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Abstract

Background Music- and dance-based rehabilitation has gained prominence in promoting social engagement and improving
motor, cognitive, and mood domains in individuals affected by different neurological disorders.

Aim This systematic review aims to synthesize existing evidence from randomized controlled trials (RCTs) investigating
neuroimaging-based structural and functional neuroplasticity following music- and dance-based interventions among people
with neurological disorders.

Methods Literature research was performed using PubMed (MEDLINE), Scopus, and Web of Science (WOS). A multidi-
mensional approach was employed to assess the efficacy of music- and dance-based interventions, integrating neuroimaging
and clinical assessments.

Results Out of a total of 2247 papers reviewed, 20 RCTs met the inclusion criteria for this review, with a total of 718 subjects.
Among them, 88% underwent a neuroimaging investigation to evaluate structural or functional neuroplasticity. Six studies
involved dance-based interventions, while 14 examined music-based rehabilitation. These interventions targeted cognitive,
motor, and mood impairments in people at risk of dementia or with neurological disorders including Huntington’s Disease,
stroke, traumatic brain injury, spinal cord injury, and disorder of consciousness.

Discussion Overall, the selected studies demonstrated significant effects on behavioral and neuroimaging outcomes, showing
structural and functional changes in critical areas for perception and memory in patients at risk of dementia, as well as in
regions essential for language processing, emotional regulation, and motor control in patients with acute and chronic stroke.
Nevertheless, several biases were identified, specifically related to neuroimaging biomarkers, such as a lack of baseline and
between-group comparisons and a lack of prior registration of neuroimaging biomarkers investigated.

The protocol of this review was registered in the International Prospective Register of Systematic Reviews (PROSPERO),
with registration number CRD42024574754.

Keywords Music therapy - Dance therapy - Neurodegenerative diseases - Rehabilitation - Neuroimaging - Magnetic
resonance imaging - Neuronal plasticity

Introduction

In recent years, the concept of art has acquired an increas-
ingly important role in managing and treating many physi-
cal, neurological, and psychological disorders [1, 2]. In
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particular, music and dance have the potential to lower the
likelihood of experiencing mental health issues, enhance
self-esteem [3], protect against cognitive decline [4], aid in
the rehabilitation of motor functions, and skills [5-8], and
promote social cohesion [9].

Music and dance are universal features of human soci-
eties for their capacity to elicit powerful emotions [10].
They have developed into forms of art and entertainment
playing a pivotal role in cultural and social practices. They
have been shown to influence the functionality of key brain
structures associated with emotion, including the amyg-
dala, nucleus accumbens, hypothalamus, hippocampus,
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insula, cingulate cortex, and orbitofrontal cortex [10-12],
and with the development of motor expertise [13] includ-
ing changes in both grey and white matter within the Mir-
ror Neuron System [14], as well as motor and auditory
areas, indicating long-term brain plasticity [15]. Music and
dance, with their potential to promote sensory integration,
motor coordination, emotional modulation, and memory
consolidation, offer a multifaceted approach to neuroreha-
bilitation in the treatment of psychiatric and neurological
disorders [1, 4, 5, 16, 17].

Neurorehabilitation typically adopts a targeted approach
focused on rehabilitating a single domain. In contrast,
music- and dance-based interventions have the unique
ability to simultaneously engage multiple domains within
a single intervention. These include not only motor and
cognitive functions but also the emotional circuitry, which
plays a crucial role in enhancing the motivational aspects
of treatment and promoting overall adherence and effec-
tiveness [4-8].

Despite all the mentioned evidence, a comprehensive
evaluation of the efficacy of these interventions in promot-
ing meaningful structural and functional neuroplasticity in
the treatment of neurological disorders is still lacking. This
systematic review aims to fill this gap by collecting and syn-
thesizing existing studies examining changes in neuroim-
aging-derived markers following music- and dance-based
rehabilitation interventions among people with neurologi-
cal disorders in studies using a randomized controlled trial
(RCT) study design. Other study designs, such as longitu-
dinal observational studies, case-control reports, or non-
randomized trials are undoubtedly valuable for exploring a
wide range of neuroplasticity mechanisms associated with
music and dance therapy. However, we aimed to assess the
added value of music- or dance-based treatment compared
to other types of interventions. Additionally, the randomized
nature of the included trials ensures that participant selection
is not biased toward individuals who might, for instance,
have a personal preference for or against music. This reduces
selection bias and makes the results more generalizable to
broader clinical populations.

Materials and methods
Protocol and registration

This systematic review was conducted and reported under
the PRISMA guidelines (Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses) [18]. The protocol of
this review was registered in the International Prospective
Register of Systematic Reviews (PROSPERO), with regis-
tration number CRD42024574754.

@ Springer

PICOS eligibility criteria
Participants

The eligibility criteria required the recruitment of
adult subjects (>18 years old), affected by neurological
disorders.

Interventions

Studies investigating music-based or dance-based rehabilita-
tive interventions were selected.

Comparisons

This systematic review included studies with active control
groups, standard care groups, and cross-over designs where
both groups underwent the same rehabilitative treatment at
different timepoints.

Outcomes

The main outcome was the impact of music- and dance-
based interventions on neuroimaging markers. As such,
studies without neuroimaging were excluded. Additionally,
this review explored behavioral outcomes derived from
neuropsychological and neurological assessment, as well as
adherence, attendance, and safety associated with treatment
modalities.

Study designs

RCTs were included in the review. Studies lacking randomi-
zation or a control group, protocol studies, or qualitative
studies were excluded. Conference proceedings, reviews,
book chapters, abstracts-only journals, discussion papers,
case reports, editorials, letters and papers not written in Eng-
lish were also excluded.

Eligibility for studies was assessed in three stages: title,
abstract, and full-text reading (see the Flow Diagram,
Fig. 1).

Data and literature search

We systematically searched databases including MEDLINE
(PubMed), Scopus, and Web of Science (all databases),
and through backward citation searching by checking the
reference lists. The search was performed on 24 January
2025 and was not limited in time. The search string used is
reported in Supplementary Material.
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Fig.1 PRISMA 2020 flow diagram for systematic reviews, which inclided searches, registers and other source

Study selection process

Search results were managed using the Rayyan platform
[19]. After removing duplicates, two reviewers indepen-
dently screened the title and abstract of studies against the
eligibility criteria.

Exclusion criteria included the absence of a full paper
(e.g., books, book chapters, qualitative studies, letters,
comments, dissemination papers, or published abstracts
without full text) and non-English language. Additionally,
studies that did not refer to an RCT experimental design,
such as reviews, observational studies, study protocols, or
case reports, were excluded. Finally, only studies involving
rehabilitation interventions with music or dance and neu-
roimaging-derived outcome measures were included. The
full-text analysis of all relevant studies was performed to
ensure compliance with the eligibility criteria. Inter-reviewer
discrepancies were resolved through discussion to reach a
consensus or by consulting a third reviewer when an agree-
ment was not reached.

Study risk of bias assessment

The “Tool for the assessment of study quality and reporting in
the exercise” scale (TESTEX) [20] was blindly used by two
reviewers to evaluate the quality of RCT studies. Any inter-
reviewer disagreements were resolved either by consensus or
by the third reviewer. Each study selected for the systematic

review was assessed based on 12 validity criteria, with a total
score ranging from 0 to 15.

Data extraction

Two researchers conducted data extraction independently and
blindly, following a standardized form. For data collection,
the inter-reviewer disagreements were solved either by con-
sensus or by the third reviewer when an agreement could not
be reached.

Data collection focused on: 1) demographics and clinical
characteristics of the sample (size, sex, age, and type of pathol-
ogy); 2) type of treatment (music-based or dance-based reha-
bilitation) for both intervention and control groups; 3) inter-
vention parameters (frequency and duration of the sessions);
4) neuroimaging markers; 5) behavioral data (neuropsycho-
logical and neurological assessment, adherence, attendance,
and safety).

Results
Study selection
A total of 2247 studies were initially identified. The first

screening, based on titles and abstracts, selected 164 works
sought for retrieval.
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Subsequently, after assessment for eligibility through
a full-text reading, 19 studies were included. Conduct-
ing a backward citation search, one additional study was
included (see flowchart in Fig. 1).

A total of 20 papers were included in the systematic
review. Among these, 2 manuscripts involving patients
with Traumatic Brain Injury (TBI) [21, 22] referred to the
same RCT [22]. Similarly, among the 7 papers involving
patients with acute stroke [23-29], four of them [26-28,
28, 29] referred to the same RCT [25]. In detail, the study
from Sihvonen et al. [25] derived behavioral and neuro-
imaging findings from pooling results of 2 distinct RCTs
(one not registered and one unreported). Subsequently, the
other studies by Sihvonen and colleagues focused specifi-
cally on a subsample of subjects who completed the neu-
roimaging session. The rationale behind incorporating all
three articles in this systematic review arises from their
complementary contributions to the neuroimaging results.
Finally, to avoid any duplication of data in our results,
when calculating the total number of subjects included,
we ensured that patients from the same RCT were counted
only once, even if reported in multiple papers.

Risk of bias in studies

Concerning the assessment with the TESTEX score (see
Table 1) [20], results showed 4 trials with high-level of qual-
ity (score > 11) [22, 30-32], 13 had a good level of quality
(7 < score > 11) [21, 23, 25-28, 33-39]. Finally, two trials
[24, 40] presented a low level of quality (score < 7). One
study was not evaluated since only neuroimaging data were
reported [29].

Participants

Table 2 reports the demographic and clinical characteristics
of the sample and a description of the interventions. This
review included a total of 718 people involved in the trials.
Among them, 198 subjects underwent music-based interven-
tions (89 males, mean age = 54.04; SD = 14.51) and 151 fol-
lowed a dance-based program (42 males, mean age = 71.33;
SD = 3.64). The control group comprised 251 subjects (95
males, mean age = 61.67; SD = 10.48), while the standard
care group comprised 118 subjects (55 males, mean age =
58.62; SD = 15.31). Concerning the type of neurological

Table 1 TESTEX score for the

assessment of study quality

(11 (21 3] [4] [5] [6] [7] (8] [9] [10] [11] [12] Total

Blumen et al., 2023 1 1 0 0 1 2 1 2 1 1 1 1 12
Feng et al., 2020 1 11 1 0 2 1 2 1 1 0 1 12
Fotakopoulos & Kotlia, 2018 1 1.0 0 O 1 1 2 1 O 1 1 9
Jungblut et al., 2022 1 1 1 1 1 0O 0 2 1 1 1 1 11
Kropacova et al., 2021 11 0 1 O 1 O 2 1 O 0 1 8
§ Martinez-Molina et al., 2021 1 1.0 1 1 2 0 2 1 O 1 1 11
Qietal., 2018 1 1.0 1 1 1 O 2 1 O 1 1 10
Rektorova et al., 2019 1 1 0 1 0 1 0o 2 0 0 0 1
Sarkdmo et al., 2014 1 1.0 1 0 1 O O O 1 0 1

# Sihvonen et al., 2020 1 1.1 0 1 1 0 2 1 1 0 1 10

# Sihvonen & Sarkdmo, 2021

# Sihvonen, Pitkdniemi, et al., 2021

# Sihvonen, Ripollés, et al., 2021
# Sihvonen et al., 2022
Sihvonen et al., 2024

§ Siponkoski et al., 2020
Trinkler et al., 2019

Xiao et al., 2023

Zhang et al., 2022

Zhu et al., 2022

Not evaluated due to the absence of between-group comparison
(only regression model analysis)

1 1 0 1
8

10
11
13
8

10
10

1
1
1
1
1
1
1
1
1 14

e e T
— e e O = = = O
W = = = W NN OO O
S = = O = O O O O
NN NN NN NN N
—_ O O e e e e e
—_—_-—_ 0 O O = = =
—_ o O O = = O O O
— e = e e e e e e

1
1
1
1
1
0
0
1

—_— == OO O = O

[1] = eligibility criteria, [2] = randomization, [3] = allocation concealment, [4] = similarity at baseline, [5]
= blinding of assessor, [6] = outcome measures, [7] = Intention-to-treat, [8] = between-group statistical
comparison, [9] = point measure and variability, [10] = activity monitoring in control group, [11] = exer-
cise intensity, [12] = exercise parameters

§ Studies related to the same RCT

# Studies related to the same RCT, including different subgroups
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disorders analyzed, the sample included: 271 people at risk
of dementia (Subjective memory/cognitive complaint and/
or Mild Cognitive Impairment, MCI), 245 stroke patients
(197 in the acute and 48 in the chronic phase), 108 healthy
aging subjects, 39 subjects who underwent, 26 with spinal
cord injury (SCI), 15 patients with minimal conscious state
(MCS), and 14 people with Huntington’s Disease (HD).

Outcome measures
Neuroimaging markers

Considering the human brain as a network, neuroplasticity
mechanisms can be investigated at different levels. The
first level pertains to the fundamental units of the network,
namely brain regions or white matter tracts. The second
level examines the interactions between brain areas, spe-
cifically pairwise connectivity. The third level focuses on
the topological properties of the entire brain network (i.e.,
graph-based property analysis) using indices of global effi-
ciency. The majority of the studies included in this review
investigated neuroplasticity at the first level, that is, at the
level of individual brain areas, in terms of functional activa-
tion, morphometric indices (e.g., volumetric measures and
cortical thickness), and microstructural integrity of white
matter tracts. Only a few studies explored the second level,
assessing how brain areas communicate or are functionally
connected, whereas no studies have evaluated the impact of
rehabilitative interventions on the global functioning of the
brain network (third level). Table 3 summarizes the principal
neuroimaging biomarkers investigated.

Examining in detail, all selected trials used Magnetic
Resonance Imaging (MRI) to evaluate different biomark-
ers except one study [23] in which Cerebral Blood Flow
(CBF) was derived by Computed Tomography Perfusion
(CTP). Eleven studies employed T1-3D to measure Grey
Matter Volume (GMYV), White Matter (WM) Volume, and
cortical thickness [22, 24, 25, 30-32, 34, 36, 37, 39, 40],
while 8 measured metrics derived from diffusion-weighted
imaging (DWI) such as Fractional Anisotropy (FA), Quanti-
tative Anisotropy (QA), Radial Diffusivity (RD), and Mean
Diffusivity (MD) [26, 28, 30, 31, 36, 38—40]. Task-based
functional MRI (task-fMRI) was used in 5 studies, employ-
ing tasks related to executive functions (EF) [30], language
processing and music stimulation [25, 28, 29, 33]. Finally, 3
trials used resting-state fMRI (rs-fMRI) to investigate func-
tional connectivity (FC) [21, 25, 27] and Amplitude of Low-
Frequency Fluctuations (ALFF) [35]. However, data analysis
varied, with some studies conducting whole-brain analyses
and others focusing on specific pathology markers, such as
the hippocampus volume in people at risk of dementia. DWI
was employed either for tract-based spatial statistics (TBSS)
or other tract-based or whole-brain analyses. Additionally,

@ Springer

2 studies [38, 39] relied on qualitative descriptions of neu-
roimaging findings, without the support of quantitative
measures. Other limitations of MRI included the absence of
between-group analyses in 4 studies [23, 29, 34, 35]. Finally,
the baseline comparisons between groups for neuroimaging
biomarkers were reported only in 6 trials [21, 23, 26, 34, 35,
40], while a full description of postprocessing with informa-
tion relative to the normalization of data was fully reported
only in 2 studies [25, 34]. No studies introduced adherence
or attendance to the rehabilitation intervention as a variable
of interest or covariate.

Clinical outcomes

The clinical outcomes included EF, language, memory,
attention, and global cognition, as well as motor function,
aphasia recovery, respiratory function, state of conscious-
ness, quality of life, and mood. This aspect witnesses the
potentialities of music- and dance-based interventions.

Neurological disorders

Table 4 summarizes neuroimaging and behavioral results.

Neurodegenerative disorders

Six studies reported data from subjects suffering from MCI
or other risk factors for dementia [30-32, 34, 35, 40], and
one study reported data from subjects with HD [37].

Among these, only one study [31] used a singing inter-
vention; all the others involved dance-based programs.
Overall, the trials involved 271 subjects at risk of dementia
and 108 healthy aging subjects. These studies had a mean
duration of 56.67 minutes (SD = 20.41, min = 35, max =
90), with a frequency of twice a week (mean = 2.50, SD =
0.84, min = 1, max = 3), for an average of 33.34 weeks (SD
= 35.11, min = 12, max = 104). The trial involving HD
patients consisted of contemporary dance classes, with a
duration of 120 minutes per week, for 20 weeks.

Concerning clinical outcomes, the trials reported signifi-
cant improvement in several cognitive domains, including
EF, memory, global cognition, and mood. In HD patients,
dance-based intervention was effective in reducing motor
impairment and improving EF [37].

Structural neuroplasticity biomarkers Two studies observed
a positive impact of dance-based intervention over control
condition on structural neuroplasticity in the hippocampus
[30, 32], while in one trial [34] hippocampal volume was
used to predict intervention outcome, without a significant
effect. Rektorova et al. [40] found changes in cortical thick-
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Table 3 Summary of neuroimaging biomarkers and clinical outcomes investigated

Neuroimaging analyses

Fundamental units:

changes within specific brain
regions/networks

(1st level analyses)

Connectivity patterns:
changes between network nodes
(2nd level analyses)

Whole network properties:

changes in graph-based indices within
whole brain

(3" level analyses)

Functional neuroplasticity

task-fMRI
[studies]

rs-fMRI
[studies]

CT-perfusion
[studies]

Structural neuroplasticity

T1-3D
[studies]

DWI
[studies]

Siea

Changes in the activation of brain
regions involved in a specific task
after rehabilitation intervention

[25,28-30, 33]

Changes in the activation of a spe-
cific network during rest after the
rehabilitation intervention

[35]

Role of CBF and lesion size in pre-

dicting recovery
(23]

(W

Changes in morphometric indices
(volumetry or cortical thickness)
of specific brain regions or whole
brain

[22, 24, 25, 30-32, 34, 36, 37, 39,
40]

Changes in indices of white matter
integrity (FA, MD, RD, QA)
within single WM brain area/spe-
cific tract

[26, 28, 30, 31, 36, 38-40]

@

== -l

Changes in connectivity pattern of
fMRI-task after treatment
[n.a.]

Changes in the pattern of connectiv-
ity between brain regions after
rehabilitation intervention

[21, 25, 27]

=

Changes in structural connectivity
such as the strength of structural
wiring between network nodes

[n.a.]

Changes in global and local indices of
functional network topology
[n.a.]

Changes in global and local indices of
structural network topology
[n.a.]

CBF = cerebral blood flow, DWI = Diffusion-Weighted Imaging, FA = fractional anisotropy, fMRI = functional Magnetic Resonance Imaging,
MD = mean diffusivity, n.a. = not available, QA = quantitative anisotropy, RD = radial diffusivity, rs-f/MRI = resting-state fMRI, T/-3D = T1
weighted 3D imaging, WM = White Matter

Stroke

ness of the fusiform and occipital cortex and increased
microstructural integrity of white matter bundles (superior
longitudinal fasciculus, corpus callosum, and corticospinal
tract). Trinkler et al. [37] found a GMV increment in left
somatosensory and spatial body processing areas, related
to dance-based intervention. One study [31] did not report
significant results related to the singing-based intervention
(see Table 3).

Functional neuroplasticity biomarkers Only one study [35]
investigated variation in ALFF related to dance-based reha-
bilitation, showing increased brain activity in the bilateral
frontotemporal, entorhinal, anterior cingulate, and para-hip-
pocampal cortex (Table 4).

Seven studies involved patients with acute stroke (197
patients). In five of them, all related to the same RCT [25],
patients underwent two types of experimental interven-
tion: listening to vocal (VML) or instrumental music (IML)
[25-29]. Moreover, two trials [23, 24] used passive music
listening. The rehabilitative sessions had an average duration
of 55 minutes (SD = 8.66; min = 45; max = 60), conducted
6 days a week (SD = 1.73; min = 4; max = 7), over 13 weeks
(mean = 13.33; SD = 9.24; min = §; max = 24).

Two studies addressed chronic post-stroke aphasia [33,
36] with melodic singing (48 patients).

@ Springer



329

(2025) 272

Journal of Neurology

Page 10 of 19

329

g-LINL | DS < DI

a[nqoy [eyotred Jotradns [e1pawr

snIAS [e31d1ooo Jouradns [erpaw pue

Surssasord

Apoq [eneds pue A10SuasOIRWOS

a[nqoy renuadered ‘oqoy [erorred Jotr JO seaIe Ul AJND PISeg-INGA Ul L DS
a[eas Jojow SYAHN T :DS > DI Ul [OX0A 9UO UT AJND | :OJ UIyipy  -adns [erpaw 3o ur AAD | :DS < DI sagueypd :Kyonsejdonau [eimonng as-1L aseasi(] s,uo)ununy LDl [L£]
1SD [esneiq sdew Q¥ ‘QV
pue 30 3oL ‘AIS oup ut A[[erare(iq Xa1100 [endiooo ‘AN Ve Paseq-ILA Win WM JO
AN | “1SD 1331 PUe DD 1391 ‘A1S [eIa)e] ‘wIojIsny [erodwa) JOLIJuT A13a)ur [eIoNNS-010IW pue 1) ma Vi dis')
1dd |01 oy ur Aj[esone[iq @y | 01 uyim Wi w o ) 40D <DI  ul sesueyd :Anonsejdomau [emonng ac-1L 8T DI [ov]
X91109 de[n3uId Jousod pue [erod
-WoL YFL Y UL LTV | 1S UIyim
(SAN pue LTV
U22M]2q UOTIB[21I0D JURIYTUSIS OU)
X0)100
LINAS | ‘INTI-SIAM [edwreooddiy-ered pue ‘ajensuro
L VIO | ‘ASIWIN L “(ILSA 01) DI IOLIUE ‘[euryIoud ‘Terodwaloyuoly TAAY-s1 SuLmp L1V 91 DS
INTI-SIM | :DS<DI [eI0NE[1q Y UL LTV | O Ui VN Ul sosueyo :Aponsejdomau [euonoung [ANJ-s1 91 :DI 153
$109]Ja191J8 9ANTUS0d PAdNPUI-IINJ safueyd 9ANuS0d pasnpur
Ldd | :DD<DI 9y pue [YIA SUI[aseq oY) UdamIaq -[INQ sp1paid dwnjoa xo3109/snd th 0D
Ldd ) ‘HoL | ‘AD1 | D1 UONBI0SSE AUB JO 90UIPIAS ON VN -wedoddiH :9AI9SA1 UTRIq [RINONNG das-1L DN v 0l [+¢€]
IAL ! ownjoa [ed swnjoa Jeduresoddry 70D
INTI-SIAM 4 VOO | :0D < O VN  -wedsoddry reio) pueysu | :0) <] ut safueyd :Aonsejdoinau [eimonng dag-1L 6T ‘DI [zl
(ssdL)
N pue V] [euoiSar pue [eqofs ut
soSueyd :Kyonsejdomou [eionng
(s1sATeue
19Jang221,]) dwnjoa Teduresoddry
PUE ‘OUN[OA TR[NOLIUSA [E0)
souaIoyIp dnoiS-uoamiaq oN ‘AINM 18101 ‘ATAD [€10] ‘OWNJOA ma (6L :IMA
S10D | o1 VN SOLIIAUI [[B UT $1031J0 JUBOYIUSIS ON UreIq [10) :0AI9SAI UTRIQ [RINONNS acs-1L €8 :d¢-1.1) 9% 10D L+ 01 [1€]
SIOUDIRJIP JUROYIUSIS OU
0D SA DI Lionserdonau feuonoun,y
s)nsal uroyIusIs
oU V] 21B[NSUID JOLIAUE [eNSOT syse) 49 YIM TIINF
pue ‘sijeyiqio sied ‘surensuern Surmp :Konserdomau feuonoun,y
sted ur 15 ur | 3sod-a1d :0f < (vd) KQusayur TINJ-ISe)
0D ‘Aydomne [eduresoddry wySur T JAM pue ‘1D ‘Qwnjoa [eduresoddry ma [SHs%)
1Ssd | :0D<01 VN :0) < DJ Aronserdomau feimonng  ur safueyd :Kdnsejdonau [eImonng as-1L RIUSWIP JO YSTY LDl [og]
uostred
S)[NSAI [BITUI]D) sIsA[euR 1910 :$INSAI [N -wod dnoIS-usamiaq :sInsar [N 1oyIeWwoIq SurSewomaN N KSoroyreq SurSewromou yim sy0algng et

S)[NSal [eI0IABYSq pue SuiSewroinau jo Arewwing  ajqel

pringer

AQs



329

Page 11 of 19

329

(2025) 272

Journal of Neurology

K1oa0091 9enSue]
pue KI0WawW [Im pare[aLiod NINA
3y} JO 1531 3y} pue seare DN
pue DLS o] UaaMIaq D | 1101
a3en3ue ur Juswaroidur
Im pAIR[RLI00 DO PUe DL
JYSLI Ul J9ISN[O AUO Ul AJND | 17O
‘K1owow [eqroa

pue a5en3ue[ ur juawaAoxdwr yim

NINQ Ut uoneanse | :09 < 191
NIAQ 2w
JO 1591 ) pue ‘seare DY ‘DS [el
-odwa) 1y311 usamiaq D | :goI < 101
NIAQ Y} JO 191 ) pue seare DA
puE OIS Yo Uoam1dq 3 | :0D ¥
701 < 191 Lionsejdonau [euonoun,g
DO
pue DA WS UI JAISN]D dUO Ul
AD | 10D < 7ol swened soiseyde
DO ‘snaund ‘sniks
[enSuij [eidiooo-ojoLred [erpow

St ur AJNA | siuened sorseyde

1nums K1031pne jo Suru)syy darssed
Surmp uoneanoe ur saSueyd ININQ
ur Aprenoned (poseq-TIING-s1) D4
ur sa3ueyd :Lironsejdomau feuonoun,y
AND Paseq-INA
ur saSueyo :Kronserdornau feimonng

(SL:dE-TL*SE ‘TINY)

K1ono0a1 o9Fenguey | ((11-0L) DO < DI PAIB[A1I00 DOJA ‘SNAUND ‘snIk3 D) L] JOLIgJUI 1J3[ puUe ‘DA J[ppru K19A0931 TINI-ISe) €€:0D
Krowaw [eq1aa | :(z1-0L) DO < DI [en3uy] [edooo-olatred [erpow 1J9[ “OLS YI[ JO 121SN[O U0 Ul AND poour pue ‘afengue| ‘9An1usod 0) TINI-SI €T 701
Krowaw [eq1oA | ((1I-0L) ¢OI < 101 WS ur AJNA | isatseyde umquipy - | :0D < [O] Lonsejdonau [eimonng parejar swstueyoaw AyronsejdomaN das-1L LT 101 [szl#
ogenSue ur Juowarordur
)M PIIR[ILIOD B[NSUT 1J] ) UI
AND | :uotsa] araydstway St Of
Anpqeynnn
pue ‘ssau[nj1o810j ‘ongney ‘uors
-U9) ‘uoIssaIdop Ur JUIWAIOAP S)[NSAI JUBOYIUSIS OU TUOISI|
)M PAIB[LIOD SUOISAI JIquUI] UL aroydstway 1S DS 2% DD < DI
AND | ‘uonuane pue ‘a3ensue| wneLns [enudA JySu pue poour pue (uonuaye pue ‘Klowaut
‘KIOWAW [BQISA YIIM PRIR[21I0D ‘seare o1quuIy ‘snIA3 [erpow JyIL Teq1oa ‘oSen3ue) uonmusod jo S :DS
Apueoyiusis suorfar [ejuoly ut ‘fepuody Jorradns [e1lR[Iq AIND | K10A0291 9} 0) PAIL[AI NFA Ul 81 :0D
payiodar joN AND | :uorsa] axoydstway J39] O - :uolsa] areydstway o] IS 2% DO < OI sagueypd :Aonsedonau [eImonng as-1L 91 01 ¥l
K1oA0001
Sunorpaid 105 Lioyroads 9,68 pue
ANADISUDS %00 ] Pey S/wd §'g] < JO S[[IS J0JOW PUB SANIUF0D JO OIS
A€D ueaw £19A0091 Jo s10301paxd -3s0d K109A0021 Sunoipaxd ur Jg0 ¥ :DS
s)nsa1juedyIusis oN  Juspuadapur are 97Is uols3] pue dnorn VN JO S[01 3y} :9AIISAI UTRIQ [RUONOUN] dLD ons ANoY ¥2 01 [eT]
uostred
SI[NSQI [RITUI[D) SISA[eUR 1910 :SINSAI YA -wod dnoIS-usamiaq :sInsar [N 1oyTeWwoIq SurSewomaN A KSoroyreq SurSewromou yim sy0algng et

(ponunuoo) ¢ sjqey

pringer

As



329

(2025) 272

Journal of Neurology

Page 12 of 19

329

S[IIYs KIowaw [eqIoA

pue oFenSue| ur Juowaaordur

1912913 payorpaid ylomiou
K1oypne 9y jo yuowaSedus | :z0[

s[[ys oSenSue|

ur juawaAoldwr 191313 pajorpaid

(sn1£3 9re[n3uro pue Jojow

Kreyuoworddns

SeaIR [RIUOIJ [RIpaW
ut A[[erereiq se (snikS jenuaoisod
pue ‘snif3 reurSrewerdns

‘oinqoy [ejoried IoLIojur) seare

VN esarred yyo1 oy ut Kyanoe | i[O

Sdures s[oym 3y SSOI® T
1 Ay Ul 4 | Y1 YIm paje[a1Iod
BOIR SIY) UI UONBATIOR Y} ([ D]
SIS
o8en3ue| paroidwr yiim pare[a1100
VN LV oI oY) Ul d3UBYD Vo 9Y1 1 [D]
[eqI9A U1 JuawaAoIdwr
(IIM PIJB[1IOD JIomlou oSenSue|
ay) pue snik3 [eurSrewerdns
11 ) U2aMIq D | :DD < ZOI
Kiowow
TeqIoA ur JuawdAoIdWI [im
PAR[a1I09 YIomiau dFenue] ay)
pue seare [enuadisod pue [ejorred

VN JoLjut yof udamiaq D | 100 < DI

VN VN

VN
snuAS enuooard
oY) pue snIAS [ejuoy S[ppru
Iouradns 1J9] Y ul uoneAnoe |
0D < D] Ldnserdonau feuonoun,y
LVd 3ol
Q) UT W JIAO SAN[BA Vo UT |

0D < D] Adnserdomoau [eimonng

yromiou a3enSue|

oy pue sniA3 reurSrewerdns
JOI dY) UeaMIq D | :DD < TOI

Ylomiou

a3en3ue| oy pue seare [enuadsod

pue [ejoLred JOLIDJUT 1JO] UIMIDq
04 | 0D < ZOI pue D) < DI
SQOUDIYIP OU 17O SA [D]

D0 2y pue ‘(IS ‘AV) Aem

-yped [es1op WYSLI 9y} Ul SE [[om S

syoen aunuod pue [eurdsooniod pue

uoneIpel JIWE[eY) 1Jo] oY) UI ‘(1Y)
sKemyed resiop pue (I ‘JOAI
d0) [enudA 2 Ul VO | 20D < 7OI
D0 oY1 pue 1SD
PUE ‘UONBIPEI JTWER[RY) ‘Wn[nSurd
3w oy ur ‘skemyred (IS ‘AY)
esIop JYSLI Ay} Ul SB [[om S8 [SD
PUE ‘UONBIPLI JTWER[RY) ‘Wn[nSurd
yar o ut “skemyred (L ‘AV)
[es1op pue (a[nsded awanxs ‘JOII

N) [eNUdA 11 U VO | 20D < D]

K1oA0021 K1owoul [eqIdA pue
9Fen3ue[ 01 PaR[al ‘S[AJ] YI0MIAU
pue suoiga1 9[3uls Je y1oq asuodsax

jyuounean Sunorpard ur uoneanse

urexq :Kionsejdonoau Jeuonoun,g TIN-Ysel

syse) Surua)si| yoaads
pue d1snw SULINP UOTIBATIOR UTRIq

ur saSueyo :Kronserdonau feuonoun,y

Lvd pue
AOAT AV 1Jo1 UI V¢ Ul so5ueyd TINIIse)
paseq-1oen :Kyonsejdomou [eionng ma
K19A0031

Klowaw [eqioa pue a3en3ue[ 0)
paje[al ‘) ur saSueyd QUIULIANP 0}

TAAg-s1 :Aronserdomoau feuonoun,y TANG-ST

saroydsruway y1oq ur o)

ur sagueyo :AronserdoInau [eImonng ma

1€ 201+ 101 l6cl#

11050
S1 2Ol
[AmE) [8zl#

1190
S1:TOI1
Lol [Lely

I1:0D
S1:To1
[qEt)t [ozl#

S)[NSaI [BIIUID) SISATeuR 1910 :SINSaI TYIN

uostred

-wod dnoIS-usamiaq :sInsar [N

1oyIeWwoIq SurSewoman TN

KSooyreq

SurSewromou yim syoalgng et

(ponunuoo) ¢ sjqey

pringer

AQs



329

(2025) 272:329 Page 13 0of 19

Journal of Neurology

sdnoi3qns JuaIayyIp Jurpn[our ‘)Y SuwIes 9y} 0} PRI SAIPMIS #

1D¥ Qwes 9y} 0} paje[al sarpms §

QWIN[OA JONBIN AYM = AAM ‘KIOWSJA [BIISOT PISIAIY-I[8IS AIOWIIA IS[SUIIM = TY-SAM ToNRW AMYM = /M X9110D) J0J0WI] [BNUA = D JA

‘AnowoydIoN pased [9X0A = FA O[edS Suney 9sedsi(] s, uoiSununy payrun = SYJH/Q ‘SnInordse Aeuioun) = /) ‘10ueH Jo Iomo], = oI ‘1S9], SUDeN [1e1], = L1 1S9, 23y Jo[Ae], =
AL ‘sonsnes [enedg paseq-1oel], = §gg 7 ‘Surdewnt (¢ pay3Iom [, = @€£-1.L ‘SnIAD [erodwa], ot1adng = 51§ [I0MION J0JOJA-LI0SURS = AVS ‘SNNOIISE,] [eurpmiuo] Jotradng = ;7778 1S9,
SANI[RPOIA MBI [0QWAS = S ‘918D pIepuelS = H§ “YI0MIoU USRS = TVS ‘SUISBW] 90URUOSIY JNOUSBIA [RUOIIOUN] 9)BIS-SUNSAL = [y /-S4 “1SIAU] JO UOIZFY = JOY ‘KNAISnYI] [BIpRY
= @Y ‘Adomostuy aaneInuend) = Y ‘SoI09S s, [eI130[0ydAsdoInoN = SN St 10N IequinN = 7N 9[qeorddy 10N = YA ‘SnIAD [erodwa], o[ppIA = O ‘SuIiSew] 20UBUOSY ONUTRIA
= [ ‘snIkD) 1endiooQ S[PPIN = DO ‘WULBWSSISSY IANIUTOD) [BANUOIN = V)OO ‘UonNeUTWEXH 9)B)S [BIUSA-TUIN = FSW ‘SNIAD [BIUOL] [PPIAN = DA W ‘KNAISNYIJ UBIA = @ ‘Yuaw
-1redwy 9AnIUS0D) PIIA = [ ORI = W ‘SnIAD) [eiodwia], Jo10§u] = H 77 ‘dnoin) uonuaAIau] = Hy ‘sninordse [e31d100Q-01uol] JOLLJU] = J O] ‘SNIAD) [BJUOL] JOLIJU] = HJ] ‘SNIAD) § [UOSOH
= DH ‘QuNJOA INEBN K310 = AND ‘9[BIS BWOD) MOSSBID) = §DO) ‘1S9, WIOJ-9AL] = [J4 “HOMIAN [BIOLIRJ-01UOL] = NJ4 ‘ToqunN 1oqL] = N/ ‘SuiSewl] 90ueu0sdy ONQUSEJAl [eUOnOUN) =
TI WY Kanosuuo) reuonoun = HJ I0BIL, JUR[SY [BIUCI] = [V ‘K1oned JUQWISSasSY [BIU0L] = gy,/ ‘Adonosiuy [euonound = V4 ‘O[ewd] = 4 ‘Suonound dANNIIXH = /7 ‘Suidew] payy3rop
-uoisnyiq = M ‘SurSew] Josua], uolsnyiq = [ L ‘1591 uonmnsqng [0qQuAS NSIJ = [T [10MmIaN POIA NeJod = N ‘UOTIUIAINU] JUIWIAOA-QIUR = [/ JI0OMION UONUNY [esIo]
= NV ‘uorsnjiad oryderSowoy payndwo) = 47 ‘SseuydIy], [eonio) = ) ‘oel], [eurdg-0on1o) = [§) ‘SPU0IIS/SIAOWNU = S/ ‘dnoln) [onuo) = H)) 9109§ 1], aANUI0) Asodwo)
= §ID) ‘wnso[e) sndio) = 9D ‘Mo poo[q [BIqaId) = /gD ‘dly uuewpolg = yg ‘suonenion) Aouanborj mo jo opmijdwy = 77V ‘Sn[no1ose 9endry = Jy ‘ANAISNPI [BIXY = JV

joen onueeyourds ‘snikS
Q)eaund A JO BaIe [eISOI ‘SIS

rengury ‘aqof [ediodo pue snwerey)

AY) uUdIMIdq b_>:uo::8 ur 19U \chi_nmﬁ Elii
saInseour W3S yred Pue ‘NA VA | 100 <OI Ul ((13ud] Yied ‘NA ‘V:d) Poseq-1Ld ma €100
uonoduny A10jeardsal [[e ur D) < DI VN uonen[ead aanelenb Ajug ur sagueyd :Aynsedoinau [pInonng dag-1L Infur p1od reurdg €101 6€
Kiopend b £ 3 £ d £mf d.
W3uT Yied pue ‘NA ‘Vd p3uay $:0S
pue s1oqy [emau oyl | :D§ <DJ < DI WEd ‘NA Vo PIseq-LL( Ut so3ueyd ¢:0D
SOD | DS <DD <0l VN uonenyead aaneyenb Klug K erdonau fermonng ma Q)B)IS SNOIOSUOD [RWIUTIAI [SH3)} [8¢€]

QouewIoyrod
LIN UMM PaIR[aLIod DA WS
) ut AJND | tSnIAS wogisny 1391

PUE ‘WN[[2q2192 O] ‘DAIN WS AND Paseq-INGA 6:0S
LIN L :@vd | 208 < DI VN OAI B AP Ul AWD | 20§ <Dl ul saSueyp :Ayonseidomou ermonng aec-1L 1L 91 ‘DI [zels
NIA'S PUE NI U99m12q
sy1omiou K10suas Pue Nd Urqirm D Yiim paje[diiod Jg UONUDAIIUT PIseq-OIsnuu
Krewd 1y3u pue Ny WSH PIm TVS pue 9} 0} PAIB[AI SHIOMISU UIIM]AQ pueR
Ndd 321 ueam1aq DA | NVA Nd urpim D T {syIomiau A1osuos unpim sagueyd (paseq-TIAJ-SI) 8:0S
VN PUE ‘NIA'S ‘Nd:d U20M30q D | D1 pue NINQ Ueam1dq DA 1 :08 < DI 24 :A&onsedomou euonounyy LANG-S1 1L sr:or  liels

DINdA 31 PUB “SHVE W3l
PPV Yol o Ur AND Ut | :DS < DI

Surweu ur juswaaoxdwr wnso[[ed sndiod Ay Ul Se [[om
)M PIIB[ALIOD Ve 1O Ul AIND | SE ‘JoB) [BIRLNS-091I00 ‘IS ‘LVA SISA[eUR PAseq-paas Im
‘Sunueu JYSLI 9y Ul pue JorI) [BIBLIS-0D11I00 VO PaALIap-I M Ut saSueyd S|OY
ur JuswaAoIdWI YIIM PIIR[PLI0D ‘sn[notosey [eurpmiduoy Jorradns Pue UrRIq [[B UL AJND PIseq-INGA Ma S1:DS
Suiweu | 1§ < DI AV Pue LV Y[ ur vo | :01 LV AV BRI ur v | :Ds <DL i sefueyd :Anonsedomau [eimonng ac1L €11 [9¢]
1oA9] oqyoxd | K19A0931
‘(Surpear pue K10)1pne) aSenSue| 0) paje[al ‘S[OMOA PJURYD
uorsuayardwos | ‘Surweu | ‘uonnodar Jo uonnadar yim YIANJ-se) 9:0)
| “Aposoid pue uonemonte | :0) < D VN S)[NSAI JUROYIUSIS ON Surmp :Lonsedonau [euonoun,y TINJ-IS®Y eiseyde oyons-1sod ooy 9:0 [e€l
uostred
SI[NSQI [RITUI[D) SISA[eUR 1910 :SINSAI YA -wod dnoIS-usamiaq :sInsar [N 1oyTeWwoIq SurSewomaN A KSoroyreq SurSewromou yim sy0algng et

(ponunuoo) ¢ sjqey

pringer

As



329 Page 14 of 19

Journal of Neurology ~ (2025) 272:329

The session duration ranged from 90 to 120 minutes per
week for 16 consecutive weeks.

All studies reported significant effects on language [25,
33, 36] and verbal memory [25], except for one study [23],
in which no significant effects on cognitive (Mini-Mental
State Examination - MMSE) or daily functioning (Barthel
Index) were found.

Structural neuroplasticity biomarkers Five studies [25-29]
showed a significant impact of music-based interventions
on structural neuroplasticity related to language and verbal
memory. In particular, an increase in GMV in the left and
right frontal areas [25], and in the right insula [24], related
to language recovery was shown. Moreover, an increment in
GMYV in limbic regions was associated with mood changes
[24]. Furthermore, the study conducted by Sihvonen, Rip-
ollés, et al. [28] showed an increase in the FA of the Frontal
Aslant Tract (FAT) and the QA of the ventral and dorsal
pathways in both music-based interventions [26, 36].

Functional neuroplasticity biomarkers Two studies [28, 33]
showed increased activation of left frontal areas related to
aphasia recovery, while Sihvonen and Siarkdmo [29] pre-
dicted language recovery with pre-treatment level of activa-
tion in parietal areas. Finally, related to language recovery,
Sihvonen et al. [25] showed increased FC between language
and DMN, while Sihvonen, Pitkdniemi et al. [27] confirmed
an increased FC within the language network. Finally, Fota-
kopoulos and Kotlia [23] identified CBF levels as predictors
of recovery of cognitive and motor abilities (Table 4).

Other neurological disorders

The two studies on TBI [21, 22] focused on 39 TBI patients
using Neurological Music Therapy, where subjects played
musical instruments like drums or piano for 60 minutes,
twice a week, over 10 weeks. Moreover, Xiao et al. [38]
worked with 15 patients with MCS, who passively lis-
tened to live music (30 minutes a day, 5 days a week, over
4 weeks). Finally, Zhang et al. [39] examined 26 patients
with cervical SCI who underwent Vocal Respiratory Train-
ing (VRT) involving singing (30 minutes, 5 days a week,
for 12 weeks).

Behavioral results showed improvements in executive and
motor functions, with active music playing in TBI patients
[22]. Concerning patients with MCS [38], passive music
listening was associated with better outcomes at the Glas-
gow Coma Scale (GCS) scoring compared to standard care.
Finally, VRT with singing was more effective than regu-
lar physiotherapy in improving respiratory function [39] in
patients with SCI.
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Structural neuroplasticity biomarkers Siponkoski et al. [22]
showed an increase of GMV in the right inferior and mid-
dle frontal gyri, left cerebellum, and fusiform gyrus, related
to active music playing. Two studies qualitatively described
increased fiber numbers, FA, and path length, related to
music-based interventions in patients with MCS [38], and
in patients with SCI [39].

Functional neuroplasticity biomarkers One study [21]
showed a decrease in functional connectivity between DMN
and Sensory Network, and between FPN and SAL in the
intervention group compared to the control group.

Adherence, attendance and safety

Table 5 summarizes data for each study. Adherence to the
intervention, in terms of the number of subjects who com-
pleted the rehabilitation program, was 92.07% (SD = 10.59)
of the total participants. Moreover, only four studies [21, 22,
30, 32] reported attendance (mean = 79.70%; SD = 14.05).
Finally, only one study [30] reported adverse events related
to the intervention, including shortness of breath, muscu-
loskeletal injury, and high blood pressure. In three studies,
adverse events not related to the intervention were reported,
while in twelve studies, adverse events were not mentioned.

Discussion

This systematic review aims to summarize evidence related
to the effects of music- and dance-based rehabilitation on
neuroplasticity mechanisms in people with neurological
disorders.

Despite the extensive evidences on the behavioral effects
of music- and dance-based interventions [4, 5, 16, 17, 41], to
our knowledge, this is the first systematic review assessing
evidence from neuroimaging techniques.

Overall, the observed results showed significant effects
in both behavioral and neuroimaging outcomes, demonstrat-
ing impacts across multiple measures. Nevertheless, several
limitations have been found, restricting the possibility to
formulate an overall conclusion.

Methodological considerations and potential bias

Designing studies on MRI markers in rehabilitation faces
several challenges. A major issue is the lack of prior regis-
tration of the neuroimaging markers to be investigated. This
can introduce relevant bias, as each neuroimaging technique
allows the investigation of multiple markers. The small num-
ber of participants, together with lack of power analyses on
imaging data, pose additional challenge.
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Table 5 Adherence, attendance,
and adverse events report in
RCT studies

Reference Total adherence* Attendance** Adverse
events
Blumen et al., 2023 64% 63.50% 3
Fotakopoulos & Kotlia, 2018 100% / /
Feng et al., 2020 100% / 0
Jungblut et al., 2022 81% / 2
Kropacova et al., 2019 96% / /
§ Martinez-Molina et al., 2021 85% 87% /
Qietal., 2018 84% / 1
Rektorova et al., 2019 100% / /
Sirkdmo et al., 2014 90% / /
# Sihvonen et al., 2020 98% / /
# Sihvonen & Sarkdamo, 2021 / / /
# Sihvonen, Pitkdniemi, et al., 2021 76% / /
# Sihvonen, Ripollés, et al., 2021 76% / /
# Sihvonen et al., 2022 76% / /
Sihvonen et al., 2024 85% / 2
§ Siponkoski et al., 2020 85% 87% 0
Trinkler et al., 2019 100% / /
Xiao et al., 2023 100% / /
Zhang et al., 2022 100% / /
Zhu et al., 2022 91% 88.6% 0

*Adherence corresponds to the number of subjects who completed the rehabilitation program; **Attend-
ance is the percentage of sessions completed by the participants

/ = data not reported

§ Studies related to the same RCT

# Studies related to the same RCT, including different subgroups

Addressing these issues is crucial to improve study design
and ensure the reliability of neuroimaging data in future
rehabilitation research.

Neurological condition and type of intervention
Neurodegenerative disorders

Dance-based interventions were mainly aimed at people at
risk for dementia to improve general cognition, memory,
mood, quality of life, and EF [30, 32, 34, 35, 40] as well as
subjects with motor disabilities, such as HD patients [37].
These programs had an extended duration, ranging from 16
to 104 weeks, allowing for gradual and sustained improve-
ment in behavioral outcomes while promoting changes
in structural neuroplasticity. Specifically, the potential of
dance-based interventions [30, 32], but not of singing [31],
to counteract hippocampal atrophy was shown coupled
with improvements in memory abilities. This discrepancy
could be due to lack of aerobic exercise in singing inter-
vention, which is associated with improvement in memory
and hippocampus volume, a biomarker of dementia [42].
Additionally, findings indicate increases in cortical thickness

in regions essential for face and object recognition [40], as
well as improved microstructural integrity of WM bundles
essential for integrating sensorimotor information, interhem-
ispheric communication, and cognitive and motor control,
such as superior longitudinal fasciculus, corpus callosum
and cortico-spinal tract [40]. These structural neuroplastic
changes were congruent with the observed improvements
in frontal EFs. In Trinkler et al. [37], dance was effective
in improving motor and EF in patients with HD, with an
increment in GMYV in areas related to the behavioral out-
come, important for spatial and body representation and sen-
sorimotor integration such as superior parietal, paracentral
lobule, and occipital areas. These observations suggest that
dance-based rehabilitation can promote widespread neuro-
plasticity, extended beyond localized hippocampal changes.

Concerning functional neuroplasticity, Qi et al. [35]
observed increased brain activity in regions associated
with EF, social cognition, memory encoding, emotional
regulation, and spatial navigation (bilateral frontotemporal,
entorhinal, anterior cingulate, and para-hippocampal cortex).

Overall, neural reorganization was associated with behav-
ioral outcomes related to memory, global cognitive function,
emotional regulation, and EF. These findings are partially
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consistent with a recent meta-analysis [43] on the efficacy
of dance-based interventions in older adults with mild cog-
nitive impairment, Alzheimer’s disease, and dementia. The
meta-analysis reported significant improvements in global
cognition, memory, and depression, but no significant effects
on executive function. Differences in the clinical populations
studied and the small sample sizes in the studies included in
this review may account for these discrepancies.

Ultimately, in studies involving subjects with neurode-
generative disorders, interventions predominantly focus on
dance. Despite considerable variability in the intensity and
duration of these treatments, nearly all studies have dem-
onstrated neuroplasticity effects. However, this variability
makes it difficult to determine the optimal duration and
intensity of the intervention.

Stroke

Passive music listening was primarily directed at individu-
als who had acute stroke [23-29]. while singing was used in
chronic post-stroke aphasia [33, 36]. Four studies [26-29]
reported secondary analyses of the same RCT [25], which
showed significant effects of music listening on language
and verbal memory recovery [25, 36]. These studies revealed
GMYV increases in left and right frontal regions, anterior
cingulate cortex, and ventral striatum in patients with left
hemisphere lesions. Notably, these changes in GMV cor-
related with language, verbal memory, and attention recov-
ery [24]. Moreover, increment in GMV in the left insula
in patients with right hemisphere lesions, correlated with
language improvement [24]. Enhancements of FA and QA
as indicators of the integrity of white matter pathways (FAT,
AF, SLF, corpus callosum, and CST) were observed in both
acute and chronic stroke [28, 36]. These pathways are essen-
tial for facilitating communication between hemispheres and
regions involved in language and motor function [43—45].

Functional neuroplasticity biomarkers were also asso-
ciated with music listening interventions [24, 27, 36], and
rhythmic-melodic voice training [33], showing increased
activation in left frontal areas and enhanced FC within lan-
guage network areas. Moreover, activity in the left parietal
areas, bilateral medial frontal areas, and bilateral auditory
network areas predicted language recovery and verbal mem-
ory skills [29].

In the two studies on patients with chronic post-stroke
aphasia, the music-based treatment had the same dura-
tion but differed in intensity. Neuroplasticity effects were
observed only in the study with higher intensity [36]sug-
gesting that intensity plays a role in driving long-term neu-
ral reorganization. The language improvements reported
in these two studies align with the findings of the recent
meta-analysis by [47], which concluded that music therapy
significantly enhances functional communication, repetition,
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and naming in patients with post-stroke aphasia. However,
the results of [33] study also indicate an improvement in
comprehension, which was not found to be significant in the
aforementioned meta-analysis. Once again, it is important to
note that the sample size in Jungblut’s study was very small,
and it cannot be ruled out that the participants may have
differed in terms of aphasia severity or other characteristics
compared to those analyzed in the meta-analysis.

Other neurological diseases

Two studies [21, 22], related to the same RCT [22], reported
on interventions using active musical production in patients
with TBI. Behaviorally, the music-based intervention had
a significant impact on the recovery of EF, aligning with a
recent meta-analysis that confirms the importance of music
in treating EF deficits—an aspect of critical relevance in this
type of pathology [48].

Structural neuroplasticity was shown as an increment of
GMYV in right frontal areas, left fusiform, and cerebellum
[22], while Martinez-Molina et al. [21] reported a decre-
ment in FC between DMN and sensory network, and within
the FPN and SAL. Furthermore, improvement in general
EF after training was correlated with a reduction in con-
nectivity within the FPN and between the DMN and SMN.
These data, in agreement with a previous work [46], sug-
gest a shifting from a compensatory hyperconnected state
to a sensory-integrative functioning related to music-based
intervention.

One study reported on passive live music listening in a
small number of patients with MCS [38]. Increment in the
GCS in patients compared to the control group was reported,
together with a qualitative evaluation of FA in several WM
bundles related to the ascending reticular activation system
[38].

The last study [39] demonstrated that music interven-
tion outperformed standard respiratory physiotherapy in
improving respiratory function outcomes. However, DWI
biomarkers were qualitatively reported, indicating increased
FA, FN, and path length in connectivity in areas associated
with respiratory movements.

Limitations

In this section, we aim to highlight some limitations of the
present review. First, it is important to emphasize that the
primary outcomes considered — namely, neuroimaging-
derived structural and functional changes — represent
highly restrictive selection criteria. These criteria were
chosen to address a gap in the literature by focusing on the
neurobiological mechanisms underlying these interventions,
with the specific goal of elucidating neuroplasticity mecha-
nisms, including structural and functional brain changes. As
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aresult, numerous studies examining variables such as gait,
balance, movement, voice, and quality of life—factors that
are crucial for understanding the broader clinical impact of
music- and dance-based interventions—were not included
in this review. For this reason, studies on conditions such
as Parkinson’s disease, in which music- and dance-based
treatments have been extensively investigated and have dem-
onstrated significant clinical effects on motor symptoms, bal-
ance, functional mobility, and cognitive function, were not
discussed [49]. Despite these limitations, our study remains
relevant as it aims to complement existing literature by pro-
viding novel insights into the underlying brain mechanisms,
which are often underexplored.

Below, a structured overview of the limitations of the
studies included in this review is provided.

Sample

Despite the wide variability in the neurological disorders
of the studies included in this systematic review, some tri-
als have enrolled a relatively small number of participants.
This limitation is due to the fact that some studies focus on
rare pathologies or conditions, such as HD and MCS [37,
38], which limits the possibility of recruiting large samples.

Replicability

The studies in this systematic review covered various neu-
rological pathologies and provided interventions targeting
different circuits and functions. A common limitation was
that imaging analyses were conducted on sub-samples from
the original behavioral RCT, often lacking comprehensive
clinical data and data analyses reports. This discrepancy can
hinder the replicability and robustness of the findings.

Follow-up

Only one study included in this systematic review reported
data on follow-up [22]; limiting the ability to draw robust
conclusions about the efficacy of the treatment over time.

Variability of biomarkers

Virtually each included study investigated a different neuro-
imaging marker, including GMV, WM integrity, anisotropy,
FC, and brain activation, complicating the synthesis of find-
ings about the overall effectiveness of music- and dance-
based interventions on neuroplasticity. Compounding this
issue is the absence of standardized assessment scales for
evaluating the quality of neuroimaging measurements. With-
out such objective criteria, it becomes difficult to systemati-
cally assess and compare the reliability of the neuroimaging
findings across studies.

Data analysis

One significant limitation was the lack of baseline compari-
sons for neuroimaging biomarkers, which were reported
in only six trials [21, 23, 26, 34, 35, 40], thus limiting the
ability to conduct robust between-group analyses. The latter
were absent in four studies [23, 29, 34, 35]. Furthermore, a
detailed description of postprocessing methods, including
data normalization, was fully provided in only two studies
[25, 34]. Finally, none of the studies incorporated adherence
or attendance to the rehabilitation intervention as a vari-
able of interest or covariate. To overcome these limitations,
it would be advisable that, when neuroimaging biomark-
ers are used as outcome measures in RCTs, they are first
declared in the trial protocol registration and subsequently
included among the randomization criteria for the sample
or, at the very least, carefully assessed prior to conducting
between-group analyses. Moreover, a detailed description
of the methods used to analyze neuroimaging biomarkers is
absolutely essential to evaluate their reliability and to ensure
their reproducibility. Finally, considering that the majority
of studies have evaluated how the structure and/or func-
tion of the brain changed at the level of individual areas or
white matter tracts involved, and that only three studies have
analyzed connectivity variations between them, it is desir-
able that future studies investigate the impact of music- and
dance-based rehabilitation also at the level of the overall
functioning of the brain network.

Clinical implications

Despite these limitations, some findings, if confirmed by
further studies, could have important clinical implications.
For example, neuroplasticity effects have been observed in
the hippocampus of patients at risk of dementia and in the
frontal language areas of patients with post-stroke aphasia,
both in the acute and chronic phases. These effects occur
in brain regions that are crucial for the disabilities associ-
ated with these conditions. Therefore, a significant impact
of rehabilitative interventions in these areas could play a key
role in preserving or restoring functions, ultimately helping
to counteract disability and improve patients' quality of life.

Conclusion

This systematic review highlights the potential of music- and
dance-based interventions to induce neuroplastic changes
in individuals with neurological disorders, as evidenced by
both behavioral and neuroimaging findings. In individuals
at risk for dementia, dance interventions emphasize mood,
cognitive, and motor function, promoting neuroplasticity
in regions crucial for memory and cognitive functions. On
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the other hand, music-based interventions, particularly in
stroke rehabilitation, demonstrated significant impacts on
structural and functional neuroplasticity linked to language
recovery, memory, and mood regulation through increased
connectivity in key brain networks. However, the heteroge-
neity in intervention protocols and neuroimaging biomarkers
across studies limits the ability to draw definitive conclu-
sions regarding their overall efficacy.

To enhance the quality and reproducibility of future
research, it is crucial to address key methodological chal-
lenges. In particular, greater standardization is needed in the
selection and analysis of neuroimaging biomarkers, with a
clear a priori definition of outcome measures in study proto-
cols. Additionally, the adoption of shared criteria for neuro-
imaging data analysis and quality assessment could improve
comparability across studies.

Further research should also focus on optimizing inter-
vention parameters, such as duration and intensity, and on
including follow-up assessments to evaluate long-term neu-
roplasticity effects. By addressing these gaps, future studies
can contribute to a more robust understanding of the mecha-
nisms underlying music- and dance-based rehabilitation and
their potential clinical applications.
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