
 
 

University of Birmingham

Stepping to the Beat:
Wright, Rachel L.; Brownless, Simone Briony; Pratt, David; Sackley, Catherine M.; Wing, Alan
M.
DOI:
10.3389/fneur.2017.00412

License:
Creative Commons: Attribution (CC BY)

Document Version
Publisher's PDF, also known as Version of record

Citation for published version (Harvard):
Wright, RL, Brownless, SB, Pratt, D, Sackley, CM & Wing, AM 2017, 'Stepping to the Beat: Feasibility and
Potential Efficacy of a Home-Based Auditory-Cued Step Training Program in Chronic Stroke', Frontiers in
neurology, vol. 8, 412. https://doi.org/10.3389/fneur.2017.00412

Link to publication on Research at Birmingham portal

Publisher Rights Statement:
This Document is Protected by copyright and was first published by Frontiers. All rights reserved. it is reproduced with permission

General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

•Users may freely distribute the URL that is used to identify this publication.
•Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 23. Apr. 2024

https://doi.org/10.3389/fneur.2017.00412
https://doi.org/10.3389/fneur.2017.00412
https://birmingham.elsevierpure.com/en/publications/28472d93-8d2b-46ad-9c73-a0f51d15340e


August 2017 | Volume 8 | Article 4121

Original research
published: 22 August 2017

doi: 10.3389/fneur.2017.00412

Frontiers in Neurology | www.frontiersin.org

Edited by: 
Pavel Lindberg,  

Université Paris Descartes,  
France

Reviewed by: 
Margit Alt Murphy,  

University of Gothenburg,  
Sweden  

Elena M. Gutierrez-Farewik,  
Royal Institute of Technology, 

Sweden

*Correspondence:
Rachel L. Wright  

r.wright.1@bham.ac.uk,  
dr.rachelwright@gmail.com

Specialty section: 
This article was submitted  

to Stroke,  
a section of the journal  
Frontiers in Neurology

Received: 12 April 2017
Accepted: 31 July 2017

Published: 22 August 2017

Citation: 
Wright RL, Brownless SB, Pratt D, 
Sackley CM and Wing AM (2017) 

Stepping to the Beat: Feasibility and 
Potential Efficacy of a Home-Based 

Auditory-Cued Step Training  
Program in Chronic Stroke.  

Front. Neurol. 8:412.  
doi: 10.3389/fneur.2017.00412

stepping to the Beat: Feasibility and 
Potential efficacy of a home-Based 
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1 School of Psychology, University of Birmingham, Birmingham, United Kingdom, 2 School of Sport, Exercise and 
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Background: Hemiparesis after stroke typically results in a reduced walking speed, an 
asymmetrical gait pattern and a reduced ability to make gait adjustments. The purpose 
of this pilot study was to investigate the feasibility and preliminary efficacy of home-based 
training involving auditory cueing of stepping in place.

Methods: Twelve community-dwelling participants with chronic hemiparesis completed 
two 3-week blocks of home-based stepping to music overlaid with an auditory metro-
nome. Tempo of the metronome was increased 5% each week. One 3-week block used 
a regular metronome, whereas the other 3-week block had phase shift perturbations 
randomly inserted to cue stepping adjustments.

results: All participants reported that they enjoyed training, with 75% completing all 
training blocks. No adverse events were reported. Walking speed, Timed Up and Go 
(TUG) time and Dynamic Gait Index (DGI) scores (median [inter-quartile range]) significantly 
improved between baseline (speed = 0.61 [0.32, 0.85] m⋅s−1; TUG = 20.0 [16.0, 39.9] s;  
DGI = 14.5 [11.3, 15.8]) and post stepping training (speed = 0.76 [0.39, 1.03] m⋅s−1; 
TUG = 16.3 [13.3, 35.1] s; DGI = 16.0 [14.0, 19.0]) and was maintained at follow-up 
(speed = 0.75 [0.41, 1.03] m⋅s−1; TUG = 16.5 [12.9, 34.1] s; DGI = 16.5 [13.5, 19.8]).

conclusion: This pilot study suggests that auditory-cued stepping conducted at home 
was feasible and well-tolerated by participants post-stroke, with improvements in walking 
and functional mobility. No differences were detected between regular and phase-shift 
training with the metronome at each assessment point.

Keywords: locomotor training, hemiparesis, gait asymmetry, gait rehabilitation, stroke, auditory cueing

inTrODUcTiOn

Stroke is a leading cause of long-term functional disability (1), with 70% of individuals post-stroke 
being classified as household or limited community ambulators based on their walking function (2, 
3). Hemiparesis secondary to stroke typically results in a reduced walking speed and gait is generally 
asymmetrical with abnormal gait biomechanics (4). Gait asymmetry remains resistant to rehabilita-
tion (5), and temporal asymmetry is present in over half of independent ambulatory stroke survivors 
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(6). Large swing time asymmetries are associated with slower 
walking velocities (7) and with lower scores on the Berg Balance 
Scale (8), suggesting that this measure is an important marker 
for diminished balance. Rehabilitation of these gait features is 
a key goal for therapists as gait and balance are important for 
independent mobility and to reduce the risk of falling (9), as well 
as for quality of life (10).

The conventional view is that gait improves over the first 
3–6 months following a stroke and then plateaus (11, 12). This 
view is widely used to discharge patients from motor rehabilita-
tion programs after the initial acute phase (13). However, there 
is evidence that there are benefits of higher doses of training 
on outcome measures and that this is not influenced by time 
since stroke (14) (i.e., months or even years post-stroke). 
Furthermore, there is convincing evidence that gait training in 
the chronic phase can lead to continued improvement in walk-
ing speed (15, 16) and cardiovascular fitness (17, 18).

Auditory rhythm can produce an effect on the motor system, 
and studies have demonstrated the ability to synchronize lower 
limb movements to auditory cues (19, 20). Auditory cueing 
has been investigated as a means to improve hemiparetic gait. 
Chronic stroke participants are able to synchronize to a met-
ronome during treadmill walking (21–23), and improvements 
in temporal symmetry were observed with acoustic pacing 
(21). Stepping in place to an auditory cue results in immedi-
ate reductions in both step time asymmetry and variability in 
participants with post-stroke hemiparesis consistent with those 
observed during cued walking (24). Auditory cueing has been 
used in stroke gait rehabilitation programs, with significantly 
greater improvements in walking speed and stride length in gait 
training with auditory cueing compared to conventional gait 
training (25) and Bobath training (26) and has been proposed 
as one of the most promising approaches to improving gait 
coordination (27).

Stepping in place is a skill that requires components found in 
gait, such as reciprocal flexion and extension of the lower limbs 
by timely coordination and synchronization to create a single 
limb support phase, a swing phase, and a step frequency (28). 
Therefore, this suggests stepping in place is an appropriate form of 
locomotor training for rehabilitation. The temporal asymmetries 
typically seen in hemiparetic walking are also shown during 
stepping in place (24, 28), suggesting that targeting asymmetry 
during stepping in place may have carry-over effects on everyday 
walking. If this is the case, it is possible that step training could be 
used to ensure high movement repetition where space is limited 
(e.g., in the home) as part of walking rehabilitation.

The ability to adapt walking to the demands of the environ-
ment is a key component of everyday mobility. Gait adaptability is 
reduced in people with stroke (22, 29, 30), which may contribute 
to the high incidence of falls during walking in stroke survivors 
(31, 32). Previous research involving correction to a phase shift 
in a metronome has shown that individuals with stroke delay 
correction if the perturbation occurs on the paretic limb (23) and 
that there is a preference for a slower step response when a faster 
step may be more optimal (22). The use of a variable metronome 
(e.g., with phase shifts) may help to simulate the temporal step-
ping adjustments encountered during community walking (i.e., 

curbs, uneven terrain). Therefore, repeated training of stepping 
adjustments may result in an improved ability to adapt gait during 
community walking.

The purpose of this pilot study was to investigate the feasibil-
ity and preliminary efficacy of home-based training involving 
auditory cueing with and without phase-shift adjustments of 
stepping in place. We hypothesized that the training would 
be tolerated by most individuals with minimal adverse events. 
In terms of efficacy of training, we formulated two research 
questions:

 1. Does training of auditory cued stepping result in improved 
walking function?

 2. Does training with auditory-cueing of stepping with phase-
shift adjustments result in improved gait adaptability com-
pared to standard auditory-cued step training?

We hypothesized that stepping training to an auditory 
metronome would lead to improvements in walking speed and 
functional mobility. We also hypothesized that training with 
phase-shift adjustments would improve scores on a measure of 
gait adaptability.

MaTerials anD MeThODs

Participants
Twenty community-dwelling stroke survivors were identified 
(see Figure 1), of which 15 eligible participants (four female) with 
post-stroke hemiparesis gave written, fully informed consent for 
this study. Favorable ethical opinion was granted by the South 
Birmingham Research Ethics Committee and was carried out in 
accordance with the principles laid down by the Declaration of 
Helsinki. Inclusion criteria were as follows: at least 6 months post-
stroke, aged 18  years and over, walking disability but retained 
ability to stand and transfer, and a Rivermead Motor Assessment 
Gross Function (RMA GF) scale score (33) of 6–12 (maximum 
score 13). Participants were excluded if they had cognitive 
impairments preventing understanding of the task, insufficient 
command of English, or hearing impairments reducing ability to 
hear the metronome. Participant characteristics, such as demo-
graphics, time since stroke, affected side, walking aid usage, and 
fear of falling (34) were documented at baseline.

study Design
We used a repeated measures within-subject study cross-over 
design. The choice of design was based on the advantage of 
providing all treatment to all participants and increasing the 
statistical power within the constraints of research funding for 
this pilot study. Participants were randomly assigned to a block 
starting with standard metronome cue-training followed by 
phase-shifted metronome cue-training (Group A) or starting 
with phase-shifted metronome cue-training followed by standard 
metronome cue-training (Group B). Between the two training 
blocks, there was a 3-week wash-out period. After completion 
of the second training block, there was a final 3-week follow-up 
period to assess whether there were any carryover effects.
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FigUre 1 | CONSORT diagram showing the flow of participants through the study.
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intervention
Cueing training was delivered in the home via mp3 player with 
either speakers or headphones (according to participant prefer-
ence) set on a shuffle mode to vary the order of music presenta-
tion. Popular music in digital MIDI format was used to ensure 
temporal stability and precision. A metronome beat was overlaid 
to provide a clear rhythmical beat. For the phase shift condition, 
phase shifts of ±20% were inserted randomly into the music 
tracks at approximately 45–70  s intervals (see Figure  2). Cues 
were delivered initially at participant’s preferred natural stepping 
cadence (determined in the baseline assessment session) and 

were then increased by 5% on each subsequent training week 
by a researcher. On the first home visit, the researcher delivered 
the first training session to check suitability of the cueing tempo 
and to provide guidance if required to the participant. The par-
ticipants were instructed to step in time to the metronome beat. 
Training was self-administered for 15 min on 5 days of the week 
in two 3-week blocks. Participants were informed that they could 
complete the training in multiple blocks (e.g., 3× 5 min sessions) 
through the day if fatigue meant 15 min was too much in one ses-
sion. Participants received a weekly home visit from a researcher 
to encourage adherence to training, to facilitate the increase 
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FigUre 2 | Illustration of standard metronome cues (a) and phase shifts 
within the metronome cues (B); red line demonstrates a phase advance 
(shorter interval) and the green line demonstrates a phase delay  
(longer interval).
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in speed of the prescribed metronome cue, and to address any 
concerns or questions that may have arisen. The research team 
were also contactable by telephone and email between the home 
visits in case any questions arose.

Outcome Measures
The feasibility of the study was assessed by examining adherence, 
retention, and safety. A training diary was left at the participant’s 
home on during the training period so they could document 
when and for how long they trained for. It was stressed by the 
visiting researcher how important it was for the study that this 
was accurate and that any exaggeration on training duration 
could affect the study findings. Any adverse events (e.g., falls) or 
complaints of pain or fatigue were documented.

To establish if the research protocol was successful, some 
objective criteria were established to determine feasibility. 
Attrition was set at ≥15% based on the acceptable drop-out rate 
established by the PEDro scale (35). Adherence was set at ≥70% 
based on previous studies using adults with a physical impair-
ment (36, 37). The intervention was considered safe if there were 
no falls or injuries associated with the stepping training.

As this study aimed to measure the training effects and not 
the immediate effects of cueing, efficacy outcome measures were 
tested without an auditory cue. The primary outcome measures to 
assess whether stepping training was beneficial were self-selected 
comfortable walking speed over 10-m and the 3-m Timed Up 
and Go (TUG) test (38) as a measure of functional mobility. 
Objective, quantitative data were obtained using Mobility Lab 
and six body-worn wireless Opal inertial measurement sensors 
(APDM Inc., Portland, OR, USA) for these measures, which have 
been shown to be valid and reliable for overground walking (39) 
and TUG measures (40). Opal units were worn on the sternum, 
waist, shanks, and feet according to the placement for gait and 
turning analysis. IWALK and GaitTrack within Mobility Lab 
software (APDM Inc., Portland, OR, USA) were used to obtain 
data for walking speed, step time, and swing time. The software 
automatically removes the first and last strides from walking trials 
to give steady-state walking speeds (39). Temporal asymmetry 

measures were calculated as a secondary outcome. Step time and 
swing time asymmetries were quantified using a ratio where the 
paretic time was divided by the non-paretic time (41). A value of 
1 indicated symmetry between the paretic and non-paretic times, 
with values larger than 1 indicating a longer paretic than non-
paretic time (i.e., the further the value away from 1, the higher the 
asymmetry). ITUG software (APDM Inc., Portland, OR, USA) 
was used to obtain TUG times (40).

The primary outcome measure to assess whether step train-
ing with phase shifts provided any additional benefits over 
standard training was the Dynamic Gait Index (DGI) (42). 
The DGI is an evaluation of an individual’s ability to modify 
gait in response to eight different task demands, e.g., stepping 
over an obstacle, and is the most extensively tested measure 
of walking adaptability in stroke populations (30). The DGI 
is scored out of 24, with higher scores indicating higher levels 
of mobility.

All efficacy outcome measures were assessed immediately prior 
to the first training block (baseline), after the first 3-week training 
block (Assessment 2), after the first 3-week break (Assessment 3),  
after the second 3-week training block (Assessment 4), and 
3 weeks after the end of training (follow-up). All outcome meas-
ures were studied by the same un-blinded assessor.

statistical analysis
Statistical analyses were conducted using SPSS version 21.0 
(IBM Corp., Chicago, IL, USA). As the data were not normally 
distributed, non-parametric statistics were employed. To deter-
mine whether stepping training at home with auditory cues was 
beneficial, a related-samples Friedman’s Analysis of Variance 
was used to assess whether there were any differences between 
baseline (Assessment 1), post-training (Assessment 4), and 
follow-up (Assessment 5), using all participant data. If differ-
ences between assessments were detected, post hoc analysis using 
related-samples Wilcoxon Signed-Rank test with Bonferonni 
correction determined the location of these differences [i.e., 
baseline (Assessment 1) vs Assessment 4, baseline vs follow-up 
(Assessment 5) and Assessment 4 vs follow-up]. If a significant 
difference was observed, the effect size r was estimated from 
the z-score. To compare training with standard with phase-shift 
metronome training, independent Mann–Whitney U tests with 
Bonferroni adjustment were computed to determine training 
group differences at each assessment point for the walking speed, 
TUG time and DGI outcome variables. A significance level of 
p < 0.05 was used in all tests.

Data were also compared to published minimal detectable 
change values for walking speed (43), TUG time (44), DGI (45), 
and asymmetry ratios (46) to assess whether any observed changes 
would be considered clinically meaningful. Walking speed was 
also considered in terms of functional walking categories (2).

resUlTs

Feasibility
Of 15 participants recruited to the study, data were excluded for 
3 participants (20%) who did not complete the study; therefore, 
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TaBle 1 | Demographic and clinical features of the participants (n = 12; 
Mean ± SD unless stated).

Age (years) 56 ± 11
Sex 9 males; 3 females
Time since lesion (months) 68 ± 42
Affected side 7 left; 5 right
RMA GF (max 13) 10 ± 1
FES-I (max 64) 29 ± 7
Walking aid 9 yes; 3 no

RMA GF, Rivermead Motor Assessment Gross Function; FES-I = Falls Efficacy Scale 
International.

TaBle 2 | Outcome measures across the assessments (Median [IQR]).

assessment 1 assessment 2 assessment 3 assessment 4 assessment 5 χ2 p

Walking speed (m⋅s−1) All (n = 12) 0.61 [0.32, 0.85] 0.73 [0.36, 0.94] 0.73 [0.38, 0.98] 0.76 [0.39, 1.03]* 0.75 [0.41, 1.03] 8.667 0.013
Group A (n = 7) 0.66 [0.25, 0.87] 0.73 [0.24, 0.97] 0.73 [0.25, 0.99] 0.77 [0.22, 1.04] 0.76 [0.25, 1.04]
Group B (n = 5) 0.54 [0.35, 0.76] 0.72 [0.39, 0.99] 0.74 [0.40, 1.03] 0.76 [0.41, 1.06] 0.75 [0.42, 1.07]

TUG (s) All (n = 12) 20.0 [16.0, 39.9] 19.0 [14.6, 35.7] 17.0 [14.5, 36.6] 16.3 [13.3, 35.1]* 16.5 [12.9, 34.1] 18.500 <0.001
Group A (n = 7) 19.8 [16.0, 53.7] 19.6 [15.8, 46.3] 17.1 [14.8, 45.3] 17.0 [14.3, 46.9] 15.7 [13.0, 42.2]
Group B (n = 5) 20.7 [12.7, 36.7] 18.4 [12.3, 33.4] 16.9 [12.2, 34.4] 15.6 [10.3, 33.3] 17.3 [10.1, 31.72]

DGI (score; max 24) All (n = 12) 14.5 [11.3, 15.8] 16.0 [12.3, 18.5] 14.5 [12.3, 18.0] 16.0 [14.0, 19.0]* 16.5 [13.5, 19.8] 10.364 0.006
Group A (n = 7) 12.0 [11.0, 16.0] 16.0 [11.0, 16.0] 14.0 [11.0, 19.0] 16.0 [11.0, 20.0] 17.0 [11.0, 20.0]
Group B (n = 5) 15.0 [13.0, 17.0] 15.0 [12.5, 20.0] 15.0 [12.5, 17.5] 16.0 [14.0, 19.0] 16.0 [14.0, 19.5]

Step Time Asymmetry (n = 9) 1.24 [1.14, 1.83] 1.21 [1.11, 1.42] 1.25 [1.14, 1.48] 1.22 [1.02, 1.32] 1.24 [1.08, 1.40]

Swing Time Asymmetry (n = 9) 1.57 [1.19, 1.60] 1.40 [1.17, 1.66] 1.43 [1.18, 1.56] 1.32 [1.12, 1.50] 1.30 [1.19, 1.53]

*Indicates a significant difference from baseline.
TUG, Timed Up and Go; DGI, Dynamic Gait Index.
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the attrition rate was higher than the 15% threshold. One par-
ticipant withdrew due to illness, one participant withdrew due 
to a foot injury (unrelated to training), and a third participant 
was withdrawn by the research team after failing to be at home 
on several pre-arranged home visits. Therefore, 12 participants 
(80%) completed the intervention (see Table 1). There were no 
adverse events, e.g., falls, reported during training.

Based on the self-reported training diaries, 9 of the 12 partici-
pants (75%) completed all training sessions (i.e., 5× 15 min per 
week on all 3 weeks of both blocks) and, therefore, satisfied the 
criteria for adherence to training. Of the three participants who 
did not complete all training sessions: one participant completed 
2 sessions of 10 min rather than 15 during the intervention, one 
participant missed one session of training but completed all other 
sessions, and one participant tended to complete 10–12 min of 
training each day rather than the full 15  min. Adherence was 
similar across training blocks A and B, but two participants stated 
they did not see the benefit of the phase shifts. Some participants 
suggested that increases and decreases in the tempo (i.e., speed) 
of the metronome/music within a training block might be useful. 
Overall, the participants reported that they enjoyed training, and 
five participants requested to keep the music once the study was 
completed.

efficacy of stepping Training
Significant differences between assessments were detected for 
walking speed χ2(2) = 8.667, p = 0.013. Wilcoxon tests were used 

to follow up this finding with a Bonferroni-adjusted α-value of 
0.017. Walking speed at assessments 4 (p  =  0.005, r  =  −0.82) 
and 5 (p = 0.006, r = −0.79) were significantly quicker than at 
Assessment 1 (baseline). There was no difference in walking speed 
between Assessments 4 and 5 (p = 0.272), indicating that walking 
speed improvements were maintained at follow-up (see Table 2 
for full results). The increases in walking speed exceeded the MDC 
value of 0.10  m⋅s−1 indicating this was a clinically meaningful 
improvement in walking speed. By follow-up, one participant had 
changed functional walking category from household to limited 
community ambulatory and two participants had changed from 
limited community to full community ambulatory.

Significant differences between assessments were detected for 
TUG time χ2(2) = 18.500, p < 0.001. Wilcoxon tests were used to 
follow up this finding, with a Bonferroni-adjusted α-value of 0.017. 
TUG times at assessments 4 (p = 0.004, r = −0.84) and 5 (p = 0.002, 
r = −0.88) were significantly shorter than those at baseline. Due 
to the Bonferonni-adjusted α-value, there was not a significant 
difference between assessments 4 and 5 (p  =  0.028), suggesting 
that the training improvements are maintained at follow-up. 
Significant differences between assessments were also detected for 
DGI χ2(2) = 10.364, p = 0.006. Wilcoxon tests were used to follow 
up this finding, with a Bonferroni-adjusted p-value of 0.017. DGI 
scores at assessments 4 (p = 0.012, r = −0.72) and 5 (p = 0.010, 
r = −0.74) were significantly improved from baseline. There were 
no differences in scores between Assessments 4 and 5 (p = 0.100). 
Improvements on both TUG and DGI had exceeded MDC values 
post-stepping training. Therefore, these results indicate that step-
ping training results in improvements in functional mobility.

Due to technical issues with the Opal sensors, individual step 
and swing time measures for the walking trials were not available 
for three participants on one assessment. Therefore, there are 
only step and swing time ratio data for nine participants across 
all assessments and no statistics were run on these data due to 
the small remaining sample size. Visual inspection of the data 
suggests that the median step time symmetry ratio did not change 
over the course of the training (Table  2), whereas the median 
swing time asymmetry ratio appears to decrease at every assess-
ment and exceeded the MDC value of 0.26 by follow-up.
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efficacy of step Training with Phase-shifts
The primary outcome measure for assessing the efficacy of step 
training with phase-shifts was the DGI to assess gait adaptability. 
The independent Mann–Whitney U tests showed that there are 
no significant differences between treatment groups for DGI 
scores across the assessments [Assessment 1 (Baseline) p = 0.432, 
Assessment 2 p = 1.000, Assessment 3 p = 0.876, Assessment 4 
p = 0.876, and Assessment 5 (Follow-up) p = 1.000]. Therefore, 
the hypothesis that training with phase-shifts would lead to 
greater improvements in gait adaptability than standard training 
was not supported.

There were also no significant differences between groups for 
walking speed across the assessments [Assessment 1 (baseline) 
p  =  0.755, Assessment 2 p  =  0.876, Assessment 3 p  =  0.755, 
Assessment 4 p = 0.876, and Assessment 5 (Follow-up) p = 0.876]; 
or between groups for TUG time across the assessments 
[Assessment 1 (baseline) p  =  0.755, Assessment 2 p  =  0.639, 
Assessment 3 p = 0.530, Assessment 4 p = 0.530, and Assessment 
5 (Follow-up) p = 0.639]. These results indicate the two groups 
were appropriately matched at baseline and that the improve-
ments in these measures observed with stepping training were 
comparable regardless of whether the step training cueing was via 
a standard metronome or incorporated phase shifts.

DiscUssiOn

This study assessed the feasibility and preliminary efficacy of 
home-based auditory cued stepping training in participants 
with post-stroke hemiparesis. Training was cued by metronome-
enhanced music in two blocks with and without phase shifts for 
step adaptability training. Of those enrolled, 20% (three par-
ticipants) dropped out or were removed during the first training 
block. Although attrition was higher than the 15% threshold, no 
participant withdrew from the study citing a lack of enjoyment in 
the intervention. There were no adverse events reported in rela-
tion to training. Our findings indicate the auditory-cued stepping 
training can be feasibly and acceptably delivered in the home, as 
there was a good adherence to the target treatment frequency. The 
results did not detect differences between standard and phase-
shift training at each assessment point, but the training overall 
produced significant improvements in walking speed, TUG 
performance, and DGI performance. There was also a trend for a 
reduction in swing time asymmetry.

Increasing walking speed is a common goal in post-stroke 
rehabilitation for both therapists and stroke survivors. There 
was a significant increase in walking speed between baseline 
and post-step training. This increase for the median value was 
above the 0.10 m⋅s−1 considered a substantial meaningful change 
for the 10-min walk test (43), and visual inspection of the data 
revealed that this MDC value was achieved by Assessment 2 
(after 3  weeks of training; Table  2). By considering functional 
walking categories based on walking speed (2), one participant 
had changed from household ambulatory to limited community 
ambulatory and two participants had changed from limited com-
munity to full community ambulatory by the end of the study. 
Transitioning to a higher category of ambulation is associated 

with a higher level of function, quality of life, and increased com-
munity participation (10).

The increase in walking speed was matched by improvements 
on functional mobility tests. A statistically significant improve-
ment in TUG time occurred between baseline and post-stepping 
training. TUG time had improved more than the minimum 
detectable change (MDC; >2.9 s) value for this test from baseline 
by Assessment 4 (44), indicating that this improvement is clini-
cally meaningful but also suggesting that a longer period of step 
training (6 vs 3 weeks) is needed for TUG to exceed the MDC 
value than was needed for walking speed. Previous research has 
also suggested that the time-course for TUG to improve above the 
MDC, in response to training, is longer than for walking speed 
(47). The improvement in score on the DGI between baseline and 
follow-up was greater than the 1.9 MDC value for older adults 
(45) but below the 2.6 MDC value for chronic stroke (48). Of the 
12 participants, 10 scored lower than 19 on the DGI at the start of 
the study, indicating that these participants would be considered 
at higher risk of falling (49), with two participants transitioning 
from below this fall risk threshold to above this threshold by 
Assessment 4 (and maintained at follow-up).

Swing time asymmetries showed a tendency to reduce after 
training and had decreased by 0.27 between baseline and follow-
up exceeding the MDC value (0.26) for this measure (46). Despite 
asymmetries during walking being a common feature in post-
stroke hemiparesis, many people are capable of walking in a sym-
metrical fashion (50, 51). In addition, chronic stroke survivors 
may underestimate the magnitude of their walking asymmetry 
(52); therefore, asymmetries are likely to be established walking 
patterns in those with chronic hemiparesis (51). The motor sys-
tem is very sensitive to stimulation by the auditory system (53); 
therefore auditory cueing may help to re-establish more sym-
metrical gait patterns through perceptual-motor anchoring (21).

There were no differences in outcome measures based on audi-
tory cueing with or without phase shift perturbations. There have 
only been a small number of studies that have investigated step 
training in variable contexts, and these suggest that training is 
well tolerated with noticeable walking improvements (18, 36). To 
date, it has not been demonstrated that variable stepping training 
has advantages over conventional stepping training. However, as 
gait adaptability is reduced in post-stroke hemiparesis (22, 29, 30),  
it is feasible that stepping training with a variable context has 
benefits for gait stability and function that are yet to be docu-
mented. It is also possible that the DGI is not a sensitive enough 
instrument to detect improvements in gait adaptability between 
two slightly different training protocols and that a different out-
come measure is warranted to assess this aspect of gait. Recent 
research has developed an overground gait adaptability test that 
may be a more suitable outcome measure for training in this 
context (36, 54).

Although physical activity was not monitored during home 
training, 9 of the 12 (75%) participants reported a completion 
of 15 min of step training on 5 days of the week and, therefore, 
the adherence criteria for the study was achieved. The remaining 
three participants reported an occasional day where they did not 
complete 15 min of training (e.g., 10 min rather than 15). Based 
on the mean tempo of the group during the first week of training 
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(72 beats⋅min−1), this is a mean of 1,080 steps per day (5,040 steps 
per week). Individuals in the chronic phase post-stroke perform 
notably reduced amounts of daily stepping than sedentary older 
adults, even in those receiving physiotherapy (55). This suggests 
that individuals post stroke are not performing enough repetitions 
for neuroplasticity benefits in locomotor training, and seden-
tary behavior is commonly reported in individuals after stroke  
(56, 57) and is associated with multiple adverse health outcomes 
(58). Low levels of physical activity may lead to the loss of 
functional benefits from rehabilitation and is associated with a 
decline in mobility status in chronic stroke (59). A previous study, 
utilizing intensive locomotor training similar to the amount of 
stepping in the current study, showed improvements in walking 
performance after discharge from rehabilitation for reaching a 
“recovery plateau” and this was likely to be related to the high 
dose of training (17). Therefore, any gait intervention that pro-
vides a high dose of training is not only beneficial for continued 
improvement in mobility in chronic hemiparesis but is likely 
to also provide additional health benefits through increasing 
activity. A larger, follow-on study should monitor activity during 
training and also incorporate a measure of physical fitness (e.g., 
the 6-min walk test) to assess whether there are physiological 
improvements with training.

Rehabilitation at home is associated with improved functional 
outcomes and lower utilization of health services (60). Home-
based exercise also has the advantage of being accessible to all 
participants, where transport to facilities may present a barrier to 
participation to some individuals. Previous research has shown 
that unsupervised, home-based exercise can lead to significant 
physical gains (61). All 12 participants reported they enjoyed 
taking part in the current study, and 5 participants requested to 
keep the training music to continue the step training once they 
had completed the study. Future research should investigate the 
feasibility and efficacy of physiotherapist-prescribed stepping 
training using auditory cueing as regular home-exercise between 
therapy sessions.

The primary limitations of this preliminary study included a 
lack of a control group and un-blinded assessors. Given that both 
walking speed and TUG times were measured using an objec-
tive, accelerometer-based system, we believe that subjective rater 

influence was limited. It cannot be excluded that similar findings 
may be achieved with an intervention of an equal intensity, but 
of a different modality. The small sample size may also limit the 
generalizability of the findings. The present data and derived 
effect sizes now permit the calculation of sample sizes for future 
randomized controlled trials in similar populations.

In summary, a home-based stepping training program with 
metronome-enhanced music was tolerated by all the participants 
for the two 3-week periods of training. Walking speed significantly 
increased with stepping training and was maintained at follow-up. 
Time Up and Go times significantly decreased and Dynamic Gait 
Index scores improved with stepping training. These findings are 
promising with respect to improvement in functional walking 
ability in chronic post-stroke hemiparesis and warrant future 
research, preferably a randomized controlled trial contrasting 
auditory-cued stepping training with another training modality 
[e.g., a structured home exercise program (62) or virtual reality 
training (63)].
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