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Abstract: There is a growing body of research examining the potential benefits of music therapy-based
auditory stimulation (MT) for individuals with movement disorders in improving gait performance.
However, there is limited knowledge about the effects of MT on gait outcomes in individuals with
traumatic brain injury (TBI) or spinal cord injury (SCI). A previous review of MT’s impact on gait in
TBI had limitations, and there are no studies on its effects on gait in SCI. In this study, we conducted
a meta-analysis to more thoroughly evaluate the impact of MT on gait outcomes in individuals with
TBI and SCI. We systematically searched through eight databases and found six studies on MT in
TBI and four on SCI. Our meta-analysis showed that MT has positive medium effect improvements
on spatiotemporal aspects of gait in individuals with TBI (Hedge’s g: 0.52) and SCI (0.53). These
findings suggest that MT could be a practical intervention for enhancing different aspects of gait
in these populations, although the limited number and “fair” quality of the studies included in the
meta-analysis may affect the generalizability of the outcomes. Further research is needed to fully
understand the mechanisms by which MT may influence gait and determine the optimal parameters
for its use.

Keywords: music therapy; gait; neurorehabilitation; auditory cueing; traumatic brain injury; spinal
cord injury

1. Introduction

Traumatic brain injury (TBI) and spinal cord injury (SCI) are leading causes of dis-
ability worldwide [1], with gait disturbances being a common and potentially debilitating
consequence [2–4]. Gait, or the manner in which an individual walks, is a complex motor
task that requires the integration of sensory, cognitive, and motor processes [5]. These
processes can be disrupted following TBI and SCI [2,4], leading to impairments that can
impact mobility, independence, and quality of life [6,7]. Despite recent advancements in
rehabilitation, gait deficits remain prevalent among individuals with TBI and SCI [8,9].

The use of music therapy-based auditory stimulations (MT) to achieve therapeutic
goals has emerged as a promising intervention for individuals with TBI and SCI [10]. MT
has been shown to influence various aspects of physical and cognitive functioning [11],
including gait, in individuals with TBI and SCI [12–14]. Studies have suggested several
methods by which MT can facilitate the spatial and temporal aspects of gait (i.e., speed,
cadence, stride length etc.). For instance, the auditory stimulation during MT can provide
external rhythmic cueing that can entrain or synchronize an individual’s gait pattern with
the cue [15,16]. TBI can cause damage to various areas of the brain involved in timing and
coordination, such as the cerebellum and basal ganglia [17,18], and as a result, these deficits
in internal timing can manifest in various ways, including difficulty with gait, balance, and
coordination [19]. Similarly, in SCI, depending upon the level and severity of the injury,
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the timing of movements, especially during gait, could be affected due to the upregulation
of H-reflexes [20], loss of sensation [21], and muscle tone [22,23]. Here, auditory cueing
with MT can provide an external, reliable source of temporal information that can be used
to synchronize movement and improve gait stability, coordination, and efficiency [24–26].
Furthermore, MT can also be used to provide feedback on gait parameters and to distract
individuals from pain or discomfort associated with gait [27–29].

Specifically, the neurophysiological mechanisms by which MT may improve gait in
individuals with TBI and SCI are not fully understood [30,31], but may involve the acti-
vation of neural networks involved in gait [32], improvement in attention and executive
function [33], and the modulation of emotional and behavioural responses [34–37]. Like-
wise, based on the existing evidence, it could be hypothesized that prolonged training
with auditory stimulation could facilitate motor recovery in TBI and SCI by simply in-
creasing connectivity between auditory and motor networks, especially in the alpha, beta,
and gamma frequency bands [38,39]. In addition, MT may have aided in the recovery
of gait in individuals with TBI and SCI, not only through its neurophysiological impact,
but also by decreasing interference in cognitive-motor domains [40–42], enhancing joint
proprioception [43–45], reducing variability in muscular co-activations [46], boosting moti-
vation [47], and increasing arousal [48–50]. Furthermore, due to its dynamic character, MT
has the ability to enhance motor performance in a patient-centred approach [51,52]. This
approach involves mapping MT onto the individual’s movement characteristics, allowing it
to adjust to the preferred cadence of the gait or the personalized movement characteristics
of the performer [26,53]. This customization enables MT to be delivered according to the
person’s preferences, such as being superimposed on their preferred type of music. This
can lead to added benefits such as active participation and increased motivation for the
performer [54–56]. These characteristics of MT align with the recommended best practice
principles of neurorehabilitation, which advocate for interventions to be challenging, inten-
sive, repetitive, intriguing, and highly task-specific in order to promote recovery [57–59].

Despite mounting evidence suggesting the beneficial influence of MT on spatiotem-
poral gait parameters, a lack of consensus exists in the literature regarding its efficacy.
This lack of consensus exists primarily at the level of individual clinical trials. This lack
of agreement is particularly evident at the level of individual clinical trials. For example,
some trials have reported improvements in spatiotemporal outcomes of gait in TBI and
SCI with the use of MT [16,60–63], whereas others have suggested that MT has either no
effect [64,65], or that it can even adversely impact the gait parameters [66]. With respect to
evidence-based synthesis, to date, only one meta-analysis study has assessed the influence
of MT on gait performance in individuals with TBI [12], whereas one recent scoping review
evaluated the influence of MT on SCI [13]. The meta-analysis for TBI has limitations in
terms of both analytical and methodological aspects. Here, the meta-analysis included
three studies reporting the outcome of gait speed, cadence, and stride length (i.e., a study by
Nayak, Wheeler [67], Hurt, Rice [16], and a conference proceeding by Thaut and colleagues).
The study by Nayak, Wheeler [67], which was included in the meta-analysis, had not even
evaluated the influence of MT on spatiotemporal parameters of gait. Moreover, the review
also cited a study by Thaut and colleagues, an abstract from a conference proceeding in
which the authors presented the findings of Hurt and Rice [16] (i.e., the third study). This
means that the authors Mishra, Florez-Perdomo [12] wrongly reported the outcomes of gait
speed in their meta-analysis. This discrepancy in terms of the overall meta-analysis raises
questions regarding the scientific vigour of their analysis and, eventually, their overall
findings. Regarding the scoping review among individuals with SCI, a lack of statistical
analysis concerning the influence of MT on gait outcomes limits our ability to interpret the
results regarding the overall magnitude of impact MT has on gait recovery following SCI.

In light of the current gaps in the literature, this mini-review aims to systematically
evaluate the impact of MT on various spatiotemporal parameters of gait, including gait
speed, cadence, stride length, and step length, on individuals with TBI and SCI through a
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meta-analytic approach. Additionally, this review will examine the effect of MT on gait
symmetry in individuals with TBI.

2. Materials and Methods

The systematic review and meta-analysis were performed in accordance with the
PRISMA-SR 2020 guidelines. The checklist for this process is included in Table S1. The
review had been pre-registered on the Open Science Framework (https://osf.io/crmpw).

2.1. Data Sources and Search Strategy

The systematic literature search was conducted across eight databases (EMBASE, PRO-
QUEST, Psychinfo, PEDro, Web of Science, Pubmed, EBSCO, Scopus) for the publication
period from January 1970 until January 2023. These databases were chosen on the basis of
access provided by the academic organization. The appropriate PICOS search terms have
been provided in Supplementary Table S2. The authors also searched the reference section
of the included studies.

The search criteria for selecting appropriate studies in the review were developed
according to the PICOS approach (Population, Intervention, Comparator, Outcome of
interest, and Study design). The criteria for inclusion were developed by two authors
(S.G, I.G). A detailed list of relevant search terms used has been provided in the pre-
registration protocol. The inclusion criteria were as follows: (1) Population groups with TBI;
(2) Population groups with SCI; (3) Studies assessing the effect of MT on spatiotemporal
parameters of gait; (4) Studies assessing the effect of MT on gait symmetry; (5) All types
of quantitative clinical studies including randomized controlled trials, controlled clinical
trials, crossover trials, longitudinal studies, cohort analyses, case series, feasibility studies,
and case studies will be included; (6) Studies scoring more than or equal to 4 on the PEDro
scale; (7) Studies published in peer-reviewed academic journals; and (8) Studies published
in either English, French, German, or the Hindi language.

The screening of the titles, abstracts and full texts of all the studies was conducted
by two authors. In the case of discrepancies regarding the selection of relevant studies,
discussions were held between the two authors. The following information was extracted
from the articles: name of authors, country, demographic information (i.e., participant
age, total sample size, sex), Glasgow Coma Scale information for individuals with TBI,
ASIA scale information for individuals with TBI, years since injury, assessed outcomes, MT
training schedule, MT characteristics, and the result of the studies.

2.2. Evaluation of the Methodological Quality

The methodological quality of the included studies utilized the PEDro scale [68]. The
PEDro scoring quality appraisal can be interpreted as follows: studies scoring between 9
to 11 are considered of “excellent quality”, 6 to 8 are of “good quality”, 4 to 5 are of “fair
quality”, and those with a score of less than or equal to 3 are considered to be of “poor
quality” [69]. The appraisal of the studies was conducted by two authors independently.

2.3. Data Analysis

A random effect meta-analysis was conducted with Comprehensive meta-analysis
(V 4.0) [70]. We carried out within-group analyses using the respective studies’ spatiotempo-
ral gait parameters and gait symmetry. A between-group meta-analysis was not conducted
due to the paucity of data concerning the control group in the included studies. The meta-
analysis results included weighted and adjusted effect size (i.e., Hedge’s g), 95% confidence
interval (C.I.), and significance level. The effect size was interpreted as small for <0.16,
medium for≥0.38 to 0.76, and large for >0.76 [71]. The results were presented in forest plots.
The heterogeneity of the included studies was quantified using I2 statistics. Heterogeneity
was considered negligible for 0% to 25%, moderate for 25% to 75%, and substantial for
>75% [72]. We also conducted “leave-one-out” sensitivity analyses to test the robustness
of our findings and explore the heterogeneity. The method systematically removes each

https://osf.io/crmpw
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study from the meta-analysis and re-analyzes the data to assess the influence of individual
studies on the overall results. This helps to identify studies that may be driving the results
and assess the robustness of the findings [73]. Additionally, an assessment of publication
bias was carried out according to the trim and fill procedure by Duval and Tweedie [74].
The study’s significance level was set at 5%.

3. Results

After searching through nine databases and one registry, a total of 2356 articles were
found. The articles were then screened using the PICOS inclusion criteria, resulting in
only 10 articles being included. The entire selection process is illustrated in Figure 1 [75].
The qualitative data were then extracted from all of the included studies, as shown in
Tables 1 and 2. The data from one case study could not be included in the meta-analysis
because the data of only a single participant was reported in the study [76].
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Table 1. Details of studies evaluating individuals with traumatic brain injury.

Authors
Country of Research

Sample Size (N)
Gender Distribution
(F, M)
(Age in Years as Mean
± SD/Range)

Glasgow Coma Scale
Years Since Injury

Outcomes Training Schedule Music Therapy (MT)
Characteristics

Results

Thompson, Hays [63]

USA

N = 10

2F, 8M

(37.9 ± 15.2)

4.1 ± 1.6

1.3 to 16.9

Gait speed
Cadence
Step length
Functional gait
assessment
10-m walk test
(meter/sec)
10-m walk test (sec)

Session length: 30 min
Times per week: -
Weeks: 2

Total sessions: 10

Rhythmic click as per
preferred cadence
added to preferred
music

Gait speed: ↑ with MT.
Cadence: ↑ with MT.
Step length: ↑ with MT.
Functional gait assessment: ↑ with MT.
10-m walk test (meter/sec): ↑ with MT.
10-m walk test (sec): ↓ with MT.

Sheridan, Thaut [65]

USA

N = 1

1M

42

-

-

Preferred pace,
maximum pace
Gait speed
Cadence
Step length
Step time variability
Step length
variability
Step width
variability
Clinical gait and
balance measures
6-min walk test

Session length: 30 min
Times per week: 3
Weeks: 3

Rhythmic auditory
stimulation with
music recordings at a
predetermined
frequency

Gait speed: ↑ with MT.
Cadence: No difference.
Step length: ↑ with MT.
Step time variability: ↓ with MT.
Step length variability: ↓ with MT.
Step width variability: No difference.

N = 1

1M

54

Gait speed: ↓ with MT.
Cadence: ↓ with MT.
Step length: ↓ with MT.
Step time variability: ↑ with MT.
Step length variability: ↑ with MT.
Step width variability: ↑ with MT.
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Table 1. Cont.

Authors
Country of Research

Sample Size (N)
Gender Distribution
(F, M)
(Age in Years as Mean
± SD/Range)

Glasgow Coma Scale
Years Since Injury

Outcomes Training Schedule Music Therapy (MT)
Characteristics

Results

Park [77]

South Korea

N = 1

1M

(10)

-

0.6

Gait speed
Cadence
Step length
Stride length
Step time
Stride time
Gait symmetry

Session length: 30 min
Times per week: -
Weeks: 3

Total sessions: 8

Rhythmic harmonic
stimulation at
preferred cadence
with music

Gait speed: ↑ with MT.
Cadence: ↑ with MT.
Step length: ↑ with MT on the left side,
↓ with MT. On the right side.
Stride length: ↑ with MT.
Step time: ↓ with MT on the left side, ↑
with MT. On the right side.
Stride time: ↑ with MT.
Gait symmetry (kinematic parameters
of hip and knee): ↑ with MT.

N = 1

1F

(14)

-

0.6

Gait speed: ↑ with MT.
Cadence: ↑ with MT.
Step length: ↑ with MT.
Stride length: ↑ with MT.
Step time: ↑ with MT.
Stride time: ↑ with MT.

Gait symmetry (kinematic parameters
of hip and knee): ↑ with MT.

N = 1

1M

(16)

-

1.1

Gait speed: ↑ with MT.
Cadence: ↑ with MT.
Step length: ↑ with MT.
Stride length: ↑ with MT.
Step time: ↑ with MT.
Stride time: ↑ with MT.
Gait symmetry (kinematic parameters
of hip and knee): ↑ with MT.

Goldshtrom,
Knorr [76]

USA

N = 1

1F

24

-

9

Gait speed
Cadence

Session length: -
Times per week: -
Weeks: -

Rhythmic exercise
program with
auditory cues

Gait speed: ↑ with MT.
Cadence: ↑ with MT.
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Table 1. Cont.

Authors
Country of Research

Sample Size (N)
Gender Distribution
(F, M)
(Age in Years as Mean
± SD/Range)

Glasgow Coma Scale
Years Since Injury

Outcomes Training Schedule Music Therapy (MT)
Characteristics

Results

Wilfong [62]

USA

N = 7

3F, 4M

(34.7 ± 13.6)

-

-

Gait speed
Cadence

Stride length

Session length: 15 min
Times per week: 3
Weeks: 3

Rhythmic auditory
stimulation with a
timed metronome

Gait speed: ↑ with MT.
Cadence: ↑ with MT.
Stride length: ↑ with MT.

Hurt, Rice [16]

USA

N = 8

3F, 5M

(30 ± 5)

-

0.3 to 2

Normal gait, fast gait
Gait speed
Cadence
Stride length
Gait symmetry

Session length: -
Times per week: -
Weeks: -

Rhythmic auditory
stimulation at the
preferred cadence

Normal gait
Gait speed: ↑ with MT.
Cadence: ↑ with MT.
Stride length: ↑ with MT.
Gait symmetry: ↑ with MT.
Fast gait
Gait speed: ↓ with MT.
Cadence: ↓ with MT.
Stride length: ↓ with MT.
Gait symmetry: ↑ with MT.

Session length: -
Times per week: 7
Weeks: 5

Normal gait
Gait speed: ↑ with MT.
Cadence: ↑ with MT.
Stride length: ↑ with MT.
Gait symmetry: ↑ with MT.
Fast gait
Gait speed: ↑ with MT.
Cadence: ↑ with MT.
Stride length: ↑ with MT.
Gait symmetry: ↑ with MT.

F: Female, M: Male, MT: Music therapy.
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Table 2. Details of studies evaluating individuals with spinal cord injury.

Authors
Country of Research

Sample Size (N)
Gender Distribution (F,
M)
(Age in Years as Mean
± SD/Range)

ASIA Score
Years Since Injury

Outcomes Training Schedule Music Therapy (MT)
Characteristics

Results

Singhal and Kataria [61]

India

MT: N = 4

4M

(32.2 ± 16.8)

ASIA C: 2

ASIA D: 2

-

Gait speed
Cadence
Step length
Walking index for
spinal cord injury II

Session length: 30 min
Times per week: -
Weeks: 2

Total sessions: 10

Rhythmic auditory
stimulation at preferred
cadence with a
metronome with
bodyweight supported
treadmill

Gait speed: ↑ with MT.
Cadence: ↑ with MT.
Step length: ↑ with MT.
Walking index for spinal
cord injury II: ↑ with MT.

Ct: N = 4

4M

(32 ± 4)

ASIA C: 2

ASIA D: 2

-

Bodyweight supported
treadmill

Gait speed: ↑ with MT.
Cadence: No difference.
Step length: ↑ with MT.
Walking index for spinal
cord injury II: ↑ with MT.

Tamburella, Lorusso [64]

Italy

N = 4

4M

(35.2 ± 15.5)

ASIA D: 3

One patient not
specified

0.30 to 1

Gait speed Session length: -
Times per week: -
Weeks: -

Total sessions: 1

Load-related auditory
feedback (low and high
pitch tones) with a crutch

Gait speed: No difference.

Amatachaya,
Keawsutthi [60]

Thailand

N = 29

7F, 22M

(44 ± 15.2)

ASIA C: 4

ASIA D: 25

16 to 27

Gait speed
Stride length
Cadence
Step symmetry

Session length: -
Times per week: -
Weeks: -

Rhythmic auditory
stimulation with
metronome 25% faster
than preferred cadence

Gait speed: ↑ with MT.
Stride length: No difference.
Cadence: ↑ with MT.
Step symmetry: ↑ with MT.

de l’Etoile [66]

USA

N = 17

4F, 13M

(41)

-

5.8 ± 4.8

Gait speed

Cadence
Stride length

Session length: -
Times per week: -
Weeks: -

Rhythmic auditory
stimulation at the
preferred cadence

Gait speed: ↓ with MT.
Cadence: ↓ with MT.
Stride length: ↑ with MT.

Rhythmic auditory
stimulation at 5% faster
than normal cadence

Gait speed: ↓ with MT.
Cadence: ↓ with MT.
Stride length: ↓ with MT.

F: Female, M: Male, ASIA: American Spinal Injury Association classification, MT: Music therapy.
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3.1. Study Design

Of the ten included studies, one was a randomized controlled trial [61], six were
quasi-experimental studies [16,60,62–64,66], two were case studies [65,77], and one was a
case study [76].

3.2. Country of Research

Six of the included studies were conducted in the USA [16,62,63,65,66,76], and one
each was conducted in India [61], Italy [64], South Korea [77], and Thailand [60].

3.3. Risk of Bias

The individual PEDro scoring of each included study is presented in Figure 2 and
Table 3. In the included studies, two studies scored 6 [61,66], five studies scored 5 [16,60,62–64],
and three studies scored 4 [64,76,77]. The included studies had an average PEDro score of
4.9 ± 0.7, indicating a “fair” overall quality of the studies.

Table 3. Detailed PEDro scoring (+: bias absent, -: bias present).
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Singhal and Kataria [61] 6 + + + + - - - - + - +
Tamburella, Lorusso [64] 5 + - + + - - - - + - +
Thompson, Hays [63] 5 + - + + - - - - + - +
Sheridan, Thaut [65] 4 + - + + - - - - - - +
Park [77] 4 + - + + - - - - - - +
Goldshtrom, Knorr [76] 4 + - + + - - - - - - +
Amatachaya, Keawsutthi [60] 5 + + + + - - - - - - +
Wilfong [62] 5 + + + + - - - - - - +
de l’Etoile [66] 6 + + + + - - + - - - +
Hurt, Rice [16] 5 + + + + - - - - - - +

3.4. Publication Bias

Figure 3 demonstrates the occurrence of publication bias using Duval and Tweedie’s
trim and fill procedure. The results showed no indication of missing studies on either
side of the mean effect. The combined studies were analyzed using the random effect
model, and the point estimate and 95% confidence interval (C.I.) were 0.58 and 0.28 to 0.88,
respectively. The use of the trim and fill procedure did not alter these values.
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3.5. Systematic Review Report
3.5.1. Participants

The data from a total of 31 (11F, 20M) individuals with TBI and 58 (11F, 47M) individ-
uals with SCI were reported in the included studies. The average age of the individuals
with TBI was (31.3 ± 11.9 years), whereas the average age for individuals with SCI was
(38.1 ± 5.3 years).

3.5.2. Years since Injury

Seven studies had reported the information concerning years since injury for individu-
als with TBI [16,63,76,77] and SCI [60,64,66]. Three studies had not reported the information
concerning the years since injury [61,62,65]. The range for years since injury for the cohort
with TBI was 0.3 to 16.9 years. The range of years since injury for individuals with SCI was
0.3 years to 27 years.
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3.5.3. Outcome

According to the qualitative evidence gathered in the current review, MT appears
to have a positive impact on spatiotemporal parameters of gait among individuals with
TBI and SCI. More precisely, five studies focusing on individuals with TBI reported an
improvement in spatiotemporal outcomes of gait following MT [16,62,63,76,77]. One case
series reported improvement in the spatiotemporal outcomes for one of their participants,
whereas deterioration in the gait outcomes was reported for the other participant [65]. Con-
cerning the individuals with SCI, MT was reported to improve spatiotemporal outcomes of
gait in two studies [60,61], whereas one study reported no difference [64], and one reported
a deterioration in gait performance [66].

3.5.4. Characteristics of Music Therapy

Different variations of MT were used in the included studies (see Tables 1 and 2). In the
studies evaluating the influence of MT among individuals with TBI, three studies provided
rhythmic stimulations at the preferred cadence of their cohort [16,63,77]. Two studies
provided rhythmic stimulation at a predetermined frequency [62,65], and one provided
rhythmic stimulation during rhythmic exercises [76]. Similarly, for individuals with SCI,
the rhythmic stimulations were delivered as per the preferred cadence of the individuals by
two studies [61,66]. One study reported that they delivered rhythmic stimulation at a 25%
faster pace than their cohort’s preferred cadence [60], and one study delivered MT based
on the load their cohort imparted on their crutch [64].

In terms of the acoustic signal characteristics for studies in TBI, three studies deliv-
ered rhythmic stimulation with a metronome [16,62,76], and three studies used rhythmic
stimuli superimposed on music [63,65,77]. Concerning studies in SCI, two studies used a
metronome [60,61], one study mentioned that they used either a metronome or rhythmic
stimulation delivered with synthesized guitar [66], and one study provided high and low
pitch tones based on the load imparted on crutches [64].

3.6. Meta-Analysis Report

A detailed report of the within-group meta-analysis can be found in Tables 4 and 5.

Table 4. Meta-analysis outcome.

Number Outcome

Number of Studies
Included in the
Analysis;
(References)

Meta-Analysis Result
Hedge’s g, 95% C.I., p-Value

Heterogeneity
I2 Stastistics

Figure
Number

1. Overall spatiotemporal
outcomes N = 5; [16,62,63,65,77] 0.52, 0.27 to 0.77, p < 0.001 1% Figure 4

2. Gait speed N = 5; [16,62,63,65,77] 0.64, 0.01 to 1.27, p = 0.046 40% Figure 5A
3. Cadence N = 5; [16,62,63,65,77] 0.49, 0.01 to 0.97, p = 0.042 5% Figure 5B
4. Step length N = 3; [63,65,77] 0.19, −0.40 to 0.79, p = 0.515 0% Figure 5C
5. Stride length N = 3; [16,62,77] 0.73, 0.11 to 1.36, p = 0.020 0% Figure 5D
6. Gait symmetry N = 2; [16,77] 1.28, −0.89 to 3.46, p = 0.247 0% Figure 5E
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Table 5. Meta-analysis outcome for spinal cord injury.

Number Outcome

Number of Studies
Included in the
Analysis;
(References)

Meta-Analysis Result
Hedge’s g, 95% C.I., p-Value

Heterogeneity
I2 Stastistics

Figure
Number

1. Overall spatiotemporal
outcomes N = 4; [60,61,64,66] 0.534, −0.32 to 1.39, p = 0.222 88% Figure 6

2. Gait speed N = 4; [60,61,64,66] 0.76, −0.91 to 2.44, p = 0.370 93% Figure 7A
3. Cadence N = 3; [60,61,66] 0.22, −0.16 to 0.60, p = 0.260 0% Figure 7B
4. Step length N = 1; [61] - - -
5. Stride length - - - -
6. Gait symmetry - - - -
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Figure 4. A forest plot depicts the impact of MT on overall spatiotemporal gait outcomes in individu-
als with TBI. It includes individual weighted effect size Hedge’s g represented as black circles, and
the whiskers represent the 95% confidence intervals. The pooled weighted effect size and 95% CI are
presented at the bottom with a red diamond. A positive overall effect size in this analysis implies an
enhancement in spatiotemporal outcomes of gait with MT, while a negative overall effect indicates a
decline in spatiotemporal outcomes of gait with MT. Refs [16,62,63,65,77] mentioned.
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Figure 5. A forest plot depicts the impact of MT on (A) gait speed, (B) cadence, (C) step length,
(D) stride length, and (E) gait symmetry in individuals with TBI. It includes individual weighted
effect size Hedge’s g represented as black circles, and the whiskers represent the 95% confidence
intervals. The pooled weighted effect size and 95% CI are presented at the bottom with a red diamond.
A positive overall effect size in this analysis implies an enhancement in spatiotemporal outcomes of
gait with MT, while a negative overall effect indicates a decline in spatiotemporal outcomes of gait
with MT. Refs [16,62,63,65,77] mentioned.
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Figure 6. A forest plot depicts the impact of MT on overall spatiotemporal gait outcomes in individu-
als with SCI. It includes individual weighted effect size Hedge’s g represented as black circles, and
the whiskers represent the 95% confidence intervals. The pooled weighted effect size and 95% CI are
presented at the bottom with a red diamond. A positive overall effect size in this analysis implies an
enhancement in spatiotemporal outcomes of gait with MT, while a negative overall effect indicates a
decline in spatiotemporal outcomes of gait with MT. Refs [60,61,64,66] mentioned.
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Figure 7. A forest plot depicts the impact of MT on (A) gait speed and (B) cadence in individuals
with SCI. It includes individual weighted effect size Hedge’s g represented as black circles, and the
whiskers represent the 95% confidence intervals. The pooled weighted effect size and 95% CI are
presented at the bottom with a red diamond. A positive overall effect size in this analysis implies an
enhancement in spatiotemporal outcomes of gait with MT, while a negative overall effect indicates a
decline in spatiotemporal outcomes of gait with MT. Refs [60,61,64,66] mentioned.
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Sensitivity Analysis

A comprehensive account of the leave-one-out sensitivity analysis is presented in
Table 6. In particular, studies were reported in the table if the significance level of the
global analysis was less than 0.05 and the exclusion of any individual study caused the
significance level to rise above this threshold. Conversely, studies were also reported if the
overall analysis was not significant at a 0.05 level, and the exclusion of any specific study
led to a decrease in the significance level below this threshold.

Table 6. Leave one out sensitivity analysis.

Number Analysis Meta-Analysis
p-Value

I2 Studies Impacting
p-Value upon Removal

p-Value upon
Removal

Figure

Traumatic brain injury

1. Overall spatiotemporal
outcomes

<0.001 1% No effect - Figure S1

2. Gait speed 0.046 40% Park [77]
Wilfong [62]
Hurt, Rice [16]

0.074
0.139
0.104

Figure S2

3. Cadence 0.042 5% Park [77]
Wilfong [62]
Hurt, Rice [16]

0.116
0.238
0.103

Figure S3

4. Step length 0.515 0% - - -
5. Stride length 0.020 0% - - -
6. Gait symmetry 0.247 0% - - -

Spinal cord injury

7. Overall spatiotemporal
outcomes

0.222 88% No effect - Figure S4

8. Gait speed 0.370 93% No effect * - Figure S5
9. Cadence 0.220 0% - - -

* The removal of Amatachaya, Keawsutthi [60] did not change the p-value but led to an effect size change in the
opposite direction (initial analysis: 0.76, leave-one-out: −0.02).

4. Discussion

The primary objective of this systematic review and meta-analysis was to consolidate
the existing knowledge about the effects of MT on spatiotemporal parameters of gait in
individuals with TBI and SCI. Based on the results of the exploratory meta-analysis, there
appears to be a substantial impact of MT on all spatiotemporal gait outcomes in people
with TBI. However, concerning SCI, while the enhancements in spatiotemporal parameters
of gait were medium to large in magnitude, they were not statistically significant.

To date, a single meta-analysis has quantitatively evaluated the impact of MT on
spatiotemporal parameters of gait in individuals with TBI. The review, which included
three studies, reported a statistically significant enhancement in stride length (p = 0.0007),
but no significant improvement in gait velocity (12.2 cm/sec) or cadence (7.19 steps/minute)
with the use of MT. However, it should be noted that the findings of this study should be
viewed with caution due to the inclusion of a study in the review that did not evaluate gait
velocity as an outcome [67], and the inclusion of a conference proceeding that presented
data already published in another study by Hurt and Rice [16]. This was confirmed
by the author (S.G) in correspondence with Professor Michael Thaut. Additionally, we
encountered a thorough scoping review, which evaluated the impact of motor training on
gait outcomes in individuals with SCI [13]. The review qualitatively identified three studies
that examined the influence of motor training on gait outcomes in the SCI population.
However, it should be noted that the results of this scoping review do not provide statistical
evidence of the magnitude of the effect of motor training on spatiotemporal gait parameters.

In the present study, we aimed to expand upon the findings of previous studies by
including a higher number of studies and conducting a comprehensive meta-analysis for
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both individuals with TBI and SCI. Consistent with previous literature, where spatiotempo-
ral gait parameters serve as a means of quantifying both short-term and training-related
alterations in gait speed [78,79], the results indicated that MT led to a significant medium
effect enhancement in gait speed (Hedge’s g: 0.64, p = 0.04), cadence (0.49, p = 0.04),
and stride length (0.73, p = 0.02) for individuals with TBI. We also conducted an analy-
sis to quantify the effect of MT on step length parameters. Our results demonstrated a
small non-significant enhancement in step length (0.19, p = 0.51). Similarly, in the case of
SCI, we observed a non-significant small-to-large effect enhancement in gait speed (0.76,
p = 0.37) and cadence (0.22, p = 0.26). We presume that the variation in the magnitude
of improvement observed in the spatiotemporal parameters of gait may be attributed to
several factors. Firstly, the limited number of studies included in the meta-analyses (i.e.,
gait speed: five, cadence: five, stride length: three, step length: three) may have reduced
the statistical power and increased the variability of the results. Secondly, there was a
marked discrepancy in the designs of the studies included in the analysis, specifically in
the use of quasi-experimental [16,60,62,63,66] and case series designs [65,77]. Furthermore,
the sample size in the analyses of spatiotemporal gait parameters was relatively small (i.e.,
for TBI gait speed: 31 participants, stride length: 18, step length: 15; for SCI gait speed:
54, cadence: 50), which may have further contributed to the observed differences in gait
outcomes. Thirdly, the variability in gait-related impairments due to the broad nature of TBI
and SCI can result in different responses to interventions among individuals [16,62,65,80].
Hurt and Rice [16] proposed that the high level of variability observed in individuals
following TBI may be attributed to diffuse axonal injuries resulting in injury to sub-cortical
white matter structures, such as the corpus callosum and superior cerebellar peduncles.
Additionally, the authors posited that damage to the temporal and frontal lobes, as well as
the midbrain, may also contribute to limitations in the ability to process auditory-motor
information by impacting regions such as the motor cortex, the pre-motor cortex, and
the auditory cortex [16]. Based on this evidence, we hypothesize that this high level of
inter-individual variability may have played a role in the differences observed in overall
spatiotemporal gait outcomes. Lastly, it is possible that the moderate increase in cadence
and minimal increase in step length may have resulted in a significant improvement in gait
speed. In the context of individuals with SCI, the limited number of studies evaluating
the effect of muscle training on the spatial aspect of gait [61], such as stride length or step
length, precluded the confirmation of the aforementioned effect.

There are multiple mechanisms in the literature that could account for the improve-
ments in gait performance observed in individuals with TBI and SCI. Some studies suggest
that the primary mechanism behind these enhancements is the ability of MT to promote
task-specific, challenging, motivating, immersive, and multisensory learning [31,48,49,81].
This is particularly relevant for individuals with TBI and SCI, who often face challenges
in their sensory domains, such as audition and proprioception, which limit their ability
to learn and perform motor tasks [82,83]. Thompson and Hays [63] proposed that the
rhythmic stimulation during MT may have activated the auditory-motor networks, leading
to auditory-motor synchronization in their cohort of individuals with TBI who were outside
the typical window of natural neurological recovery. The authors also reported that the MT
intervention was well-tolerated by participants, as none of them experienced any adverse
events or falls during the study. Furthermore, the authors observed that in addition to
the improvements in spatiotemporal gait parameters, their participants also demonstrated
almost clinically meaningful improvements in Functional Gait Assessment scores after the
MT follow-up (i.e., follow-up vs. pre-intervention: 17.8 vs. 14.2) [84]. Similarly, Wilfong [62]
reported an improvement in spatiotemporal gait performance, including an increase in
speed (13.2%), cadence (6.6%), and stride length (10.7%) in their study sample. The authors
attributed these enhancements to the ability of a rhythmic tempo to effectively manage
muscle timing during gross movement tasks. In the population of individuals with SCI,
previous research has demonstrated that the use of external rhythmic entrainment in com-
bination with MT can bypass deficits in the internal referencing system for movement



Brain Sci. 2023, 13, 522 17 of 23

correction in the somatosensory cortex, thereby facilitating internal dynamics through
the entrainment of phase-related coupling among body segments [60,85]. This study also
reported that the implementation of MT led to participants walking faster (i.e., 0.43 vs.
0.40 m/sec) than their own self-determined faster pace, suggesting that external informa-
tion can enable individuals to surpass their own perceived capabilities [60]. Additionally,
in individuals with SCI, disruptions in descending control of central pattern generators
(CPGs) may result in impairments in gait performance [86]. To address this issue, Singhal
and Kataria [61] proposed the use of external cueing with MT as a means of influencing
CPGs via the basal ganglia and lower brainstem reticulospinal neurons. The authors sug-
gest that external cueing provided by MT may enable CPGs in SCI individuals to adapt
motor patterns during gait to the external stimuli. This hypothesis is based on the principle
that auditory cueing can entrain or synchronize neural oscillations within CPGs, thereby
influencing the timing and coordination of motor output.

Furthermore, it is well-established that individuals with TBI and SCI frequently exhibit
increased gait asymmetry, which is a prevalent and persistent deficit [16,87,88]. This
asymmetric nature of gait can further exacerbate the high levels of variability in gait and
increase the risk of falls in these individuals [88,89]. In a case report by Sheridan and
Thaut [65], it was found that MT led to reduced variability in the step time and step
length parameters in one of the participants, in addition to improvements in walking
endurance, community balance, and mobility. Furthermore, the authors suggested that MT
not only improves dynamic balance and mobility after TBI, but also facilitates community
integration. Similar findings have been reported by Hurt and Rice [16], who reported
increased stride symmetry with MT during both normal and fast-paced gait, and suggested
that the increased symmetry could indicate rhythmic entrainment to the temporal beat
symmetry. Amatachaya and Keawsutthi [60] also found that in their cohort of SCI, auditory
feedback (91.5%) from MT led to the highest step symmetry compared to visual feedback
(86.5%) or no feedback (82.8%). In a meta-analysis, a large magnitude increase in gait
symmetry was reported for individuals with TBI (1.28), while outcomes regarding gait
symmetry in individuals with SCI were not reported due to a lack of data.

4.1. Limitations

While the objective of the study was to investigate the effect of MT on spatiotemporal
parameters of gait in individuals with TBI and SCI, the included studies varied in their
assessment of MT and MT-based training on gait outcomes. Subgroup analyses were
conducted to differentiate the effects of MT-based training and simple MT, but discrepancies
in the included studies still remained. For instance, the varying duration of MT-based
training among studies made it difficult to determine the most effective training dosage.
Moreover, the study’s findings regarding the influence of MT on SCI are limited because the
review only included studies with individuals classified as ASIA C or D. These individuals
had neurological damage but were still able to rehabilitate their gait. In contrast, individuals
with type B and A lesions, who typically cannot move, were not assessed. Therefore, it is
important to interpret the study’s results with caution, as they may not be applicable to the
entire SCI population.

In addition, the studies included in this review also varied regarding the imple-
mentation of MT. Here, while some studies offered MT at the participant’s preferred
cadence [16,61,66], others did not [65,76]. There were also variations in the characteristics
of the auditory signals used, including embedding the stimulus in music [63,77], or us-
ing a simple metronome [62]. These differences highlight the importance of categorizing
MT-based interventions based on auditory signal characteristics, training dosages, and
their relevance to rehabilitation in future studies. Another limitation of this study was the
inclusion of studies with small sample sizes, such as case series and case studies. This
could have influenced the results as small sample size studies are known to produce high
variability in the results, reduce the power of the analysis, and increase the likelihood of
type II errors. However, the reason for including these studies was that, due to the lack
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of large-scale studies in the current literature, the aim was to include as many studies as
possible to provide an overview of the influence of MT on gait outcomes in TBI and SCI.
Another limitation of our review is that we did not include studies that investigated the
effects of MT on cognitive and psychological outcomes in individuals with TBI and SCI, as
they fell outside the scope of our research question. Although several studies have reported
the positive effects of MT on these outcomes [90–92], we were unable to evaluate them in
our review. However, we suggest that future systematic reviews be conducted to establish
the current state of evidence regarding the impact of MT on cognitive and psychological
outcomes in individuals with TBI and SCI. Despite these limitations, the current study
provides important information that could contribute to the development of more effective
rehabilitation strategies for individuals with TBI and SCI.

4.2. Future Directions

The current literature on the utilization of MT for gait rehabilitation in individuals with
TBI and SCI is limited in comparison to other neurological conditions such as Parkinson’s
disease [26,93], stroke [94,95], and cerebral palsy [96]. Thus, it is crucial for future research
to investigate the potential benefits of MT on gait outcomes in TBI and SCI populations.
Such findings have the potential to significantly improve the rehabilitation outcomes for
individuals with debilitating gait deficits and provide clinical professionals with valuable
information for incorporating MT into the gait rehabilitation of TBI and SCI patients.
Additionally, beyond evaluating the effects of conventional rhythmic MT on gait outcomes
in TBI and SCI patients, we suggest that future studies explore the use of concurrent MT
interventions. Movement sonification is one such approach, and it involves transforming
kinematic movement parameters into real-time auditory signals that provide feedback
stimuli, potentially enhancing motor perception and performance by targeting neural
networks involved in biological motion perception. Previous neuroimaging studies have
demonstrated that passively listening to sonified human actions that are congruent with
the observed movement can enhance movement timing and auditory-motor entrainment
effects [97]. This may be due to the close relationship between the stimuli and biological
motion, which activates the human action observation network [98]. Moreover, behavioral
studies have indicated that sonification can enhance proprioceptive accuracy and assist
in synchronizing cyclic movement patterns [44,45]. Therefore, training with movement
sonification may help individuals with TBI and SCI better perceive their own movement
patterns and determine optimal movement amplitudes for effective gait performance.

5. Conclusions

To summarize, the meta-analysis concludes that MT has a positive impact on spa-
tiotemporal parameters of gait in individuals with TBI and SCI. In individuals with TBI, MT
led to improvements in gait speed, cadence, stride length, step length, and gait symmetry,
while in individuals with SCI, it led to improvements in gait speed and cadence. However,
it is important to note that the studies included in the analysis were of “fair” methodolog-
ical quality and had a smaller sample size. Although sensitivity analyses confirmed the
robustness of the overall findings, the removal of some studies affected the p-value and
overall effect size for gait speed and cadence in both TBI and SCI. As such, the findings
should be interpreted with caution. To establish more reliable, evidence-based guidelines
for the use of MT in gait rehabilitation after TBI and SCI, future high-quality trials are
recommended to further evaluate its influence on gait outcomes.
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MT on gait speed in people with traumatic brain injury, Figure S3: Forest plot depicting the results
of leave-one-out sensitivity analysis for the effect of MT on cadence in people with traumatic brain
injury, Figure S4: Forest plot depicting the results of leave-one-out sensitivity analysis for the effect of
MT on overall spatiotemporal gait outcomes in people with spinal cord injury, Figure S5: Forest plot
depicting the results of leave-one-out sensitivity analysis for the effect of MT on gait speed in people
with spinal cord injury.

Funding: This work was funded by the German Research Foundation (DFG, Deutsche Forschungs-
gemeinschaft) as part of Germany’s Excellence Strategy—EXC 2050/1—Project ID 390696704—
Cluster of Excellence “Centre for Tactile Internet with Human-in-the-Loop” (CeTI) of Technische
Universität Dresden.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data can be provided upon reasonable request.

Acknowledgments: The corresponding author would like to thank Ishan Ghai for acting as a second
reviewer of this manuscript.

Conflicts of Interest: The author declares that they have no conflict of interest.

References
1. Badhiwala, J.H.; Wilson, J.R.; Fehlings, M.G. Global burden of traumatic brain and spinal cord injury. Lancet Neurol. 2019, 18,

24–25. [CrossRef] [PubMed]
2. Williams, G.; Morris, M.E.; Schache, A.; McCrory, P.R. Incidence of gait abnormalities after traumatic brain injury. Arch. Phys.

Med. Rehabil. 2009, 90, 587–593. [CrossRef]
3. Williams, G.; Galna, B.; Morris, M.E.; Olver, J. Spatiotemporal deficits and kinematic classification of gait following a traumatic

brain injury: A systematic review. J. Head Trauma Rehabil. 2010, 25, 366–374. [CrossRef] [PubMed]
4. Waters, R.L.; Yakura, J.S.; Adkins, R.H. Gait performance after spinal cord injury. Clin. Orthop. Relat. Res. 1993, 288, 87–96.

[CrossRef]
5. Mirelman, A.; Shema, S.; Maidan, I.; Hausdorff, J.M. Chapter 7—Gait. In Handbook of Clinical Neurology; Day, B.L., Lord, S.R., Eds.;

Elsevier: Amsterdam, The Netherlands, 2018; Volume 159, pp. 119–134.
6. Williams, G.; Willmott, C. Higher levels of mobility are associated with greater societal participation and better quality-of-life.

Brain Inj. 2012, 26, 1065–1071. [CrossRef]
7. Riggins, M.S.; Kankipati, P.; Oyster, M.L.; Cooper, R.A.; Boninger, M.L. The relationship between quality of life and change in

mobility 1 year postinjury in individuals with spinal cord injury. Arch. Phys. Med. Rehabil. 2011, 92, 1027–1033. [CrossRef]
8. Bland, D.C.; Zampieri, C.; Damiano, D.L. Effectiveness of physical therapy for improving gait and balance in individuals with

traumatic brain injury: A systematic review. Brain Inj. 2011, 25, 664–679. [CrossRef]
9. Fehlings, M.G.; Pedro, K.; Hejrati, N. Management of Acute Spinal Cord Injury: Where Have We Been? Where Are We Now?

Where Are We Going? J. Neurotrauma 2022, 39, 1591–1602. [CrossRef]
10. Brancatisano, O.; Baird, A.; Thompson, W.F. Why is music therapeutic for neurological disorders? The Therapeutic Music

Capacities Model. Neurosci. Biobehav. Rev. 2020, 112, 600–615. [CrossRef]
11. Hegde, S. Music-based cognitive remediation therapy for patients with traumatic brain injury. Front. Neurol. 2014, 5, 34.

[CrossRef]
12. Mishra, R.; Florez-Perdomo, W.A.; Shrivatava, A.; Chouksey, P.; Raj, S.; Moscote-Salazar, L.R.; Rahman, M.M.; Sutar, R.;

Agrawal, A. Role of music therapy in traumatic brain injury: A systematic review and meta-analysis. World Neurosurg. 2021, 146,
197–204. [CrossRef]

13. Mercier, L.J.; Grant, C.; Langelier, D.M.; Plamondon, S. Scoping review of music therapy and music interventions in spinal cord
injury. Disabil. Rehabil. 2022, 1–14. [CrossRef] [PubMed]

14. Braun Janzen, T.; Koshimori, Y.; Richard, N.M.; Thaut, M.H. Rhythm and Music-Based Interventions in Motor Rehabilitation:
Current Evidence and Future Perspectives. Front. Hum. Neurosci. 2022, 15, 789467. [CrossRef] [PubMed]

15. Hunt, N.; McGrath, D.; Stergiou, N. The influence of auditory-motor coupling on fractal dynamics in human gait. Sci. Rep. 2014,
4, 5879. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/brainsci13030522/s1
http://doi.org/10.1016/S1474-4422(18)30444-7
http://www.ncbi.nlm.nih.gov/pubmed/30497967
http://doi.org/10.1016/j.apmr.2008.10.013
http://doi.org/10.1097/HTR.0b013e3181cd3600
http://www.ncbi.nlm.nih.gov/pubmed/20142759
http://doi.org/10.1097/00003086-199303000-00011
http://doi.org/10.3109/02699052.2012.667586
http://doi.org/10.1016/j.apmr.2011.02.010
http://doi.org/10.3109/02699052.2011.576306
http://doi.org/10.1089/neu.2022.0009
http://doi.org/10.1016/j.neubiorev.2020.02.008
http://doi.org/10.3389/fneur.2014.00034
http://doi.org/10.1016/j.wneu.2020.10.130
http://doi.org/10.1080/09638288.2022.2073391
http://www.ncbi.nlm.nih.gov/pubmed/35603833
http://doi.org/10.3389/fnhum.2021.789467
http://www.ncbi.nlm.nih.gov/pubmed/35111007
http://doi.org/10.1038/srep05879
http://www.ncbi.nlm.nih.gov/pubmed/25080936


Brain Sci. 2023, 13, 522 20 of 23

16. Hurt, C.P.; Rice, R.R.; McIntosh, G.C.; Thaut, M.H. Rhythmic auditory stimulation in gait training for patients with traumatic
brain injury. J. Music Ther. 1998, 35, 228–241. [CrossRef] [PubMed]

17. Verga, L.; Schwartze, M.; Stapert, S.; Winkens, I.; Kotz, S.A. Dysfunctional Timing in Traumatic Brain Injury Patients: Co-
occurrence of Cognitive, Motor, and Perceptual Deficits. Front. Psychol. 2021, 12, 731898. [CrossRef]

18. Mioni, G.; Grondin, S.; Stablum, F. Temporal dysfunction in traumatic brain injury patients: Primary or secondary impairment?
Front. Hum. Neurosci. 2014, 8, 269. [CrossRef]

19. Rosin, R.; Topka, H.; Dichgans, J. Gait initiation in Parkinson’s disease. Mov. Disord. Off. J. Mov. Disord. Soc. 1997, 12, 682–690.
[CrossRef]

20. Phadke, C.P.; Thompson, F.J.; Kukulka, C.G.; Nair, P.M.; Bowden, M.G.; Madhavan, S.; Trimble, M.H.; Behrman, A.L. Soleus
H-reflex modulation after motor incomplete spinal cord injury: Effects of body position and walking speed. J. Spinal Cord Med.
2010, 33, 371–378. [CrossRef]

21. Naka, T.; Hayashi, T.; Sugyo, A.; Watanabe, R.; Towatari, F.; Maeda, T. The effects of lower extremity deep sensory impairments
on walking capability in patients with incomplete cervical spinal cord injury. J. Spinal Cord Med. 2022, 45, 287–292. [CrossRef]

22. Zwijgers, E.; van Asseldonk, E.H.F.; Vos-van der Hulst, M.; Geurts, A.C.H.; Keijsers, N.L.W. Impaired foot placement strategy
during walking in people with incomplete spinal cord injury. J. NeuroEng. Rehabil. 2022, 19, 134. [CrossRef] [PubMed]

23. Giangregorio, L.; McCartney, N. Bone loss and muscle atrophy in spinal cord injury: Epidemiology, fracture prediction, and
rehabilitation strategies. J. Spinal Cord Med. 2006, 29, 489–500. [CrossRef] [PubMed]

24. Molinari, M.; Leggio, M.G.; De Martin, M.; Cerasa, A.; Thaut, M. Neurobiology of Rhythmic Motor Entrainment. Ann. N. Y. Acad.
Sci. 2003, 999, 313–321. [CrossRef]

25. Nombela, C.; Hughes, L.E.; Owen, A.M.; Grahn, J.A. Into the groove: Can rhythm influence Parkinson’s disease? Neurosci.
Biobehav. Rev. 2013, 37, 2564–2570. [CrossRef]

26. Ghai, S.; Ghai, I.; Schmitz, G.; Effenberg, A.O. Effect of rhythmic auditory cueing on parkinsonian gait: A systematic review and
meta-analysis. Sci. Rep. 2018, 8, 506. [CrossRef]

27. Silvestrini, N.; Piguet, V.; Cedraschi, C.; Zentner, M.R. Music and auditory distraction reduce pain: Emotional or attentional
effects? Music Med. 2011, 3, 264–270. [CrossRef]

28. Garza-Villarreal, E.; Wilson, A.; Vase, L.; Brattico, E.; Barrios, F.; Jensen, T.; Romero-Romo, J.; Vuust, P. Music reduces pain and
increases functional mobility in fibromyalgia. Front. Psychol. 2014, 5, 90. [CrossRef] [PubMed]

29. Wood, C.; Cutshall, S.M.; Lawson, D.K.; Ochtrup, H.M.; Henning, N.B.; Larsen, B.E.; Bauer, B.A.; Mahapatra, S.; Wahner-
Roedler, D.L. Music Therapy for Anxiety and Pain After Spinal Cord Injury: A Pilot Study. Glob. Adv. Health Med. 2021, 10,
21649561211058697. [CrossRef]

30. Koelsch, S. A neuroscientific perspective on music therapy. Ann. N. Y. Acad. Sci. 2009, 1169, 374–384. [CrossRef]
31. Thaut, M.H.; McIntosh, G.C.; Hoemberg, V. Neurobiological foundations of neurologic music therapy: Rhythmic entrainment

and the motor system. Front. Psychol. 2015, 5, 1185. [CrossRef]
32. Nishida, D.; Mizuno, K.; Yamada, E.; Hanakawa, T.; Liu, M.; Tsuji, T. The neural correlates of gait improvement by rhythmic

sound stimulation in adults with Parkinson’s disease–A functional magnetic resonance imaging study. Park. Relat. Disord. 2021,
84, 91–97. [CrossRef] [PubMed]

33. Vik, B.M.D.; Skeie, G.O.; Vikane, E.; Specht, K. Effects of music production on cortical plasticity within cognitive rehabilitation of
patients with mild traumatic brain injury. Brain Inj. 2018, 32, 634–643. [CrossRef] [PubMed]

34. Altenmüller, E.; Schlaug, G. Neurologic music therapy: The beneficial effects of music making on neurorehabilitation. Acoust. Sci.
Technol. 2013, 34, 5–12. [CrossRef]

35. Sihvonen, A.J.; Siponkoski, S.-T.; Martínez-Molina, N.; Laitinen, S.; Holma, M.; Ahlfors, M.; Kuusela, L.; Pekkola, J.; Koskinen, S.;
Särkämö, T. Neurological Music Therapy Rebuilds Structural Connectome after Traumatic Brain Injury: Secondary Analysis from
a Randomized Controlled Trial. J. Clin. Med. 2022, 11, 2184. [CrossRef] [PubMed]

36. Siponkoski, S.-T.; Martínez-Molina, N.; Kuusela, L.; Laitinen, S.; Holma, M.; Ahlfors, M.; Jordan-Kilkki, P.; Ala-Kauhaluoma,
K.; Melkas, S.; Pekkola, J.; et al. Music Therapy Enhances Executive Functions and Prefrontal Structural Neuroplasticity after
Traumatic Brain Injury: Evidence from a Randomized Controlled Trial. J. Neurotrauma 2019, 37, 618–634. [CrossRef] [PubMed]

37. Särkämö, T. Cognitive, emotional, and neural benefits of musical leisure activities in aging and neurological rehabilitation: A
critical review. Ann. Phys. Rehabil. Med. 2018, 61, 414–418. [CrossRef]

38. Ghai, S.; Maso, F.D.; Ogourtsova, T.; Porxas, A.-X.; Villeneuve, M.; Penhune, V.; Boudrias, M.-H.; Baillet, S.; Lamontagne, A.
Neurophysiological Changes Induced by Music-Supported Therapy for Recovering Upper Extremity Function after Stroke: A
Case Series. Brain Sci. 2021, 11, 666. [CrossRef]

39. Bangert, M.; Altenmüller, E.O. Mapping perception to action in piano practice: A longitudinal DC-EEG study. BMC Neurosci.
2003, 4, 26. [CrossRef]

40. Ghai, S.; Ghai, I.; Effenberg, A.O. Effects of dual tasks and dual-task training on postural stability: A systematic review and
meta-analysis. Clin. Interv. Aging 2017, 12, 557. [CrossRef]

41. Ronsse, R.; Puttemans, V.; Coxon, J.P.; Goble, D.J.; Wagemans, J.; Wenderoth, N.; Swinnen, S.P. Motor learning with augmented
feedback: Modality-dependent behavioral and neural consequences. Cereb. Cortex 2011, 21, 1283–1294. [CrossRef]

42. Ghai, S.; Ghai, I.; Effenberg, A.O. Effect of rhythmic auditory cueing on aging gait: A systematic review and meta-analysis. Aging
Dis. 2018, 9, 901. [CrossRef] [PubMed]

http://doi.org/10.1093/jmt/35.4.228
http://www.ncbi.nlm.nih.gov/pubmed/10519837
http://doi.org/10.3389/fpsyg.2021.731898
http://doi.org/10.3389/fnhum.2014.00269
http://doi.org/10.1002/mds.870120509
http://doi.org/10.1080/10790268.2010.11689715
http://doi.org/10.1080/10790268.2020.1788879
http://doi.org/10.1186/s12984-022-01117-0
http://www.ncbi.nlm.nih.gov/pubmed/36471441
http://doi.org/10.1080/10790268.2006.11753898
http://www.ncbi.nlm.nih.gov/pubmed/17274487
http://doi.org/10.1196/annals.1284.042
http://doi.org/10.1016/j.neubiorev.2013.08.003
http://doi.org/10.1038/s41598-017-16232-5
http://doi.org/10.1177/1943862111414433
http://doi.org/10.3389/fpsyg.2014.00090
http://www.ncbi.nlm.nih.gov/pubmed/24575066
http://doi.org/10.1177/21649561211058697
http://doi.org/10.1111/j.1749-6632.2009.04592.x
http://doi.org/10.3389/fpsyg.2014.01185
http://doi.org/10.1016/j.parkreldis.2021.02.010
http://www.ncbi.nlm.nih.gov/pubmed/33607527
http://doi.org/10.1080/02699052.2018.1431842
http://www.ncbi.nlm.nih.gov/pubmed/29388854
http://doi.org/10.1250/ast.34.5
http://doi.org/10.3390/jcm11082184
http://www.ncbi.nlm.nih.gov/pubmed/35456277
http://doi.org/10.1089/neu.2019.6413
http://www.ncbi.nlm.nih.gov/pubmed/31642408
http://doi.org/10.1016/j.rehab.2017.03.006
http://doi.org/10.3390/brainsci11050666
http://doi.org/10.1186/1471-2202-4-26
http://doi.org/10.2147/CIA.S125201
http://doi.org/10.1093/cercor/bhq209
http://doi.org/10.14336/AD.2017.1031
http://www.ncbi.nlm.nih.gov/pubmed/30271666


Brain Sci. 2023, 13, 522 21 of 23

43. Ghai, S.; Schmitz, G.; Hwang, T.-H.; Effenberg, A.O. Auditory proprioceptive integration: Effects of real-time kinematic auditory
feedback on knee proprioception. Front. Neurosci. 2018, 12, 142. [CrossRef] [PubMed]

44. Ghai, S.; Schmitz, G.; Hwang, T.H.; Effenberg, A.O. Training proprioception with sound: Effects of real-time auditory feedback on
intermodal learning. Ann. N. Y. Acad. Sci. 2019, 1438, 50–61. [CrossRef]

45. Danna, J.; Velay, J.-L. On the auditory-proprioception substitution hypothesis: Movement sonification in two deafferented subjects
learning to write new characters. Front. Neurosci. 2017, 11, 137. [CrossRef] [PubMed]

46. Tian, R.; Zhang, B.; Zhu, Y. Rhythmic Auditory Stimulation as an Adjuvant Therapy Improved Post-stroke Motor Functions of
the Upper Extremity: A Randomized Controlled Pilot Study. Front. Neurosci. 2020, 14, 649. [CrossRef] [PubMed]

47. Kim, S.J.; Yoo, G.E.; Shin, Y.K.; Cho, S.R. Gait training for adults with cerebral palsy following harmonic modification in rhythmic
auditory stimulation. Ann. N. Y. Acad. Sci. 2020, 1473, 11–19. [CrossRef] [PubMed]

48. Thaut, M.H.; Abiru, M. Rhythmic auditory stimulation in rehabilitation of movement disorders: A review of current research.
Music Percept. 2010, 27, 263–269. [CrossRef]

49. Schaefer, R.S. Auditory rhythmic cueing in movement rehabilitation: Findings and possible mechanisms. Philos. Trans. R. Soc. B
Biol. Sci. 2014, 369, 20130402. [CrossRef]

50. Fritz, T.H.; Halfpaap, J.; Grahl, S.; Kirkland, A.; Villringer, A. Musical feedback during exercise machine workout enhances mood.
Front. Psychol. 2013, 4, 921. [CrossRef]

51. Bella, S.D.; Dotov, D.; Bardy, B.; de Cock, V.C. Individualization of music-based rhythmic auditory cueing in Parkinson’s disease.
Ann. N. Y. Acad. Sci. 2018, 1423, 308–317. [CrossRef]

52. Effenberg, A.O.; Fehse, U.; Schmitz, G.; Krueger, B.; Mechling, H. Movement sonification: Effects on motor learning beyond
rhythmic adjustments. Front. Neurosci. 2016, 10, 219. [CrossRef] [PubMed]

53. Baram, Y.; Miller, A. Auditory feedback control for improvement of gait in patients with Multiple Sclerosis. J. Neurol. Sci. 2007,
254, 90–94. [CrossRef] [PubMed]

54. Yovanoff, M.A.; Chen, H.-E.; Pepley, D.F.; Mirkin, K.A.; Han, D.C.; Moore, J.Z.; Miller, S.R. Investigating the Effect of Simulator
Functional Fidelity and Personalized Feedback on Central Venous Catheterization Training. J. Surg. Educ. 2018, 75, 1410–1421.
[CrossRef] [PubMed]

55. Françoise, J.; Bevilacqua, F. Motion-sound mapping through interaction: An approach to user-centered design of auditory
feedback using machine learning. ACM Trans. Interact. Intell. Syst. 2018, 8, 1–30. [CrossRef]

56. Iber, M.; Dumphart, B.; Oliveira, V.-A.d.J.; Ferstl, S.; Reis, J.M.; Slijepčević, D.; Heller, M.; Raberger, A.-M.; Horsak, B. Mind the
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