient selection criteria is presented
in Figure 1. Fifty-five patients were assessed for eligibility, of which nine patients were
excluded because they did not qualify the inclusion criteria. A total of 46 patients were
randomly assigned to the training group (n = 23) and control group (n = 23). In the training
group, 1 patient dropped out during training, and 3 patients were lost to follow-up. In the
control group, 1 patient dropped out during training and 1 patient was lost to follow-up.
Finally, 19 patients in the training group and 21 patients in the control group were analyzed.
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Figure 1. Participant consort flow diagram of study recruitment.

A total of 40 patients completed training and assessment (AP training group, n = 19;
control group, n = 21) with no adverse events. At baseline, there were no significant
between-group differences in terms of age, sex, lesion side of stroke, type of stroke, duration,
Fugl-Meyer assessment (FMA), functional independent measure (FIM), Berg balance scale
(BBS) score, maximum safe walking speed (MSWS), self-selected walking speed (SSWS),
timed up and go (TUG), step length asymmetric index (SLAI), and SLAR (Table 1).

Table 1. Baseline characteristics of subjects.

Characteristic AP Training Group
(n = 19)

Control Group
(n = 21) p Value

Age (years) 57.7 ± 17.7 52.0 ± 14.0 0.267
Sex (male) 10 (52.6) 14 (66.7) 0.366
Lesion side of stroke (left) 9 (47.4) 11 (52.4) 0.752
Type of stroke 0.141

Ischemic 15 (78.9) 12 (57.1)
Hemorrhagic 4 (21.1) 9 (42.9)

FAC 0.587
3 13 (68.4) 14 (66.7)
4 6 (31.5) 7 (33.3)

Duration from onset 97.0 ± 59.8 81.1 ± 54.2 0.383
FMA 39.9 ± 17.0 43.6 ± 22.1 0.558
FIM_mobility 18.4 ± 2.7 17.1 ± 4.1 0.255
BBS 25.4 ± 7.3 24.6 ± 7.9 0.756
MSWS (m/s) 0.3 ± 0.1 0.2 ± 0.1 0.408
SSWS (m/s) 0.2 ± 0.1 0.2± 0.1 0.869
TUG (s) 46.7 ± 24.6 56.1 ± 64.1 0.555
SLAR 3.6 ± 4.1 2.5 ± 2.5 0.301
SLAI 0.7 ± 0.5 0.5 ± 0.4 0.285

Data presented as mean ± standard deviation or frequency (%); FAC, functional ambulation category; FMA,
Fugl-Meyer assessment; FIM, functional independent measure; BBS, Berg balance scale; MSWS, maximum safe
walking speed; SSWS, self-selected walking speed; TUG, timed up and go; SLAI, step length asymmetric index;
SLAR, step length asymmetric ratio.
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2.2. Study Design

This was a single-blind RCT. Participants were randomly assigned to the AP training
group or the control group. Both groups received 30 m of conventional gait training for
4 weeks. The AP training group additionally received 30 m of AP training 5 times per week for
4 weeks. The control group received education regarding weight shifting to improve forward
progression using the paretic lower limb and were encouraged to perform weight-shift training
themselves at their bedside, but did not receive visual feedback training (Figure 2).
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Figure 2. Study design.

The step length parameters, behavior parameters, and plantar pressure analysis parame-
ters of all patients were assessed before training (T0), during training (2 weeks after T0, T1), after
training (4 weeks after T0, T2), and at follow-up (4 weeks after training, T3). Three-dimensional
motion analysis and energy consumption were assessed at T0 and T2 (Table 2).

Table 2. Timepoints for measurement of parameters.

Before
Training

During
Training

After
Training Follow Up

Primary outcome
Gait asymmetry V V V V

Secondary outcomes
Plantar pressure analysis V V V V
Behavior parameters V V V V
3D motion analysis V V
Energy consumption V V

“V” represents the measuring timepoints.

2.3. Anterioposterior Weight-Shift Training Using Visual Feedback

In this study, we used an AP training system developed by our study group to provide
real-time feedback to patients about how they were shifting their weight anteriorly by
measuring and processing foot pressure in real time using an F-Scan hardware system and
software development kit (Tekscan, Inc., South Boston, MA, USA) [12]. Each training unit
was divided into an evaluation session and a training session. Before starting the training
unit, each participant attached a motion tracker to the ankle and pelvis of the affected
side to measure the posture. The tracker was used to prevent the patients from using
a compensatory posture of bending the knee when shifting weight to the affected side [12].

First, the participants underwent the evaluation session. In the basic position, the
patient placed the affected foot 30 cm in front of the unaffected foot with both legs shoulder-
width apart. In the evaluation session, subjects were asked to shift their weight anteriorly
onto their affected foot as much as possible while receiving visual feedback regarding how
much pressure was applied to each foot. The CoP trajectory of the feet was measured
10 times. A target value was set by adding 5% to the average of the CoP trajectories.

In the training session, subjects were asked to shift their weight anteriorly onto their
affected foot as much as possible while receiving visual feedback regarding how much
trajectory movement was applied to the affected foot and then move their unaffected foot
forward one step. When the CoP trajectory reached the target value, an arrow was placed
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in the center of the target board, corresponding to 100 points, and the phrase “Good job”
was displayed on the monitor and played over the system’s speakers (Figure 3). Then, the
patients had to continue moving until they were in the correct position, which was when
the pelvis had moved ahead of the ankle malleolus, as determined through the hip and
ankle sensors. If the CoP trajectory had not reached the target value, an arrow appeared
corresponding to the trajectory percentage, and the phrase “Try harder” was displayed
on the monitor and played over the system’s speakers. If the participant’s pelvis was not
far enough ahead, the phrase “Keep going to get the correct posture” was displayed on
the monitor and played over the system’s speakers. Each training session lasted 30 m and
consisted of two rounds, each consisting of 10 m of training and 5 m of rest.
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on the archery target shows how much weight the patient is bearing on the affected foot, and also the
extent to which the CoP trajectory has shifted anteriorly. Red line indicated the trajectory moving
forward and green symbol was real-time CoP.

2.4. Outcome Measurements
2.4.1. Primary Outcomes
Gait Asymmetry

Step length parameters including SLAI, SLAR, affected side-step length (ASL),
and unaffected side-step length (USL) were obtained using the HMER4 body pressure
measurement system (Tekscan, Inc., Norwood, MA, USA) [1,14]. During each training
session, 10 footstep images were obtained by making the participants walk 10 times
across a 231.2 cm × 88.4 cm sensing area which had 7072 force-sensing resistors, corre-
sponding to 0.3 sensors per cm2 [14]. The average of the images was used for analysis. The
step length asymmetric index was calculated according to the following formula:

(paretic step length − non-paretic step length)/(0.5 × (paretic step length + non-paretic step length))

The asymmetry indices for stance time, swing time, double support time, and the intra-
limb ratio of swing and stance were also calculated using temporospatial data obtained
from a 3D motion analysis system (Vicon Peak, Englewood, CO, USA).

2.4.2. Secondary Outcomes
Plantar Pressure Analysis

Contact area, contact pressure, trajectory length, and the number of back movements
(NOB) were measured using insole pressure as measured by an F-Scan plantar pressure
measurement system (Tekscan, Inc., Norwood, MA, USA). Insoles were trimmed to each
participant’s foot size and placed in each of their shoes after removing the original insoles.
Data were measured after making the participants walk for 30 m. Contact area was
measured on the forefoot, midfoot, hindfoot, and total. Contact pressure was measured on
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the forefoot, midfoot, hindfoot, total, and peak pressure. Trajectory was measured in the
anterioposterior and mediolateral directions.

Behavioral Parameters

The behavioral parameters assessed were functional ambulatory category (FAC), FMA
scale score [15], functional independent measure (FIM), medical record council (MRC)
grading of muscle power for lower extremities, SSWS, MSWS [16], TUG, and BBS score [17].
All participants were evaluated by an occupational therapist. SSWS was calculated by
measuring the time required by participants to walk 10 m on flat ground at their usual
speed; the average value from three measurements was calculated to obtain the SSWS.
MSWS was calculated in the same way as SSWS except the participants were asked to
walk as quickly as possible. TUG was measured by asking participants to begin in a sitting
position, stand up, walk 3 m, turn around, and then sit again. This was repeated 3 times
and the average duration was used in the analysis [17].

Energy Consumption and 3D Motion Analysis

Energy consumption was assessed using the following parameters: O2 cost (mL/kg/m)
and O2 rate (mL/min/kg). Energy consumption was measured every 30 s while the par-
ticipants walked around a 20 m oval track with bare feet at a comfortable speed for 5 min
using a KB1-C system (Aerosports, Inc., Ann Arbor, MI, USA). The O2 rate was obtained
using the average value collected over 3–5 min [18].

The 3D motion analysis included the temporospatial parameters, kinematic parame-
ters, and kinetic parameters. These parameters were obtained by recording participants
walking 8 m at the selected speed 3 times using the VICON MX-T10 Motion Analysis
System (Oxford Parameters, Inc., Oxford, UK) [12]. The average value of the five walking
cycles was used for analysis.

2.5. Statistical Analysis

The characteristic analysis used two-sample t-test or descriptive statistics. All variables
were analyzed using the repeated-measure analysis of variance (RMANOVA) with post
hoc test with Bonferroni correction. p < 0.05 was interpreted as a meaningful result. SPSS
version 20.0 for Windows (SPSS, Chicago, IL, USA) was used for all statistical analyses.

3. Results
3.1. Primary Outcomes

At baseline, there were no significant differences between the AP training group and
the control group with respect to asymmetrical gait parameters. Repeated-measures analysis
of variance revealed a significant interaction between timeand intervention with regard to
SLAI (F(6.160), p = 0.008) and USL (F(4.929), p = 0.009), indicating that the AP training group
showed a greater increase in SLAI and USL over time than the control group (Figure 4). Post
hoc comparisons showed that in the AP training group, SLAI was better at T1, T2, and T3
than at T0 (p = 0.000, 0.000, and 0.000, respectively), indicating that the SLAI increased during
the treatment period and this effect was maintained for 4 weeks after training. However, the
asymmetry indices of stance time, swing time, double support time, and swing/stance time
were not significantly different between the groups over time (Table 3).

Table 3. Comparison of asymmetric indices of temporospatial walking parameters.

AP Training Group Control Group

Asymmetric Index Before Training After Training Before Training After Training p Value

Stance time (s) −0.10 ± 0.08 −0.14 ± 0.11 −0.15 ± 0.09 −0.16 ± 0.09 0.666
Swing time (s) 0.60 ± 0.34 0.50 ± 0.29 0.61 ± 0.30 0.49 ± 0.24 0.679

Double support time (s) 0.01 ± 0.04 0.01 ± 0.06 0.01 ± 0.06 0.00 ± 0.07 0.666
SW/ST 0.69 ± 0.37 0.61 ± 0.32 0.74 ± 0.30 0.63 ± 0.26 0.634

Data presented as mean ± standard deviation; SW/ST, swing/stance time.
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Figure 4. Comparison of step length parameters measured by BPMS through a time × intervention
factor interaction post hoc test between the training group (solid line) and control group (dotted line)
before training (T0), during training (T1), after training (T2), and at post-training 4-week follow up
(T3). * p < 0.0125 is statistically significant for time × intervention interaction according to post hoc
tests. SLAI, step length asymmetric index; SLAR, step length asymmetric ratio; USL, unaffected step
length; ASL, affected step length.

3.2. Secondary Outcomes
3.2.1. Plantar Pressure Analysis

The RMANOVA test of forefoot contact area, midfoot contact area, and total foot
contact area on the affected side revealed a significant interaction between time and inter-
vention (F(3.118), p = 0.040; F 4.673, p = 0.009; and F 3.832, p = 0.021, respectively), indicating
a significant improvement in the forefoot, midfoot, and total foot contact area after training
in the AP training group compared to the control group (Table 4). The RMANOVA test
of forefoot contact pressure, midfoot contact pressure, and total foot contact pressure on
the affected side also revealed a significant interaction between time and intervention
(F(4.307), p = 0.014; F(4.394), p = 0.010; and F(4.307), p = 0.015, respectively). This indicated
a significant improvement in forefoot pressure, midfoot pressure, and total foot contact
pressure after training in the AP training group compared to the control group. Post
hoc comparisons showed that, compared to T0, at T1, T2, and T3, the forefoot contact
area (p = 0.031, 0.001, 0.004, respectively), midfoot contact area (p = 0.011, 0.001, 0.003,
respectively), total foot contact area (p = 0.003, 0.001, 0.004, respectively), forefoot contact
pressure (p = 0.001, 0.000, 0.000, respectively), midfoot contact pressure (p = 0.042, 0.003,
0.001, respectively), and total foot contact pressure (p = 0.002, 0.014, 0.009, respectively)
were significantly increased after training in the AP training group than the control group.
These results indicated that the AP training group had significantly better forefoot, midfoot,
and total contact area and contact pressure during training and that this improvement
was maintained at 4 weeks after the completion of training. However, hindfoot contact
area, hindfoot contact pressure, and peak contact pressure were not significantly different
between the two groups over time.
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Table 4. Comparison of plantar pressure analysis.

AP Training Group Control Group
p Value

Before Training During Training After Training Follow Up Before Training During Training After Training Follow Up

Affected side
Contact area (mm2)

Forefoot 27.1 ± 30.6 39.2 ± 24.5 57.5 ± 34.9 * 56.0 ± 42.1 * 26.3 ± 21.0 20.7 ± 21.8 32.7 ± 26.5 40.8 ± 28.7 0.029
Midfoot 92.7 ± 49.0 120.6 ± 4 * 149.7 ± 54.2 * 150.7 ± 66.0 * 106.4 ± 64.0 99.2 ± 53.0 116.0 ± 52.5 117.0 ± 58.0 0.004
Hindfoot 119.6 ± 40.5 131.0 ± 50.7 125.2 ± 51.4 129.3 ± 43.4 103.0 ± 33.1 97.1 ± 38.1 108.8 ± 34.1 97.4 ± 40.5 0.189
Total 239.5 ± 93.5 290.8 ± 89.6 * 331.9 ± 111.9 * 337.4 ± 132.4 * 235.5 ± 90.1 216.9 ± 89.4 257.5 ± 82.5 255.2 ± 91.1 0.012

Contact pressure (kPa)
Forefoot 26.4 ± 34.6 51.7 ± 46.9 * 80.0 ± 64.6 * 80.7 ± 63.3 * 25.3 ± 18.05 22.0 ± 19.1 32.9 ± 25.0 48.4 ± 47.3 0.006
Midfoot 96.4 ± 54.9 140.8 ± 73.4 173.4 ± 76.4 * 202.9 ± 107.3 * 135.9 ± 96.7 143.5 ± 84.3 159.4 ± 89.8 152.7 ± 94.6 0.006
Hindfoot 185.2 ± 80.2 213.2 ± 88.7 190.5 ± 67.0 211.6 ± 114.2 181.1 ± 97.6 174.5 ± 101.8 180.2 ± 88.6 173.4 ± 117.7 0.523
Total 308.1 ± 92.7 400.4 ± 84.8 * 420.0 ± 121.3 487.4 ± 214.0 * 342.4 ± 82.3 339.5 ± 86.3 372.1 ± 90.1 374.3 ± 159.9 0.033
Peak 418.7 ± 134.4 477.8 ± 118.6 489.5 ± 161.8 566.1 ± 256.3 430.7 ± 99.0 417.5 ± 94.7 473.7 ± 152.2 479.6 ± 163.4 0.306

Trajectory (mm)
AP 43.3 ± 65.9 72.6 ± 56.0 * 78.6 ± 56.9 * 91.1 ± 57.3 * 70.6 ± 50.1 64.4 ± 51.5 68.8 ± 63.1 69.0 ± 61.1 0.001
ML 6.3 ± 5.0 9.2 ± 7.8 10.2 ± 8.0 * 10.8 ± 8.1 * 10.9 ± 6.5 9.7 ± 7.3 8.3 ± 4.9 8.7 ± 7.1 0.018
NOB 1.4 ± 0.6 1.6 ± 0.8 1.5 ± 0.7 1.6 ± 0.9 1.3 ± 0.7 1.7 ± 0.7 1.3 ± 0.5 1.3 ± 0.5 0.553

Unaffected side
Contact area (mm2)

Forefoot 69.7 ± 36.9 89.9 ± 43.3 84.9 ± 35.3 84.0 ± 34.31 82.4 ± 46.0 76.7 ± 38.3 73.9 ± 38.1 78.5 ± 32.1 0.036
Midfoot 146.4 ± 56.3 164.9 ± 55.2 162.1 ± 57.7 158.7 ± 68.4 177.0 ± 49.9 174.0 ± 51.3 161.0 ± 50.0 168.3 ± 55.0 0.177
Hindfoot 126.5 ± 31.1 138.5 ± 33.7 135.1 ± 18.6 132.7 ± 29.2 139.5 ± 26.7 139.2 ± 26.7 137.0 ± 20.8 127.1 ± 29.2 0.269
Total 342.4 ± 106.5 393.3 ± 119.9 382.0 ± 88.4 375.3 ± 115.5 398.9 ± 104.0 389.9 ± 99.7 372.0 ± 83.1 374.1 ± 103.1 0.071

Contact pressure (kPa)
Forefoot 113.5 ± 70.9 124.8 ± 56.8 155.4 ± 97.6 148.3 ± 86.7 120.6 ± 73.7 104.6 ± 66.8 122.7 ± 91.2 127.0 ± 64.2 0.267
Midfoot 180.0 ± 93.2 194.2 ± 93.4 225.1 ± 103.1 217.1 ± 95.7 194.6 ± 58.3 205.3 ± 101.7 200.4 ± 94.3 207.6 ± 84.3 0.411
Hindfoot 239.2 ± 105.3 229.9 ± 63.5 237.0 ± 49.9 254.7 ± 146.7 247.4 ± 69.4 231.3 ± 78.6 272.2 ± 72.7 223.4 ± 95.4 0.272
Total 532.8 ± 213.3 549.0 ± 178.2 608.7 ± 176.8 620.2 ± 222.7 562.6 ± 143.5 540.9 ± 185.7 595.3 ± 174.0 558.2 ± 179.4 0.528
Peak 701.4 ± 275.8 667.5 ± 228.5 758.7 ± 270.1 753.2 ± 268.2 716.0 ± 210.9 678.5 ± 243.2 734.9 ± 216.8 710.4 ± 233.9 0.866

Trajectory (mm)
AP 140.0 ± 29.9 145.2 ± 42.7 155.0 ± 26.4 154.5 ± 23.1 159.7 ± 24.0 157.5 ± 26.8 141.4 ± 39.3 153.0 ± 33.2 0.053
ML 7.3 ± 5.8 7.3 ± 5.4 7.8 ± 6.0 6.7 ± 5.7 8.4 ± 6.7 6.6 ± 4.3 9.9 ± 7.7 9.1 ± 4.6 0.621
NOB 2.6 ± 2.6 2.4 ± 1.6 2.5 ± 1.5 2.4 ± 1.7 2.5 ± 1.3 2.5 ± 1.1 2.1 ± 1.0 2.4 ± 1.2 0.739

Data presented as mean ± standard deviation; * Adjusted p-values < 0.05 are statistically significant for time × intervention interaction according to post hoc tests. AP, anterioposterior;
ML, mediolateral; NOB, number of back.
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On the unaffected side, the RMAONOVA tests revealed a significant interaction
between time and intervention for forefoot contact area (F(2.937), p = 0.036) (Table 4). Post
hoc comparisons showed that, compared to T0, the AP training group had significantly
higher forefoot contact area at T2, T3, and T4 (p = 0.017, 0.045, 0.156, respectively). The
other parameters did not differ significantly between the groups over time.

With regard to foot scan trajectory, RMANOVA revealed a significant interaction
between time and intervention) for the affected side AP trajectory (F(5.372), p = 0.003),
indicating that the affected side AP trajectory was significantly increased in the AP training
group than the control group and showed a tendency to increase on the unaffected side.
Post hoc comparisons showed that, compared to T0, at T1, T2, and T3, the affected side AP
trajectory (p = 0.002, 0.001, 0.001, respectively) increased more in the AP training group
than in the control group. This indicated that the AP training group showed a significant
improvement in the AP trajectory during training and that this improvement persisted for
4 weeks after the completion of training. The other foot scan trajectory parameters were
not significantly different between the groups.

3.2.2. Behavioral Parameters

At T0, there was no significant difference between the two groups regarding the clinical
evaluation parameters (Table 5). RMANOVAs revealed a significant interaction between
time and intervention for knee extensor MRC scale score, ankle dorsiflexor MRC score,
FMA, and BBS (F(4.626), p = 0.007; F(3.579), p = 0.036; F(3.276), p = 0.033; F(5.738), p = 0.005,
respectively). This indicated that the AP training group showed a significant improvement
in knee extensor MRC scores, ankle dorsiflexor MRC scores, FMA, and BBS during training
than the control group and that this improvement was maintained for 4 weeks after the
completion of training. Post hoc comparisons showed that, compared with T0, at T1, T2,
and T3, the knee extensor MRC score (p = 0.031, 0.001, 0.004, respectively), ankle dorsiflexor
MRC score (p = 0.011, 0.001, 0.003, respectively), FMA (p = 0.003, 0.001, 0.004, respectively),
and BBS (p = 0.001, 0.000, 0.000, respectively) were better in the AP training group than
the control group. This indicated that the AP training group had significantly better knee
extensor MRC scale scores, ankle dorsiflexor MRC scores, FMAs, and BBSs during AP
training, and that this improvement was maintained at 4 weeks after the completion of
training. However, MSWS, SSWS, FAC, and FIM were not significantly different between
the groups over time.

Table 5. Comparison of gait-related behavioral parameters.

AP Training Group Control Group
p

ValueBefore
Training

During
Training

After
Training

Follow
Up

Before
Training

During
Training

After
Training

Follow
Up

MRC on
Hip flexor 3.1 ± 0.6 3.2 ± 0.6 3.5 ± 0.8 3.7 ± 0.7 3.1 ± 0.7 3.3 ± 0.7 3.3 ± 0.7 3.5 ± 0.8 0.288
Hip extensor 3.3 ± 0.7 3.5 ± 0.8 3.7 ± 0.7 3.9 ± 0.7 3.1 ± 0.8 3.3 ± 0.8 3.3 ± 0.8 3.5 ± 0.8 0.340
Knee flexor 3.0 ± 0.7 3.2 ± 0.7 3.5 ± 0.8 3.7 ± 0.7 2.9 ± 0.8 3.1 ± 0.8 3.1 ± 0.9 3.3 ± 0.9 0.081
Knee extensor 3.2 ± 0.9 3.4 ± 0.8 3.7 ± 0.7 * 3.8 ± 0.8 * 3.2 ± 0.9 3.3 ± 0.7 3.2 ± 0.8 3.3 ± 1.0 0.007
Ankle dorsiflexor 1.8 ± 1.1 2.4 ± 1.1 * 2.6 ± 1.1 * 3.0 ± 1.4 * 2.0 ± 1.2 2.0 ± 1.2 2.2 ± 1.1 2.5 ± 1.2 0.036
Ankle plantarflexor 2.4 ± 1.2 2.8 ± 1.3 2.9 ± 1.3 3.2 ± 1.3 2.1 ± 1.4 2.2 ± 1.3 2.3 ± 1.3 2.6 ± 1.2 0.270

MSWS (m/s) 0.3 ± 0.1 0.4 ± 0.2 0.4 ± 0.3 0.5 ± 0.3 0.2 ± 0.1 0.3 ± 0.2 0.4 ± 0.2 0.4 ± 0.2 0.944
SSWS (m/s) 0.2 ± 0.1 0.3 ± 0.1 0.3 ± 0.2 0.4 ± 0.2 0.2 ± 0.1 0.3 ± 0.2 0.3 ± 0.2 0.4 ± 0.2 0.914
TUG (s) 46.8 ± 24.6 38.9 ± 24.2 34.3 ± 19.9 28.7 ± 10.7 56.1 ± 64.2 51.8 ± 55.6 43.1 ± 48.2 38.6 ± 31.1 0.836
FMA 39.9 ± 17.0 49.5 ± 20.9 * 54.7 ± 22.1 * 58.5± 20.6 * 43.7 ± 22.1 48.2 ± 22.3 51.4 ± 21.1 53.7 ± 21.9 0.033
FAC 3.3 ± 0.5 3.8 ± 0.6 4.2 ± 0.6 4.4 ± 0.6 3.3 ± 0.5 3.6 ± 0.6 3.9 ± 0.7 4.0 ± 0.7 0.210
FIM mobility 18.4 ± 2.7 21.3 ± 3.8 24.6 ± 4.6 26.6 ± 5.6 17.1 ± 4.1 19.1 ± 4.2 22.3 ± 5.5 24.4 ± 6.2 0.857
BBS 25.4 ± 7.3 36.8 ± 6.6 * 43.8 ± 6.9 * 45.0 ± 8.6 * 24.7 ± 7.9 29.3 ± 8.9 34.5 ± 9.6 38.3 ± 9.7 0.005

Data presented as mean ± standard deviation; * Adjusted p-values < 0.05 are statistically significant for time × inter-
vention interaction according to post hoc tests. MRC, Medical Research Council; MSWS, maximum safe walking
speed; SSWS, self-selected walking speed; TUG, timed up and go; FMA, Fugl-Meyer assessment; FAC, functional
ambulation category; FIM, functional independent measure; BBS, Berg balance scale.
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3.2.3. Energy Consumption and 3D Motion Analysis

At T0, there was no significant between-group difference with respect to energy
consumption (Table 6). RMANOVAs revealed a significant interaction between time (T0, T3)
and intervention for O2 cost (F(3.213), p = 0.042), indicating that the control group had
a significantly decreased O2 cost compared to the AP training group.

Table 6. Comparison of energy consumption.

Asymmetric Index
AP Training Group Control Group

p ValueBefore
Training

After
Training

Before
Training

After
Training

O2 cost (mL/kg/m) 0.7 ± 0.4 0.6 ± 0.4 0.8 ± 0.4 0.5 ± 0.3 * 0.042
O2 rate (mL/min/kg) 8.0 ± 2.3 7.9 ± 1.8 7.9 ± 1.7 7.8 ± 2.1 1.000

Data presented as mean ± standard deviation; * p < 0.05 is statistically significant for time × intervention interaction.

In terms of temporospatial, kinetic, and kinematic parameters, there were no significant
differences between the two groups at baseline or over time (Supplementary Tables S1–S3).

4. Discussion

To the best of our knowledge, this is the first RCT evaluating biofeedback in an-
terioposterior weight-shifting training in patients with subacute stroke. The recovery
aspects in stroke patients vary depending on the phase (acute or chronic) [19]. Importantly,
early gait recovery after stroke is associated with future gait independence [20,21]. In
this study, subacute stroke patients who received AP training with traditional rehabilita-
tion services showed significant improvements in step length asymmetry, forefoot contact
area and pressure, Berg balance scale score, and Fugl-Meyer assessment scale of lower
extremity compared to their counterparts who received only educational intervention with
traditional rehabilitation.

This study demonstrated the effectiveness of AP training for improving asymmetric
step length. This was consistent with previous studies in which repetitive weight-shifting
training on the affected side was effective in improving step length asymmetry using
compelled weight-shift training [22] and body weight support training [23]. However,
in the study by Sheikh et al., gait training combined with compelled body-weight-shift
therapy via a shoe lift applied under the non-paretic leg was not significantly better than
gait training alone in improving gait symmetry [24]. It was suggested that the training
would have been more effective by increasing the use of paretic limbs in functional activities
than intervention on the unaffected side [24].

Interactive rehabilitation programs potentially entail an effective adaptive motor
learning process resulting in better functional outcomes [25,26], and visual feedback is one
form of effective interactive training [27]. Reismane et al. emphasized the importance of
motor adaptation through repetitive training to improve gait asymmetry [28]. In the present
study, AP training included the appropriate use of “functional activity”, “biofeedback”,
and “repetitive gait training”, which were emphasized in previous studies. AP training
induces the patient to repeat the gait cycle (stance phase on the affected side) with a forward
weight shift to the affected side while playing an archery game with biofeedback. All these
factors explain the better step length symmetry in the AP training group compared to the
control group that received only educational intervention, and this effect was maintained
until 4 weeks after training. A diverse range of factors can affect asymmetrical step length,
and many studies have suggested that it is important to improve step length asymmetry
along with proper weight transfer while walking [9,29,30]. In the present study, the AP
training group showed significantly improved contact area and contact pressure for the
anterior two-thirds of the feet and a greater affected side AP trajectory than the control
group. These findings support the idea that AP training increases the propulsive force
during the stance phase.
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We also found an improvement in step length asymmetry with proper weight dis-
tribution in the AP training group. This was consistent with previous studies in which
weight-shift training with biofeedback enabled more effective weight distribution [31,32]. In
the study by Nunzio et al., participants who received weight-shift training with biofeedback
had a significantly better CoP asymmetry index than those who did not [31]. In contrast
to our findings, a meta-analysis of visual feedback training in standing position in acute
and subacute stroke subjects showed no significant effect on weight distribution, postural
sway, or gait compared to conventional therapy [33]. This is in line with Sunkarat’s sug-
gestions that visual feedback training in standing position may not translate to improved
performance during gait and gait-related activities [34]. However, recent studies have
demonstrated the effect of visual feedback training in improving weight distribution [32,35].
Pak et al. found that visual feedback training of stroke patients through the use of visual
targets was significantly effective in improving the weight-bearing proportion of the af-
fected side compared with the control group [35]. With regard to gait disorders, visual
information can be used to compensate for inappropriate proprioception and help correct
body asymmetry through the reorganization of visuomotor information [32].

Van Peppen et al. indicated that training in postural control should be applied while
performing gait-related tasks [33]. This is similar to the importance of motor adaptation in
functional activities, and AP training was found to be an appropriate training method for
performing gait-related tasks [28,36,37].

With respect to the behavior parameters, the AP training group in this study showed
significantly better balance control with improved lower extremity motor ability than the
control group. This was similar to the findings of previous studies in which visual feedback
training was found to improve balance and motor function [12,38–40]. Lauziere et al. re-
ported a strong relationship between motor function of the paretic lower extremity, balance
control, weight bearing distribution, and gait asymmetry in stroke patients [5]. Hsu et al.
also reported that ankle dorsiflexor strength, ankle plantarflexor strength, knee extensor
strength, plantarflexor peak torque, and motor function of the paretic lower extremity
measured with FMA significantly correlated with spatiotemporal asymmetry [41]. Lower
extremity function is important for the relationship of walking efficiency with symmet-
rical gait characteristics in stroke patients [38]. Lewek et al. examined the relationship
between spatiotemporal gait asymmetry and balance in post-stroke patients. They found
a correlation between step length asymmetries and BBS scores, suggesting that gait asym-
metries are associated with the risk of falls in these individuals [2]. Asymmetric weight
bearing and increased compensation from the non-paretic leg contribute to the deficits in
balance control commonly observed after stroke [19]. In a study, visual feedback rhythmic
weight-shift training (balance master) was found to improve dynamic balance function in
hemiplegic stroke patients, resulting in a lower incidence of falls, although not statistically
significant [39]. The improvements in weight distribution, symmetric gait pattern, and
lower extremity motor ability in stroke patients who received the AP training may have
influenced the improvement in balance ability.

Contrary to our expectations, we did not observe any improvement in walking speed,
energy consumption, temporal asymmetry, or kinetic and kinematic parameters. With
respect to walking speed, the AP training group tended to show an improved average
maximum walking speed by 0.1 m/s compared to the control group, but the between-group
difference was not statistically significant. Previous descriptive cross-sectional studies
have reported the relationship between step length asymmetry and walking speed [1,40].
However, the effect of training on walking speed is still unclear. In the study by Pak et al.,
the walking speed in the visual feedback training group was not significantly increased
compared to the control group [35]. Sheikh et al. also found that gait training combined with
compelled body-weight-shift training was not significantly better than gait training alone
in terms of improving velocity in patients with chronic stroke [24]. Robotic-assisted body-
weight-supported treadmill training with visual feedback also improved gait symmetry
but did not significantly improve gait velocity and endurance [42]. However, in the
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studies by Sungkarat et al. and Aruin et al., a lift insert in conjunction with physical
therapy significantly increased the gait velocity compared with the control group [34]. In
summary, most RCTs using weight-shift training with visual feedback found no significant
improvement in gait velocity, except for some studies using insoles.

With respect to energy consumption, improving step length symmetry with visual
feedback had no significant effect on metabolic cost, which is consistent with previous stud-
ies [6,30]. Moreover, a previous study found no definitive evidence about the relationship
between energy expenditure and spatiotemporal symmetry in stroke patients [5]. Padman-
abhan et al. demonstrated that post-stroke patients often retain the ability to walk with
symmetric step lengths (symmetric steps); however, the resulting walking pattern remains
effortful [6]. Wutzke et al. argued that long-term correction and learning are necessary for
symmetrical walking with reduced energy consumption [29]. Indeed, stroke patients who
received the AP training tended to walk more carefully to achieve gait symmetry than the
control group. We believe that the duration of training in this study may be relatively short
to achieve full motor learning. To reduce energy consumption and increase walking speed,
a longer training protocol will be needed to reach automatization without attention.

We expected that improved asymmetric step length leads to changes in kinematic
parameters in the sagittal plane, as a previous study suggested an important role of the
plantar flexor muscles and hip flexor muscles in step length asymmetry [5]. However, we
could not find any significant difference in the kinematic parameters between groups in this
study. Despite there being no comparative studies with visual feedback training, this study
is in line with some previous studies with robot-assisted gait training for improving step
length that did not confirm the significance of kinematic parameters between groups [43,44].
It may be in line with previous suggestions that a simple performance of a pattern does not
appear to be sufficient to change the pattern over the longer term. Studies in both animals
and humans indicate that changes in, for example, corticospinal excitability or motor maps
occur only with practice of skilled movement and not with mere use [45,46]. In another
interpretation, Nikamp et al. explained that 3D gait analysis measured in a specialized gait
laboratory was affected by walking parameters [47], and it is also necessary to consider
whether the unfamiliar environment affected the patient’s gait during the 3D gait analysis.

Some limitations of this study should be considered while interpreting the results.
First, all participants were receiving acute management in the hospital. Therefore, they
received a lot of interventions during the study period despite our effort to provide the
same intervention intensity for all study participants to minimize bias. Second, we did
not confirm an improvement in temporal asymmetry. A future study with a larger sample
size may be required to assess this aspect because other behavioral parameters related to
temporal asymmetry were significantly improved in the AP training group. Third, the
training period in this study was only 4 weeks. The study period was in consideration
of the period of hospitalization for acute rehabilitation in Korea; however, if possible,
a long-term training study will be needed to confirm the effects of gait pattern, energy
consumption, etc.

This study investigated a training method tailored to the latest research trends. The
comprehensive analysis of various data, such as 3D motion analysis, plantar pressure
analysis, and clinical data, was a strength of the study. Not many studies have performed
such comprehensive analyses. Our findings may help design future RCTs.

Our research focus was on visual feedback, but recent studies have also demonstrated
the effectiveness of tactile and detailed auditory feedback in helping improve the gait
patterns of stroke patients [48,49]. Ma et al. reported an immediate effect of a wearable
vibro-tactile biofeedback device on plantar loading and gait pattern in chronic stroke
patients [50]. Therefore, further research should determine how best to combine visual,
tactile, and auditory biofeedback to maximize the effectiveness of stroke gait rehabilitation.
Recently, many wireless trackers and pressure sensors have been developed. Further
research using wireless equipment may facilitate the gait rehabilitation of stroke patients.
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5. Conclusions

In this RCT, AP training was found to significantly improve step length asymmetry,
weight disturbance, balance control, and motor function of the lower extremity compared
to the control group, and the improvement was maintained for 4 weeks after training.
However, there were no significant between-group differences in terms of temporal asym-
metry, energy consumption, or kinetic and kinematic parameters. Clinicians may consider
weight-shift training with biofeedback in all patients with shorter non-paretic step lengths
during gait rehabilitation.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/jpm13121726/s1: Supplementary Table S1. Comparison of Tem-
porospatial Walking Parameters; Supplementary Table S2. Comparison of Kinematic Parameters;
Supplementary Table S3. Comparison of Kinetic Parameters.
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9. Szopa, A.; Domagalska-Szopa, M.; Lasek-Bal, A.; Żak, A. The link between weight shift asymmetry and gait disturbances in

chronic hemiparetic stroke patients. Clin. Interv. Aging 2017, 12, 2055. [CrossRef]
10. Bishop, L.; Khan, M.; Martelli, D.; Quinn, L.; Stein, J.; Agrawal, S. Exploration of two training paradigms using forced induced

weight shifting with the tethered pelvic assist device to reduce asymmetry in individuals after stroke: Case reports. Am. J. Phys.
Med. Rehabil. 2017, 96, S135–S140. [CrossRef]

11. Tsaklis, P.V.; Grooten, W.J.; Franzen, E. Effects of weight-shift training on balance control and weight distribution in chronic
stroke: A pilot study. Top. Stroke Rehabil. 2012, 19, 23–31. [CrossRef] [PubMed]

12. Kim, S.; Kim, D.Y.; Kim, J.H.; Choi, J.H.; Joo, S.Y.; Kang, N.K.; Baek, Y.S. Development of weight shifting training system
using biofeedback for post-stroke hemiplegic patients with step length asymmetry. J. Korean Soc. Precis. Eng. 2013, 30, 450–458.
[CrossRef]

13. Branco, J.P.; Oliveira, S.; Sargento-Freitas, J.; Laíns, J.; Pinheiro, J. Assessing functional recovery in the first six months after acute
ischemic stroke: A prospective, observational study. Eur. J. Phys. Rehabil. Med. 2019, 55, 1–7. [CrossRef] [PubMed]

14. Abdul Razak, A.H.; Zayegh, A.; Begg, R.K.; Wahab, Y. Foot plantar pressure measurement system: A review. Sensors 2012, 12,
9884–9912. [CrossRef] [PubMed]

15. Yoo, Y.J.; Lim, S.H. Assessment of lower limb motor function, ambulation, and balance after stroke. Brain Neurorehabil. 2022, 15, e17.
[CrossRef] [PubMed]

16. Beaman, C.B.; Peterson, C.L.; Neptune, R.R.; Kautz, S.A. Differences in self-selected and fastest-comfortable walking in post-stroke
hemiparetic persons. Gait Posture 2010, 31, 311–316. [CrossRef]

17. Li, Z.; Han, X.-G.; Sheng, J.; Ma, S.-J. Virtual reality for improving balance in patients after stroke: A systematic review and
meta-analysis. Clin. Rehabil. 2015, 30, 432–440. [CrossRef]

18. Danielsson, A.; Willén, C.; Sunnerhagen, K.S. Measurement of energy cost by the physiological cost index in walking after stroke.
Arch. Phys. Med. Rehabil. 2007, 88, 1298–1303. [CrossRef]

19. Hendrickson, J.; Patterson, K.K.; Inness, E.L.; McIlroy, W.E.; Mansfield, A. Relationship between asymmetry of quiet standing
balance control and walking post-stroke. Gait Posture 2014, 39, 177–181. [CrossRef]

20. Chow, J.W.; Stokic, D.S. Longitudinal changes in temporospatial gait characteristics during the first year post-stroke. Brain Sci.
2021, 11, 1648. [CrossRef]

21. Selves, C.; Stoquart, G.; Lejeune, T. Gait rehabilitation after stroke: Review of the evidence of predictors, clinical outcomes and
timing for interventions. Acta Neurol. Belg. 2020, 120, 783–790. [CrossRef] [PubMed]

22. Nam, S.H.; Son, S.M.; Kim, K. Changes of gait parameters following constrained-weight shift training in patients with stroke.
J. Phys. Ther. Sci. 2017, 29, 673–676. [CrossRef] [PubMed]

23. Sousa, C.O.; Barela, J.A.; Prado-Medeiros, C.L.; Salvini, T.F.; Barela, A.M. Gait training with partial body weight support during
overground walking for individuals with chronic stroke: A pilot study. J. Neuroeng. Rehabil. 2011, 8, 48. [CrossRef] [PubMed]

24. Sheikh, M.; Azarpazhooh, M.R.; Hosseini, H.A. Randomized comparison trial of gait training with and without compelled
weight-shift therapy in individuals with chronic stroke. Clin. Rehabil. 2016, 30, 1088–1096. [CrossRef] [PubMed]

25. Rosati, G.; Rodà, A.; Avanzini, F.; Masiero, S. On the role of auditory feedback in robot-assisted movement training after stroke:
Review of the literature. Comput. Intell. Neurosci. 2013, 2013, 586138. [CrossRef] [PubMed]

26. Cho, K.H.; Lee, W.H. Virtual walking training program using a real-world video recording for patients with chronic stroke:
A pilot study. Am. J. Phys. Med. Rehabil. 2013, 92, 371–384. [CrossRef] [PubMed]

27. Thikey, H.; Grealy, M.; van Wijck, F.; Barber, M.; Rowe, P. Augmented visual feedback of movement performance to enhance
walking recovery after stroke: Study protocol for a pilot randomised controlled trial. Trials 2012, 13, 163. [CrossRef] [PubMed]

28. Reisman, D.S.; McLean, H.; Keller, J.; Danks, K.A.; Bastian, A.J. Repeated split-belt treadmill training improves poststroke step
length asymmetry. Neurorehabilit. Neural Repair 2013, 27, 460–468. [CrossRef]

https://doi.org/10.1016/j.apmr.2006.10.004
https://www.ncbi.nlm.nih.gov/pubmed/17207674
https://doi.org/10.1123/jab.2012-0208
https://www.ncbi.nlm.nih.gov/pubmed/23677889
https://doi.org/10.3390/ijerph19158954
https://www.ncbi.nlm.nih.gov/pubmed/35897324
https://doi.org/10.1016/j.gaitpost.2009.10.014
https://www.ncbi.nlm.nih.gov/pubmed/19932621
https://doi.org/10.1186/s12984-020-00732-z
https://www.ncbi.nlm.nih.gov/pubmed/32746886
https://doi.org/10.1016/j.gaitpost.2011.01.004
https://doi.org/10.1177/1545968310380687
https://doi.org/10.2147/CIA.S144795
https://doi.org/10.1097/PHM.0000000000000779
https://doi.org/10.1310/tsr1901-23
https://www.ncbi.nlm.nih.gov/pubmed/22306625
https://doi.org/10.7736/KSPE.2013.30.4.450
https://doi.org/10.23736/S1973-9087.18.05161-4
https://www.ncbi.nlm.nih.gov/pubmed/29764094
https://doi.org/10.3390/s120709884
https://www.ncbi.nlm.nih.gov/pubmed/23012576
https://doi.org/10.12786/bn.2022.15.e17
https://www.ncbi.nlm.nih.gov/pubmed/36743203
https://doi.org/10.1016/j.gaitpost.2009.11.011
https://doi.org/10.1177/0269215515593611
https://doi.org/10.1016/j.apmr.2007.06.760
https://doi.org/10.1016/j.gaitpost.2013.06.022
https://doi.org/10.3390/brainsci11121648
https://doi.org/10.1007/s13760-020-01320-7
https://www.ncbi.nlm.nih.gov/pubmed/32166723
https://doi.org/10.1589/jpts.29.673
https://www.ncbi.nlm.nih.gov/pubmed/28533608
https://doi.org/10.1186/1743-0003-8-48
https://www.ncbi.nlm.nih.gov/pubmed/21864373
https://doi.org/10.1177/0269215515611467
https://www.ncbi.nlm.nih.gov/pubmed/26545392
https://doi.org/10.1155/2013/586138
https://www.ncbi.nlm.nih.gov/pubmed/24382952
https://doi.org/10.1097/PHM.0b013e31828cd5d3
https://www.ncbi.nlm.nih.gov/pubmed/23598900
https://doi.org/10.1186/1745-6215-13-163
https://www.ncbi.nlm.nih.gov/pubmed/22967674
https://doi.org/10.1177/1545968312474118


J. Pers. Med. 2023, 13, 1726 15 of 15

29. Wutzke, C.J.; Faldowski, R.A.; Lewek, M.D. Individuals poststroke do not perceive their spatiotemporal gait asymmetries as
abnormal. Phys. Ther. 2015, 95, 1244–1253. [CrossRef]

30. Sánchez, N.; Finley, J.M. Individual differences in locomotor function predict the capacity to reduce asymmetry and modify the
energetic cost of walking poststroke. Neurorehabilit. Neural Repair 2018, 32, 701–713. [CrossRef]

31. De Nunzio, A.; Zucchella, C.; Spicciato, F.; Tortola, P.; Vecchione, C.; Pierelli, F.; Bartolo, M. Biofeedback rehabilitation of posture
and weightbearing distribution in stroke: A center of foot pressure analysis. Funct. Neurol. 2014, 29, 127–134. [PubMed]

32. Pignolo, L.; Basta, G.; Carozzo, S.; Bilotta, M.; Todaro, M.R.; Serra, S.; Ciancarelli, I.; Tonin, P.; Cerasa, A. A body-weight-supported
visual feedback system for gait recovering in stroke patients: A randomized controlled study. Gait Posture 2020, 82, 287–293.
[CrossRef] [PubMed]

33. Van Peppen, R.P.; Kortsmit, M.; Lindeman, E.; Kwakkel, G. Effects of visual feedback therapy on postural control in bilateral
standing after stroke: A systematic review. J. Rehabil. Med. 2006, 38, 3–9. [CrossRef] [PubMed]

34. Sungkarat, S.; Fisher, B.E.; Kovindha, A. Efficacy of an insole shoe wedge and augmented pressure sensor for gait training in
individuals with stroke: A randomized controlled trial. Clin. Rehabil. 2011, 25, 360–369. [CrossRef] [PubMed]

35. Pak, N.W.; Lee, J.H. Effects of visual feedback training and visual targets on muscle activation, balancing, and walking ability
in adults after hemiplegic stroke: A preliminary, randomized, controlled study. Int. J. Rehabil. Res. 2020, 43, 76–81. [CrossRef]
[PubMed]

36. Helm, E.E.; Reisman, D.S. The split-belt walking paradigm: Exploring motor learning and spatiotemporal asymmetry poststroke.
Phys. Med. Rehabil. Clin. N. Am. 2015, 26, 703–713. [CrossRef] [PubMed]

37. Reisman, D.S.; Wityk, R.; Silver, K.; Bastian, A.J. Locomotor adaptation on a split-belt treadmill can improve walking symmetry
post-stroke. Brain 2007, 130, 1861–1872. [CrossRef] [PubMed]

38. Bovonsunthonchai, S.; Hiengkaew, V.; Vachalathiti, R.; Vongsirinavarat, M. Gait symmetrical indexes and their relationships to
muscle tone, lower extremity function, and postural balance in mild to moderate stroke. J. Med. Assoc. Thai 2011, 94, 476–484.

39. Meidian, A.C.; Yige, S.; Irfan, M.; Rahayu, U.B.; Amimoto, K. Immediate effect of adding mirror visual feedback to lateral
weight-shifting training on the standing balance control of the unilateral spatial neglect model. J. Phys. Ther. Sci. 2021, 33, 809–817.
[CrossRef]

40. Yoshioka, K.; Watanabe, T.; Maruyama, N.; Yoshioka, M.; Iino, K.; Honda, K.; Hayashida, K. Two-month individually supervised
exercise therapy improves walking speed, step length, and temporal gait symmetry in chronic stroke patients: A before&ndash;after
trial. Healthcare 2022, 10, 527.

41. Hsu, A.-L.; Tang, P.-F.; Jan, M.-H. Analysis of impairments influencing gait velocity and asymmetry of hemiplegic patients after
mild to moderate stroke. Arch. Phys. Med. Rehabil. 2003, 84, 1185–1193. [CrossRef] [PubMed]

42. Esquenazi, A.; Lee, S.; Packel, A.T.; Braitman, L. A randomized comparative study of manually assisted versus robotic-assisted
body weight supported treadmill training in persons with a traumatic brain injury. PM R 2013, 5, 280–290. [CrossRef] [PubMed]

43. Alingh, J.F.; Fleerkotte, B.M.; Groen, B.E.; Rietman, J.S.; Weerdesteyn, V.; van Asseldonk, E.H.F.; Geurts, A.C.H.; Buurke, J.H.
Effect of assist-as-needed robotic gait training on the gait pattern post stroke: A randomized controlled trial. J. NeuroEng. Rehabil.
2021, 18, 26. [CrossRef] [PubMed]

44. Seo, J.S.; Yang, H.S.; Jung, S.; Kang, C.S.; Jang, S.; Kim, D.H. Effect of reducing assistance during robot-assisted gait training
on step length asymmetry in patients with hemiplegic stroke: A randomized controlled pilot trial. Medicine 2018, 97, e11792.
[CrossRef] [PubMed]

45. Perez, M.A.; Lungholt, B.K.; Nyborg, K.; Nielsen, J.B. Motor skill training induces changes in the excitability of the leg cortical
area in healthy humans. Exp. Brain Res. 2004, 159, 197–205. [CrossRef] [PubMed]

46. Peters, A.J.; Liu, H.; Komiyama, T. Learning in the rodent motor cortex. Annu. Rev. Neurosci. 2017, 40, 77–97. [CrossRef]
47. Nikamp, C.D.M.; Hobbelink, M.S.H.; van der Palen, J.; Hermens, H.J.; Rietman, J.S.; Buurke, J.H. A randomized controlled trial

on providing ankle-foot orthoses in patients with (sub-)acute stroke: Short-term kinematic and spatiotemporal effects and effects
of timing. Gait Posture 2017, 55, 15–22. [CrossRef]

48. Stanton, R.; Ada, L.; Dean, C.M.; Preston, E. Biofeedback improves activities of the lower limb after stroke: A systematic review.
J. Physiother. 2011, 57, 145–155. [CrossRef]

49. Spencer, J.; Wolf, S.L.; Kesar, T.M. Biofeedback for post-stroke gait retraining: A review of current evidence and future research
directions in the context of emerging technologies. Front. Neurol. 2021, 12, 637199. [CrossRef]

50. Ma, C.Z.-H.; Zheng, Y.-P.; Lee, W.C.-C. Changes in gait and plantar foot loading upon using vibrotactile wearable biofeedback
system in patients with stroke. Top. Stroke Rehabil. 2018, 25, 20–27. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.2522/ptj.20140482
https://doi.org/10.1177/1545968318787913
https://www.ncbi.nlm.nih.gov/pubmed/25306123
https://doi.org/10.1016/j.gaitpost.2020.09.020
https://www.ncbi.nlm.nih.gov/pubmed/33002839
https://doi.org/10.1080/16501970500344902
https://www.ncbi.nlm.nih.gov/pubmed/16548079
https://doi.org/10.1177/0269215510386125
https://www.ncbi.nlm.nih.gov/pubmed/21148267
https://doi.org/10.1097/MRR.0000000000000376
https://www.ncbi.nlm.nih.gov/pubmed/31633580
https://doi.org/10.1016/j.pmr.2015.06.010
https://www.ncbi.nlm.nih.gov/pubmed/26522907
https://doi.org/10.1093/brain/awm035
https://www.ncbi.nlm.nih.gov/pubmed/17405765
https://doi.org/10.1589/jpts.33.809
https://doi.org/10.1016/S0003-9993(03)00030-3
https://www.ncbi.nlm.nih.gov/pubmed/12917858
https://doi.org/10.1016/j.pmrj.2012.10.009
https://www.ncbi.nlm.nih.gov/pubmed/23200117
https://doi.org/10.1186/s12984-020-00800-4
https://www.ncbi.nlm.nih.gov/pubmed/33546733
https://doi.org/10.1097/MD.0000000000011792
https://www.ncbi.nlm.nih.gov/pubmed/30113466
https://doi.org/10.1007/s00221-004-1947-5
https://www.ncbi.nlm.nih.gov/pubmed/15549279
https://doi.org/10.1146/annurev-neuro-072116-031407
https://doi.org/10.1016/j.gaitpost.2017.03.028
https://doi.org/10.1016/S1836-9553(11)70035-2
https://doi.org/10.3389/fneur.2021.637199
https://doi.org/10.1080/10749357.2017.1380339

	Introduction 
	Materials and Methods 
	Participants 
	Study Design 
	Anterioposterior Weight-Shift Training Using Visual Feedback 
	Outcome Measurements 
	Primary Outcomes 
	Secondary Outcomes 

	Statistical Analysis 

	Results 
	Primary Outcomes 
	Secondary Outcomes 
	Plantar Pressure Analysis 
	Behavioral Parameters 
	Energy Consumption and 3D Motion Analysis 


	Discussion 
	Conclusions 
	References

