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Abstract Novel rehabilitation interventions have improved
motor recovery by induction of neural plasticity in individuals
with stroke. Of these, Music-supported therapy (MST) is
based on music training designed to restore motor deficits.
Music training requires multimodal processing, involving
the integration and co-operation of visual, motor, auditory,
affective and cognitive systems. The main objective of this
study was to assess, in a group of 20 individuals suf-
fering from chronic stroke, the motor, cognitive, emotional
and neuroplastic effects of MST. Using functional magnetic
resonance imaging (fMRI) we observed a clear restitution of
both activity and connectivity among auditory-motor regions
of the affected hemisphere. Importantly, no differences were
observed in this functional network in a healthy control group,
ruling out possible confounds such as repeated imaging test-
ing. Moreover, this increase in activity and connectivity be-
tween auditory and motor regions was accompanied by a
functional improvement of the paretic hand. The present
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results confirm MST as a viable intervention to improve motor
function in chronic stroke individuals.
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Introduction

Although mortality rates have been reduced in high-income
countries, stroke is still the second most common cause of
death worldwide (Feigin et al. 2014) and the third cause of
disability-adjusted life-years (Murray et al. 2012). More than
50 % of individuals suffering a stroke have a residual motor
deficit, especially affecting the upper extremities (Roger et al.
2012). Among the multiple other possible consequences of
stroke, mood changes and cognitive dysfunction are quite
common (Nys et al. 2007).
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Recent human and animal studies have indicated that the
adult brain has considerable potential for functional reorgani-
zation. Specifically, cortical map changes can occur in re-
sponse to experience and learning, or in the course of recovery
from injuries or degeneration processes (Buonomano and
Merzenich 1998; Munte et al. 2002). Indeed, recovery from
hemiparesis after stroke is associated with reorganization of
the human brain (Cramer 2008). Several studies have reported
abnormal motor activation after stroke, including bilateral ac-
tivation of primary motor areas (Johansen-Berg et al. 2002) or
enhanced activity in non-primary motor regions, such as the
premotor cortex (PMC) and the supplementary motor area
(SMA; Seitz et al. 1998; Weiller et al. 1993). There is a com-
plex relationship between motor recovery after stroke and the
interplay between primary, pre and supplementary motor
areas. The ipsilesional PMC has been suggested to support
primary motor areas in order to subserve motor function after
stroke (Kantak et al. 2012; Schulz et al. 2015). Motor recovery
has also been related to enhanced ipsilesional connectivity
between the SMA and primary motor regions (Rehme et al.
2011). Interestingly, better motor outcomes in rehabilitation
have been shown to induce an increase of activity in
ipsilesional motor regions and a decrease of activation in
contralesional motor areas (Johansen-Berg et al. 2002;
Marshall et al. 2000; Dong et al. 2006). Thus, decrease of
contralesional activity can be seen as a marker for clinical
improvement. In this vein, analysis of functional con-
nectivity—i.e., the functional integration of several spe-
cialized areas which subserve a particular brain function,
measured as statistical dependencies among those segre-
gated regions (Friston 2011)—complements traditional
univariate fMRI analysis approaches and aids to delin-
eate stroke-related changes and the effect of interven-
tions (Grefkes and Fink 2011).

This generally accepted view of the adult brain as a chang-
ing and adapting functional and structural core has motivated
the design of novel rehabilitative interventions to boost stroke
recovery and improve impairment. In this context, newly de-
veloped therapies have proven to be more effective that stan-
dard therapeutic approaches (Taub et al. 2002; Langhorne
etal. 2011). A premier example is constraint-induced therapy
(CIT), which forces the use of the affected arm over extended
periods of time in a variety of motor tasks and produces clin-
ically significant improvements of motor function, along with
neuroplastic changes (Wittenberg et al. 2003).

In this vein, music listening and training has been proposed
as a potential rehabilitation tool (Sarkdmo et al. 2013). Indeed,
in the last decades, music therapy as a clinical intervention for
neurological populations has been used to induce benefits in
motor function (e.g., gait; Bradt et al. 2010; Thaut et al. 1993,
1996; Hurt et al. 1998), mood (Sarkdmo et al. 2008; Magee
and Davidson 2002) and a broad variety of cognitive deficits
such as visuo-spatial neglect (Bernardi et al. 2015), aphasia
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(Cohen 1992; Cohen and Ford 1995; Zumbansen et al. 2014)
and even consciousness disorders (O’Kelly et al. 2013; Boyle
and Greer 1983). Therefore, music therapy is proposed as a
treatment that targets different domains in stroke and other
neurological diseases such as Parkinson, multiple sclerosis
or neurodegenerative disorders (Thaut 2015). This idea is
based on numerous evidences showing that music playing
appears to be a particularly strong inductor of neural plasticity
(Pantev and Herholz 2011; Wan and Schlaug 2010; Munte
et al. 2002; Francois et al. 2015; Strait and Kraus 2014), re-
quiring the processing and integration of multimodal informa-
tion (auditory, visual and sensorimotor information). Music
training has been shown to induce long-lasting structural and
functional changes in several brain areas, including the senso-
rimotor cortex (Schlaug 2001; Hyde et al. 2009), auditory
regions (Schulze et al. 2009; Seither-Preisler et al. 2014), vi-
sual-spatial brain areas (Gaser and Schlaug 2003), the corpus
callosum (Hyde et al. 2009; Schlaug et al. 1995) and the hip-
pocampus (Herdener et al. 2010). In addition, fast plastic
changes induced by music learning have also been observed
in motor-related brain regions (Bangert et al. 2006; Baumann
et al. 2007; Meyer et al. 2007; Lahav et al. 2007; Rosenkranz
et al. 2007). Specifically, professional pianists showed en-
hanced fMRI activity in not only primary motor, but also in
the PMC and the SMA when listening to known melodies
(Bangert et al. 2006; Baumann et al. 2007). Moreover, the
PMC was also activated when passively listening to melodies
that were trained during 5 days (Lahav et al. 2007).

In this context, the Music-Supported Therapy (MST) has
been developed with the aim of inducing motor recovery after
stroke (Schneider et al. 2007). MST requires an electronic
keyboard and an electronic drum set to train fine (keyboard)
and gross (drums) movements. Several studies have demon-
strated significant benefits of MST in acute patients
(Schneider, et al. 2007; Rodriguez-Fornells et al. 2012), ex-
ceeding those of dose-equivalent CIT (Schneider et al. 2010).
Moreover, these effects also extend to chronic stroke (Rojo
et al. 2011). MST is based on four principles: (i) massive
repetition and exercising of simple finger and arm movements
(Langhorne et al. 2011); (ii) auditory-motor coupling and in-
tegration, reinforcement of motor effects due to immediate
auditory feedback (Bangert et al. 2006; Zatorre et al. 2007);
(iii) shaping, adapting the training according to the individual
progress; and (iv) emotion-motivation effects, due to the play-
fulness and emotional impact of music and the acquisition of a
new skill.

Regarding these four principles, the hypothesis of audito-
ry—motor coupling relies on the assumption that music perfor-
mance is supported by rapid feedforward and feedback loops
which coordinate auditory and motor information (e.g., an
accurate mapping between a note and the motor movement
required to play that note; Rodriguez-Fornells et al. 2012).
Feedforward information (a model of the note to be played)
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might be transferred from the primary auditory cortex in the
superior temporal gyrus (STG) to the PMC, in order to facil-
itate the well-trained motor responses associated to a particu-
lar note. On the other hand, an internal representation of the
motor output being performed could travel back to the STG in
order to evaluate its suitability to play a specific note. In an
fMRI study in which healthy non-musicians listened to music,
we found strong functional connections between premotor
and supplementary motor regions, the STG and the inferior
frontal gyrus (IFG; Rodriguez-Fornells et al. 2012).
Interestingly, the SMA—an area which has been related to
the learning, planning and production of motor sequences
and motor control movement (Biswal et al. 1995; Picard and
Strick 2001; Chen and Wise 1996)—emerged as a central hub
of connectivity on the auditory motor network engaged by
music listening (Rodriguez-Fornells et al. 2012).

Concerning the emotion-motivation effects of music, cor-
tical plasticity can be enhanced by the motivational or behav-
ioral relevance of the intervention (Buonomano and
Merzenich 1998). In this sense, the emotional effects induced
by music listening and learning might also aid the rehabilita-
tion intervention by engaging the reward-learning network
(Rodriguez-Fornells et al. 2012). Interestingly, passive music
listening after stroke has also proven to induce improvements
in several cognitive and mood domains (Sarkdmo et al. 2008,
2014).

The present study sought to explore the neurophysiological
mechanisms involved in MST. With that aim and, as an ex-
tension of the previous studies in acute patients, we evaluated
the effects of MST in a sample of twenty individuals with
chronic stroke with slight to moderate upper-extremity
hemiparesis. An extensive evaluation protocol was carried
out, comprising functional and structural MRI, standard and
kinematic motor assessment, neuropsychological and mood
evaluation and transcranial magnetic stimulation (TMS; the
results from the TMS and kinematic part have been
presented in a different article; Amengual et al. 2013). A
healthy control group matched for age, sex and education
was evaluated also in two different time-points using the same
battery of evaluations. The use of this control group is impor-
tant in neuroimaging studies in order to control for repeated
imaging testing (Johansen-Berg 2012).

Based on the hypothesis that auditory-motor coupling con-
tributes to the beneficial effects of MST, we expected to ob-
serve an increase in functional connectivity and brain activity
between auditory and motor regions after MST in the chronic
stroke group, concomitant with no differences in the control
group. Following previous positive effects of MST in acute
stroke patients (Schneider et al. 2007; Schneider et al. 2010;
Rodriguez-Fornells et al. 2012; Rojo et al. 2011) we also ex-
pected a functional improvement of the affected arm, together
with a decrease of activation of the contralesional sensorimo-
tor and premotor regions. Finally, based on the general effects

of music listening on cognitive and emotional functions
(Sarkdmo and Soto 2012; Sarkdmo et al. 2008), we also an-
ticipated effects of therapy on cognitive and emotional do-
mains in the chronic stroke group. Thus, a beneficial effect
elicited by this therapeutic approach over motor function as
well as over mood state was expected.

Material and methods
Participants

Twenty right-handed individuals with chronic stroke (17 men,
59.14+9.04 years old) participated in the present study. All
study participants suffered from a slight to moderate impair-
ment of motor function of one upper extremity resulting from
a stroke (10 left-sided, 30.5+25.2 months after stroke).
Individuals with chronic stroke were recruited from Hospital
Universitari de Bellvitge and Hospital de I’Esperancga in
Barcelona. The study was approved by the Ethics committee
of the University of Barcelona and the Hospital Universitari
de Bellvitge. All methods were carried out in accordance with
the approved ethical guidelines. Written informed consent was
obtained from all participants. The following inclusion criteria
were applied: (i) hemiparesis resulting from a stroke (ischemic
or hemorrhagic) at least 6 months before the enrolment into
the study, (ii) age from 30 to 75 years, (iii) individuals with
chronic stroke had to be able to move the affected arm and the
index finger without help from the healthy side, achieving an
upper score on the Medical Research Council (MRC)
Scale for Muscle Strength above 3 (which reflects active
movement against gravity), and (iv) an overall Barthel
Index over 50 (maximum possible score 100). Study
participants were excluded in case they met one of the
following criteria: (i) prior or subsequent symptomatic
stroke, (ii) severe perceptual or cognitive deficits revealed by
neuropsychological testing (Mini-Mental State Examination
score of 23 or less; Short Token test score of 28 or less;
positive result in the Visual neglect Albert test) and (iii) pre-
vious expertise in playing music. Demographic and clinical
information for the chronic stroke group are presented in
Table 1.

Fourteen right-handed healthy participants (12 men,
56+9.6 years old) with no history of previous stroke
or other neuropsychiatric disorders served as a control
group, which was matched in terms of gender, age and
educational level with the chronic stroke group (overall
school attendance: 9.4+ 5.3 years for the chronic stroke group
and 9.6+ 5.7 years for the control group). None of the controls
had previous expertise in playing music. Right-handedness of
all participants in this study was assessed using the Edinburgh
handedness inventory.

@ Springer



1292

Brain Imaging and Behavior (2016) 10:1289-1307

Table 1  Socio-demographic and clinical information of the individuals with chronic stroke

Chronic stroke Age  Time post- Gender MMSE Education Stroke-affected UL MRC  Barthel Location

individual stroke (months) (years) hand score Index

1 42 20 F 30 11 R 4— 90 Left thalamus, internal
capsule and posterior
putamen

2 65 8 F 25 5 L 5- 85 Right frontal and temporal
cortex and striatum

3 66 74 M 30 18 L 4— 95 Right internal capsule and
striatum

60 11 M 29 11 R 5—- 100 Left thalamus

5 59 71 M 26 5 L 4+ 95 Right frontal, temporal and
parietal cortex

6 68 10 M 28 5 L 4+ 75 Right temporal and frontal
cortex

65 14 M 27 2 R 4+ 70 Left thalamus

8 63 50 M 28 5 R 5— 100 Left subinsular region and
claustrum

9 51 59 M 30 18 R 4 100 Left prerolandic region

10 68 7,5 M 30 8 L 5- 80 Right thalamus

11 49 10 M 30 8 R 4+ 100 Left thalamus

12 71 8 F 30 16 L 3+ 90 Right subinsular region and
frontal cortex

13 66 6 M 24 16 R 3+ 70 Left lenticular nucleus
and posterior limbo f the
internal and external
capsule

14 44 9 M 30 5 L 5— 100 Right pons

15 65 6,5 M 30 2 L 5— 95 Right internal capsule

16 60 55 M 30 11 R 4 100 Left putamen and external
capsule

17 42 16 M 30 18 R 4- 100 Left frontal and temporal
cortex

18 65 18 M 30 11 L 5— 95 Right caudate and cerebellum

19 57 20 M 30 8 L 5- 95 Right temporal cortex

20 55 13 M 30 5 R 4+ 95 Left pons and occipital

cortex

M male, F female, MMSE mini mental state examination, R right, L left, UL upper limb, MRC medical research council score (scale 0-5, 0 =no power,

S =normal)

Procedures

The chronic stroke group received extensive cognitive, motor
and MRI assessment prior and after the MST intervention. The
control group was assessed twice as well, with the two ses-
sions separated by the same interval of time (approximately
1 month and a half) as the two evaluations performed in the
chronic stroke group. The motor, cognitive and mood assess-
ments and the interventions were performed by different
researchers. The intervention was carried out by neuro-
psychologist specialized in the use of musical training in
neurorehabilitation. Although fidelity was not formally mon-
itored, all participants received MST using a manualized

@ Springer

protocol. However, the person administering the neuropsy-
chological tests was not blind with respect to the pre/post
condition.

Music-supported therapy (MST)

Each individual with chronic stroke received 20 MST sessions
of 30 min over a 4 week period. In a previous study in which
MST was first applied to a group of individuals with acute
stroke (Schneider et al. 2007), 15 MST sessions of 30 min
were administered to each participant, with significant behav-
ioral improvements in speed, precision and smoothness of
movements of the affected hand. Based on these results, in
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the present study we decided to extend the number of sessions
from 15 to 20 in order to enhance the chances for an effect of
the therapy. It is important to note that our participants were
individuals with chronic stroke who, in spite of having re-
ceived conventional rehabilitation therapies during the acute
stage of their disease, still had motor deficits. Notice also that
at the chronic stage, motor function is relatively stable and
spontaneous behavioral gains have already reached a plateau
level (Cramer 2008). However, although motor function is
typically stable at this chronic stage, therapy-induced gains
are still possible (Schaechter 2004). Two different input de-
vices were used: a digital and portable keyboard (CTK-810/
WK110, Casio Europe GmbH, Norderstedt, Germany) and an
electronic drum set (Roland drum system, TD-6KW, Roland
Corporation, Hamamatsu, Japan) comprising 8 pads (20 cm of
diameter), to improve fine and gross motor movements, re-
spectively. The drum pads (numbered from 1 to 8) were used
to produce keyboard (G, A, B, C, D, E, F, G’) rather than
drum-sounds. Every time a drum pad was hit, it produced a
fixed keyboard note. In a similar vein, the keyboard was ar-
ranged in such a way that only 8 white keys (C, D, E, F, G, A,
B, C’) could be played by the participant. This offered the
advantage of an input device taxing fine motor skills
(keyboard) and another taxing gross motor skills (drum set),
while keeping the auditory output constant.

For drum training, study participants were seated on a chair
without armrests in front of the 8 drum pads. Each exercise
was first played by the therapist and was subsequently repeat-
ed by the individual with chronic stroke. Participants had to hit
the different pads with the affected hand (using only the hand;
no drum sticks were used). The therapist stood behind the
participant and gave support for the affected extremity if nec-
essary. Similarly, for keyboard training, study participants
were seated in front of the keyboard with the therapist stand-
ing next to them (on the affected side). Again, an exercise was
first performed by the therapist and then repeated by the par-
ticipant. Physical support was given by the therapist when
necessary (i.e. in case of more severe hemiparesis or in the
first sessions). Depending on the affectation, the therapist
helped the study participant by accompanying the movement
of the most affected fingers, or by raising the hand by the
wrist/elbow in order to allow the participant to do the fine
movement of the fingers without wasting all the energy in
the gross control of the arm.

Following previous guidelines (Schneider et al. 2007), a
modular training with stepwise increase of complexity was
used. The therapy was manualized and comprised different
levels varying in the number of tones, materials (single tones,
scales, parts of songs, songs), velocity and order of playing.
As stated, the difficulty of training was adapted to the needs of
each individual. Every participant started by playing single
tones and only continued to the next level of difficulty when
he/she was able to successfully complete this task. If not, the

task was repeated. In the next levels, individuals were required
to use an increasing number of pads/keyboard keys until they
were able to play all eight tones in different sequences. The
most complex levels required participants to play parts of
popular songs with the affected hand. With regard to the
songs, materials were adapted from the original version of
the MST (which had been designed for a German population)
to include popular Spanish music which was well-known to
the participants. Thus, the songs were pre-selected by the in-
vestigators based on their familiarity. Indeed, all participants
reported to be familiar with the musical pieces before the
beginning of the therapy.

Motor function evaluation

To examine motor functions, the following tests were
employed: (i) Action Research Arm Test (ARAT), which is
used to test fine and gross manual dexterity of the upper ex-
tremities within four subtests: grasp, grip, pinch, and gross
movement (maximum score, 57); (ii) Arm Paresis Score
(APS) which includes seven simple tasks for the affected hand
alone and both hands together (e.g., opening a jar of jam,
drawing a line, drinking water from a glass; maximum score,
7); (iii) Box and Block Test (BBT) which measures gross
manual dexterity and consists of a box with 2 compartments
and 150 cubes. Study participants were requested to grasp one
cube at a time and transport it from one compartment to the
other within 1 min. Both, healthy and paretic extremities were
evaluated; (iv) Nine Hole Pegboard Test (9HPT) which as-
sesses fine motor dexterity and consists of picking up nine
rods (32 mm long, 9 mm diameter) and placing them into
holes of 10 mm diameter as fast as possible; (v) Barthel index,
which measures performance of activities of daily living and
mobility (maximum score, 100).

Neuropsychological evaluation

The neuropsychological battery included tests for global cog-
nitive integrity, working memory, attention, verbal memory
(parallel versions were applied in the different evaluations to
minimize practice effects), executive functions, visual neglect,
comprehension and speed of information processing.

Three cognitive screening tests were performed only before
the first evaluation: the Mini-Mental State Examination to
exclude dementia, the Short Token test to evaluate language
comprehension, and the Visual neglect Albert test to evaluate
visual neglect deficits.

Attention and working memory were evaluated with the
digit span subtest from the Wechsler Adult Intelligence
Scale III (WAIS-III). Verbal memory was assessed using the
Rey Auditory Verbal Learning Test. Executive functions were
evaluated with the color-word condition of the Stroop task
(Stroop PC), an extra index (Stroop C-PC; calculated by
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subtracting the value of the color-word condition to the color
naming condition) and the Trail Making test. Speed of
processing was assessed with the color (Stroop C) and word
(Stroop P) naming conditions of the Stroop task and with a
computerized simple and complex reaction time task.

Mood and quality of life (QOL) evaluation

Mood and QOL were also evaluated in both individuals with
chronic stroke and controls using the Beck Depression
Inventory Scale, the Positive and Negative Affect Scale, and
the apathy evaluation scale. The Stroke Specific Quality of
Life Scale, the Health survey questionnaire SF36 and the
Self-Assessment Manikin Scale (daily evaluation of mood)
were administered to the chronic stroke group only.

Statistical analysis

Statistical analysis was performed using SPSS 18.0 software
(SPSS Inc, Chicago, USA). The significance of demographic
differences between individuals with chronic stroke and con-
trols were tested with the Pearson chi-square test (2 x 2 tables)
for nominal variables or with #tests for quantitative variables.
Between group and within-group differences (post-treatment
vs. pre-treatment) in neuropsychological and motor evaluation
tests and Mood and QOL questionnaires were analyzed using
t-tests (two-independent sample #-test for between-group dif-
ferences, and paired sample #-test for within-group differ-
ences). To measure the recovery in the cognitive domains
due to the effect of the therapy, a mixed 2 x 2 repeated mea-
sures analysis of variance (ANOVA) with Time-Point as a
within-subjects factor (first and second evaluation) and
Group as a between-subjects factor (chronic stroke and con-
trol) was also used. We did not use ANOVAs for the motor
results due to the presence of ceiling effects in the control
group. To try to control for the effect of the variability in the
number of individuals in each group, non-parametric Mann—
Whitney U tests were also calculated (working on the session
differences when needed) for behavioral data comparing the
chronic stroke and control groups.

MRI experimental design

Three individuals with chronic stroke were not included in the
MRI protocol due to MRI incompatibilities, two were unable
to perform the MRI experiment due to claustrophobia, and one
disagreed to be included in the MRI protocol. Thus, fourteen
of the individuals with chronic stroke and all 14 participants
from the control group were examined twice.

Two different paradigms were employed. First, a Motor
task which required sequential movements with the index
and middle fingers of both hands was used. The task consisted
of four active blocks 020 s of hand movement and 20 s of rest
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for the left hand, and another 4 for the right hand (i.e., an
ABAB design with A being stimulation and B rest). This task
has been previously used to induce robust motor cortex fMRI
activity in a chronic stroke individual (Rojo etal. 2011). In this
task, participants had one response pad in each hand, which
included two buttons. They were requested to press one button
with the index finger and the other with the middle finger
alternatively. Participants had to repeat this two-button se-
quence at their own pace during the active motor blocks, al-
ternating each hand across blocks. This sequence was selected
due to its simplicity, in order to control for possible learning
effects across scans. Before entering the scanner participants
completed a training block to ensure that the task was done
properly. The buttons in the pad were connected to LEDs
outside the scanner. Thus, participants’ performance was
monitored to ensure that the task was done properly and with-
out mirror movements in the non-used hand during each ac-
tive block. In the Music task, participants had to passively
listen to short pieces (15 s of music followed by 15 s of rest)
of familiar (trained during the rehabilitation therapy) and un-
familiar (not trained during rehabilitation therapy) songs.
Three blocks of familiar and unfamiliar songs were randomly
presented (e.g., ABCBCBAB, with A, B and C being familiar,
rest and unfamiliar pieces, respectively). The musical pieces
were counterbalanced between conditions. This task has
been previously used to induce strong fMRI activity
within auditory-motor areas both in a chronic stroke individ-
ual (Rojo et al. 2011) and also in healthy participants
(Rodriguez-Fornells et al. 2012).

Data acquisition

Images were acquired with a 3 T whole-body MRI scanner
(Siemens Magnetom Trio, Clinic Hospital, Barcelona).
High resolution structural images [magnetization-prepared,
rapid-acquired gradient echoes (MPRAGE), 240 slices,
TR =2300 ms, TE=3 ms, 1 mm isotropic voxels] followed
by functional images (echo planar T2*-weighted gradi-
ent echo sequence, TR=2000 ms, TE=29 ms, slice
thickness=4 mm, 3.5 % 3.5 mm in-plane resolution, no gap)
were acquired. Each functional run consisted of 176 volumes
for the Motor task and 94 for the Music task. Each volume
comprised 32 axial slices aligned to the plane intersecting the
anterior and the posterior commissure. Stimuli were played
using the Presentation Software (www.neurobs.com) through
MR compatible headphones, which helped to reduce scanner
noise during rest periods, and MR-compatible goggles.

fMRI data analysis
Data were analyzed using the Statistical Parameter

Mapping software (SPMS8, Wellcome Department of
Imaging Neuroscience, University College, London, UK,
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www.fil.ion.ucl.ac.uk/spm/). Preprocessing included
realignment, segmentation, normalization and smoothing
with an 8 mm Gaussian kernel. Unified Segmentation
(Ashburner and Friston 2005) with medium regularization
and cost function masking was applied (Brett et al. 2001).
To define the cost function masks, N.R (who had previous
experience in lesion definition in stroke; Rodriguez-Fornells
et al. 2012; Rojo et al. 2011) created binary masks of the
lesioned areas by manually depicting the precise boundaries
of the lesion directly into the T1 image (Crinion et al. 2007,
Andersen et al. 2010; Ripolles et al. 2012). The MRIcron
software package (http://www.cabiatl.com/mricro/mricron/
index.html) was used to do the lesion tracing (Rorden and
Brett 2000). This cost function masks in native space were
used, along with, Unified Segmentation, to obtain the regis-
tration parameters needed to normalize the participants’ struc-
tural and functional MRI images to MNI space. In addition,
the lesion masks defined in native space (containing 1 for
lesion and O for healthy tissue) were also normalized.
Finally, these normalized binary lesion maps were added to-
gether to generate an overlap map. We flipped the functional
and anatomical data of chronic stroke individuals with right-
hemispheric lesions about the mid-sagittal plane in order to
perform group analyses with all 14 participants (Cheng et al.
2014; Nair et al. 2007; Wei et al. 2013). This basically allowed
us to consider all chronic individuals as having had a left-
hemispheric stroke.

For both the Motor and the Music tasks, the statistical eval-
uation was based on a least-square estimation using the gen-
eral linear model. The lesioned areas were included in the
fMRI analysis. The different conditions were modeled with
a box-car regressor waveform convolved with a canonical
hemodynamic response function. Data were high-pass filtered
(to a maximum of 1/128 Hz) and serial autocorrelations were
estimated using an autoregressive model [AR(1) model].
Confounding factors from head movement were also included
in the model. Thus, a block-related design matrix was created
including the conditions of interest (Motor task: Sequence
Affected hand, Sequence Unaffected hand and Rest;
Music task: Trained music, Untrained music and Rest).
After model estimation, main effects for each condition
were calculated. For the Motor task, two main contrasts
were calculated: Sequence Affected hand vs. Rest and
Sequence Unaffected hand vs. Rest. For the Music Task
we explored two main contrasts: Music (Trained and
Untrained) vs. Rest, to check for general musical effects; and
Trained vs. Untrained music, to check for specific effects of
the MST intervention.

First level contrasts were entered into a 2 (Group) x 2
(Time-Point) ANOVA (motor: Sequence Unaffected hand
vs. Rest and Sequence Affected hand vs. Rest; music: Music
vs. Rest and Trained vs. Untrained music). Thus, four 2
(Group) x 2 (Time-Point) ANOVAs were computed. Results

were restricted to four ROIs based on previous studies on
auditory-motor coupling (Bangert et al. 2006; Lahav et al.
2007; Zatorre et al. 2007), which included: (i) superior and
middle temporal gyri and Heschl gyrus, (ii) inferior and mid-
dle frontal gyrus (iii) SMA and (iv) the precentral and
postcentral gyri. ROIs were created for both the affected and
the healthy hemisphere using the toolbox Wfu pickatlas
(Maldjian, et al. 2003; Maldjian et al. 2004). All activations
are reported in Tables at an uncorrected p <0.005 threshold
with 20 voxels of cluster extent. It has been shown that com-
bined intensity and cluster size thresholds such as the ones
used in this manuscript produce a desirable balance between
false positives and false negatives (Types I and II errors,
respectively; Lieberman and Cunningham 2009). Thus, only
brain structures identified in Tables at the selected threshold
(»<0.005, £=20) were labeled in Figures and are further
commented on the manuscript. Only for illustrative pur-
poses, Figures were created using a p<0.01 uncorrected
threshold. Anatomical and cytoarchitectonical areas were
identified using the Automated Anatomical Labeling Atlas
(Tzourio-Mazoyer et al. 2002) included in the xjView toolbox
(http://www.alivelearn.net/xjview8/).

Functional connectivity

Functional connectivity for the fMRI music dataset was
assessed using a ROI-based analysis on both hemispheres.
Four different regions were selected per hemisphere, as be-
fore, based on previous studies (Bangert et al. 2006; Lahav
et al. 2007; Zatorre et al. 2007), although for this functional
connectivity analysis the areas were more constrained: (i) pri-
mary auditory cortex (including only Brodmann areas 41 and
42 and Heschl gyrus), (ii) inferior frontal gyrus , (iii) SMA and
(iv) the precentral gyrus which—based on increased evidence
emerging from both animal and human research indicating
that reorganization following injury to primary motor areas
might involve the premotor cortex (Kantak et al. 2012)—in-
cluded premotor and primary motor areas (Brodmann areas 6
and 4). The activation pattern obtained for the Trained Music
vs. Rest contrast of each group and each fMRI session was
masked with the defined ROIs. Individual time course series
were extracted for voxels surviving a p<0.05 uncorrected
threshold in each ROL. In this manner, we selected only the
voxels showing an effect in each participant, capturing the
possible variability in activation between individuals.
Subsequently, the time course of each voxel was low-pass
filtered (cutoff=0.08 Hz) and its linear trend was removed.
Finally, the extracted time courses from each ROI were aver-
aged (computing the mean value of all voxels within each ROI
at each of the 94 scanned volumes for the Music task, yielding
94 mean BOLD values), obtaining 4 (PAC, IFG, SMA, PRG)
mean BOLD responses per fMRI session and hemisphere.
Then, using the MATLAB toolbox for functional connectivity
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(Zhou et al. 2009), correlations between the mean BOLD re-
sponse of each pair of ROIs were calculated (Prat et al. 2007)
and subsequently transformed to a normal distribution using
Fischer’s z transform (Barber et al. 2012; Lopez-Barroso et al.
2013). Six different measures of the strength and synchrony of
the connection between the selected areas per hemisphere
were obtained (PAC-SMA, PAC-IFG, PAC-PRG, PRG-
SMA, PRG-IFG, IFG-SMA).

A 6 (Connection) x 2 (Group) x 2 (Time-Point) ANOVA
was calculated for each hemisphere. We focused on a Group x
Time-Point interaction that might show that functional con-
nectivity was increased for the affected hemisphere after
MST therapy. For significant interactions and in order to
assess between which specific areas of the affected
hemisphere functional connectivity was significantly en-
hanced after MST, paired #-tests were planned for each
correlation pair in the chronic stroke group. An FDR-
corrected p<0.05 threshold was used to control for
those multiple paired t-tests.

Results

For the clinical, motor, cognitive and mood and quality of life
data, results are given, unless otherwise noted, for 20 individ-
uals with chronic stroke and 14 matched controls. The fMRI
results are provided for 14 chronic stroke individuals (three
study participants with stroke were not included in the MRI
protocol due to MRI incompatibilities, two were unable to
perform the MRI experiment due to claustrophobia and one
disagreed to be included in the MRI protocol) and 14 matched
healthy controls.

Clinical and lesion data

Table 1 shows demographics and clinical data. There were no
statistically significant differences between chronic stroke and
control groups in age [#(32)=0.943, p>0.353; Mann—
Whitney U=113, p>0.344], education [#(32)=-0.126,
p>0.900; Mann—Whitney U=137.5, p>0.922] or gender
[X°(1)=0.003, p>0.954].

Motor evaluation

In individuals with chronic stroke, significant improvements
between post and pre therapy evaluations were found for the
Box and Block Test [BBT; t(18)=3.18, p<0.005, one stroke
participant did not complete both the pre and post testing due
to fatigue] and the global score of the Action Research Arm
Test [ARAT; #(19)=3.853, p<0.001] and three of its subtests
[grasp, #(19)=3.067, p<0.006; grip, #(19)=2.399, p<0.027,
gross movement, #19)=3.390, p<0.003; see Fig. 1a]. The
result for the pinch subtest approached significance
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[#(19)=2.030, p>0.057]. For the ARAT test, it is considered
that a change of 10 % (5.7 points) of the maximum score (57
points) can be considered clinically relevant (van der Lee et al.
2001). However in six out of the twenty chronic stroke par-
ticipants, the minimal clinically importance difference
(MCID) could not be applied, as they scored above or equal
to 52 points in the ARAT test performed pre intervention.
Eight out of the fourteen remaining chronic stroke participants
did obtain the MCID for the ARAT test. The Arm Paresis
Score (APS) and the Nine Hole Pegboard Test (9HPT) did
not show significant improvements. Regarding the control
group, no statistical differences were observed between eval-
uations (for APS and ARAT all control participants scored
with maximum values).

Prior to the intervention, there were significant differences
between chronic stroke and control participants for all motor
tests, except the APS [9HPT, t(32)=-5.584, p<0.001,
Mann—Whitney U=2.5, p<0.001; BBT, t(31)=-7.488,
p<0.001, Mann—Whitney U=7 , p<0.001; ARAT,
t(32)=-3.695, p<0.001, Mann—Whitney U=21, p<0.001;
APS, t(32)=—-1.914, p>0.065, Mann—Whitney U=98,
p>0.148; Fig. 1a]. After therapy, significant group differences
remained for the 9HPT [t(32)=-5.059, p<0.001, Mann—
Whitney U=14, p<0.001], the BBT [t(31)=-6.959,
p<0.001, Mann—Whitney U=8.5, p<0.001] and the ARAT
[t(32)=-2.775, p<0.009, Mann—Whitney U=28, p<0.001].
The scores for the APS remained non-significant
[t(32)=—1.49, p>0.146, Mann—Whitney U=105, p>0.231].

Cognitive performance

There were significant improvements in the chronic stroke
group after the therapy in the domain of attention, speed of
processing and rate of learning (see Table 2). In the control
group no differences were observed between sessions. For
several measures, significant group differences emerged be-
tween individuals with chronic stroke and controls in the 2 x 2
ANOVA reflecting a general cognitive impairment in the
chronic stroke group (see Table 2, group effect; non-
parametric analyses also showed the same significant
group differences, see Supplemental Table 1). A signif-
icant Group X Time interaction was found for the rate
of learning of the Rey Auditory Verbal Learning Test
(RAVLT,; also significant for the non-parametric analysis, see
Supplemental Table 1).

Mood and quality of life (QOL)

The Self-Assessment Manikin Scale (SAM, daily evaluation
of mood) in individuals with chronic stroke during the therapy
(see Fig. 1b) showed a significant effect of MST sessions in
arousal [linear trend: F(1361)=31.7, p<0.001] and valence
[linear trend, F(1361)=9.50, p<0.006]. A positive effect of
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Fig. 1 a Results of motor behavior tests pre and post-MST (mean,
standard error of the mean, SEM) for the chronic stroke (SG) and
control group (CG). Motor tests include: Nine Hole Pegboard Test
(9HPT), Box and Block Test (BBT), Arm Paresis Score (APS) and
Action Research Arm Test (ARAT). A significant improvement after
therapy was observed in the BBT and ARAT for the chronic stroke
group. Significant differences between groups were also observed
before and after therapy in the 9HPT, the BBT and the ARAT test (see
Results). No SEM is shown in controls for the APS and ARAT tests
because all the participants scored with maxim values (ceiling effect). b
Daily assessments of mood (pleasure and arousal) during each therapy

therapy on mood was corroborated by the Beck Depression
Inventory [BDI; #(17)=-3.532, p<0.003, two stroke partici-
pants did not complete the pre or post testing due to fatigue]
and the positive affect items of the Positive and Negative
Affect Scale [PANAS; #(17)=3.715, p<0.002, two stroke
participants did not complete the pre or post testing due to
fatigue; Fig. 1c], with an increase in the chronic stroke group.
The Stroke Specific Quality of Life Scale (SS-QOL), showed
significant pre-post differences on the domain of Familiar
Role [#(15)=2.515, p<0.024] and Personality [#(15)=2.8,
p<0.013, four stroke participants did not complete the pre
or post testing due to fatigue]. No significant differences were
found in the apathy evaluation scale and in health survey
questionnaire SF36. No significant differences were obtained
in the control group in any test (Fig. 1¢).

Score

Time-Point 1
I Time-Point 2

APS ARAT
8- 60- N
- kR
64
40
2
20
24
0 0
SG CG SG CG

Beck Depression Positive and Negative

Inventory Affect Scales
POSITIVE NEGATIVE
407
T
301
201
10
0
SG G SG  cG SG  CG

[ |Time-Point 1
Il Time-Point 2

session (intra-individual normalized Z mean values = SEM) for the
chronic stroke group. A significant improvement was observed along
the course of the therapy. ¢ Results of the Mood questionnaires
(Mean, SEM) for the chronic stroke and control group. A
significant reduction in depressive symptoms post-MST (2nd
evaluation) is observed in the chronic stroke group when
compared to pre-therapy evaluations (1st evaluation). A significant
improvement was also observed for the positive affect but not the
negative affect scales (PANAS). No differences were observed for the
control group. SG chronic stroke group, CG control group.
*#kp <0.001, **p <0.005

fMRI motor task

Participants completed a simple motor task inside the scanner
(sequentially tapping with their index and middle finger a two-
button pad) with the left or right hand (only one hand was used
during each active motor block). In the control group, the
motor Sequences > Rest contrast revealed, for both hands,
activation of the supplementary motor area (SMA) and the
precentral and postcentral gyri contralateral to the movement,
as well as small portions of the ipsilateral precentral gyrus
(Fig. 2a and Supplemental Table 2). In individuals with chron-
ic stroke, movements of the unaffected hand, led to similar
activations as those seen in controls. However, a more bilat-
eral pattern of activity was found for the affected hand, as,
prior to therapy, extensive activations were bilaterally present
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Table 2 Neuropsychological tests scores pre and post therapy in the chronic stroke and control groups

Cognitive tasks Chronic stroke group Control Group ANOVA
Pre Post Post vs. Pre Post Post vs.  Group Group %
pre (t) pre (t)  effect (F) time (F)
Attention/Working memory
Verbal digit span test, forward-backward 2.5(1.1) 2.2 (1.6) —0.51 3.3(2.3) 242.1) -1.2 1.19 0.55
n=19/14
Vérbal digit)span test, forward (n=19/14) 7.4 (1.3) 7.8 (1.6) 1.07 93(2.2) 8.8 (2.2) -097  6.23% 2.14
Verbal digit span test, backward (n=19/14) 4.9 (1.1) 5.5(1.7) 1.39 6(2.7) 64 (2) 0.87 2.65 0.05
Executive functions
Stroop test, PC (n=19/13) 36.1(11.7) 40.2(11.9) 1.30 412 (5.7) 443 (10.9) 1.26 2.07 0.06
Stroop test, C-PC (n=19/13) 18.4 (12.6) 20.9 (9.4) 0.93 28.3 (7.8) 28.1(13.4) —0.06  6.34* 0.40
Trail making test, part B-part A, seconds 84.1 (46) 95.9 (46) 0.92 55 (26.4) 48.6 (22.5) 099  8.86** 1.69
n=12/13
Tr(ail making)g test A, seconds (n=19/14) 76.1(55.3) 64.2(443) —2.38*% 392(15.1) 36.1(143) -—144 577* 2.08
Trail making test B, seconds (n=12/13) 132.8 (52.8) 136.5(51.9) 0.29 94.4 (32.6) 85(29.2) -1.91 8.17%%* 0.98
Speed of processing
Stroop test, P (n=19/13) 82.8(21.2) 86.8(12.2) 0.99 112.6 8.1)  115.1(10.2) 1.37 28.21%*%  0.09
Stroop test, C (n=19/13) 55.6(13.7) 61.2(149) 2.44* 70 (8.7) 72.1 (94) 1.27 8.94%%* 1.29
Simple reaction time (ms) (n=14/9) 501.8 (113) 4782 (155) —0.86 454 (60.5) 423(73.3) —0.10 1.42 0.02
Complex reaction time (ms) (n=14/9) 6224 (117) 594.1 (88) -—1.5 565.3 (81.8) 552.6 (105) —0.30 1.59 0.19
Verbal memory
Short-term auditory-verbal memory 4.6 (1.3) 4.9 (1.6) 1.19 53(1.8) 5.6 (1.5 0.84 2.01 0.02
(RAVLT, Al; n=20/14)
Rate of learning (RAVLT, A1-A5; n=20/14) 37.7 (10.5) 40 (11.1) 2.28% 43.8(10.3) 41.5(10) —-1.51 1.11 6.89%
Delayed memory (RAVLT, A7; n=20/14) 6.8 (3.6) 7.1(4.2) 0.94 8.5@3) 79 (2.8) -1.22 099 2.57

RAVLT Rey Auditory Verbal Learning Test. 7 = (Chronic Stroke Group/Control Group) *p < 0.05 **p < 0.001

in the pre- and postcentral gyri (Fig. 2b). While for the control
group no significant differences were found between the first
and the second session of either hand, chronic stroke individ-
uals showed decreased fMRI activity in the contralesional
precentral gyrus [Brodmann Area (BA) 6] of the affected hand
[significant 2 (Group) x 2 (Time-Point) interaction:
1(26)=3.34; 22 voxels; MNI coordinates=50-12 58; sce
Fig. 2c]. No significant interaction was found for the unaffect-
ed hand. This results show that activity in the contralesional
precentral gyrus was significantly reduced after the MST
intervention.

fMRI music listening

Inside the scanner, participants listened to short pieces of
songs trained or not trained during the MST intervention (for
the control group, no songs were trained and thus, no differ-
ences between trained and untrained activations were expect-
ed). For the control group, listening to Music (Trained and
Untrained) vs. Rest elicited a bilateral activation pattern com-
prising auditory (superior temporal and Heschl gyri) and mo-
tor areas (precentral gyrus, premotor cortex, SMA, postcentral
gyrus) as well as the inferior frontal gyrus (see Fig. 3a and
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Supplemental Table 3) at both time-points (no differences
were found between sessions). However, a different pattern
was observed in the chronic stroke group: although activations
in auditory areas were comparable to those of controls for the
first evaluation, no activity was found for the precentral gyrus
of the affected hemisphere and the SMA bilaterally (Fig. 3b,
Supplemental Table 3). Nonetheless, the Music (Trained and
Untrained) vs. Rest contrast after the MST intervention
showed activations in the precentral gyrus and the IFG of
the affected hemisphere as well as the SMA bilaterally
(Fig. 3b, Supplemental Table 3). Moreover, when assessing
the Trained > Untrained contrast after MST intervention, the
chronic stroke group was the only one showing significant
activations in motor-related areas (precentral gyrus, premotor
cortex, SMA), auditory areas and the IFG in both the affected
and unaffected hemispheres (Fig. 3c, Table 3).

To test whether the extensive training of musical pieces
during the therapy had specific effects in individuals with
chronic stroke compared to controls, we carried out a
2 x2 factorial analysis. For the Music (Trained and
Untrained) > Rest contrast, only four voxels at the
precentral gyrus of the affected hemisphere were found [BA
6; 1(26)=3.05, p<0.0026; 4 voxels; MNI coordinates =—64 0
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Fig. 2 Enhanced group-level
fMRI-signals for the motor
Sequence versus Rest contrast of
the affected hand. Neurological
convention is used. Data from
chronic stroke individuals with
right-hemispheric lesions were
flipped to the left. All statistical
maps are thresholded ata p <0.01
uncorrected threshold for
illustrative purposes. Only areas
reported in Tables at a p <0.005
uncorrected threshold are labeled
in this Figure, with MNI
coordinates at the bottom left of
each slice. a Right hand motor
activations for the control group
during the first and second time-
points (see also Supplemental
Table 2). b Motor activations for
the affected limb (right hand) for
the chronic stroke group before L
and after MST (see also

Supplemental Table 2). A lesion b
overlap map indicating the

number of chronic stroke

individuals showing damage at a

particular voxel is shown in

purple-blue-green (there were no

voxels in which more than 4

participants had a lesion). ¢ Group

(Chronic Stroke > Control) x

Time-Point (Pre-MST > Post-

MST) interaction showing that

the motor activity induced at the

right precentral gyrus (ipsilateral

to the movement) was reduced in

individuals with chronic stroke

due to MST intervention. Bar

graphs on the right indicate mean

beta values with standard error of

the mean (grey for chronic stroke,

white for controls). Prec

precentral gyrus, Post postcentral L
gyrus, SMA supplementary motor

area, MST music supported

therapy, L left hemisphere C

Time-Point 1

Time-Point 2

Pre-MST

Post-MST

30]. However, regarding the Trained > Untrained music con-
trast, while no significant differences between sessions were
found for the control group, chronic stroke individuals
showed enhanced fMRI activity after MST in auditory and
motor regions, mainly in the affected hemisphere [significant
2 (Group) x 2 (Time-Point) interaction in the precentral gyrus
(BA 6), the primary auditory cortex (STG), the inferior frontal
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gyrus and the SMA of the affected hemisphere, and in the
primary auditory cortex (STG) of the non-affected hemi-
sphere; see Fig. 4 and Table 3]. Thus, music training induced
a clear increase in the fMRI activation of auditory and motor
areas of the affected hemisphere in individuals with chronic
stroke. As no changes were observed in the control group, test
repetition cannot account for the present findings.
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Fig. 3 Enhanced group-level fMRI-signals for the music task.
Neurological convention is used. Data from chronic stroke individuals
with right-hemispheric lesions were flipped to the left. All statistical maps
are thresholded at a p<0.01 uncorrected threshold for illustrative
purposes. Only areas reported in Tables at a p <0.005 uncorrected
threshold are labeled in this Figure, with MNI coordinates at the bottom
left of each slice. a Music (Trained and Untrained) > Rest contrast for the
first and second time-points of the control group (see also Supplemental

Functional connectivity in the auditory-motor network

Functional connectivity was assessed using a region of interest
(ROI) analysis on both hemispheres. Four different regions
were selected (i) primary auditory cortex (PAC), (ii) IFG,
(i) SMA and (iv) the precentral gyrus (PRG). Results are
shown in Fig. 5. For the unaffected hemisphere, no significant
Group x Time-Point interaction was found [F(1,26)=0.332,
p>0.57]. However, while no differences between sessions
were found for the control group, chronic stroke individuals
showed a significant increase in functional connectivity of the
affected hemisphere [2 (Group) x 2 (Time-Point) interaction:
F(1,26)=10.360, p<0.003]. This suggests (see third row in
Fig. 5) that there was a general increment in functional con-
nectivity in the affected hemisphere of the chronic stroke
group after MST therapy. Indeed, paired t-tests FDR-corrected
for multiple comparisons showed that functional connectivity
was significantly higher post-therapy for SMA-PRG
[#(13)=4.13, p<0.002], PRG-IFG [#(13)=3.22, p<0.007]
and also PAC-SMA [#(13)=2.59, p<0.022] in the affected
hemisphere of the chronic stroke group.

As an interaction effect could be either due to a dysfunc-
tional connectivity in the individuals with chronic stroke prior
to the therapy or to a genuine effect of MST (which only the
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Table 3). b Music (Trained and Untrained) > Rest contrast for the pre and
post therapy sessions of the chronic stroke group (see also
Supplemental Table 3). ¢ Trained > Untrained music contrast for
the post MST session of the chronic stroke group (the only one
showing significant effects, see also Table 3). Prec precentral
gyrus, SMA supplementary motor area, /FG inferior frontal gyrus,
STG superior temporal gyrus, HG heschl gyrus, MST music supported
therapy, L left hemisphere

chronic stroke group received) on connectivity, two-sample #-
tests between groups were carried out for the two time-points,
only for the affected hemisphere. Before therapy, functional
connectivity was significantly lower in individuals with
chronic stroke for SMA-PRG [#26)=3.50, p<0.002], PRG-
IFG [#(26)=3.74, p<0.001] and PAC-IFG [#(26)=2.84,
p<0.01]. In contrast, no significant differences were observed
between controls and individuals with chronic stroke after the
MST intervention on any connection, suggesting that, in the
individuals with chronic stroke, a dysfunctional auditory-
motor network was restored to normal functional levels after
MST therapy.

Discussion

In the present study, we investigated the changes in brain
activity observed after the application of MST in a group of
individuals with chronic stroke with slight to moderate motor
residual deficits. First of all, chronic stroke individuals
showed significant improvement in motor and cognitive func-
tion and also a reduction in depressed and negative mood
symptoms after the MST therapy (see Fig. 1). Interestingly,
when listening to music (trained and untrained) after MST,
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Table 3  Effects of MST intervention: enhanced group level fMRI-
signals for the Trained > Untrained Music contrast thresholded at an
uncorrected p <0.005 with 20 voxels of cluster extent. Top, results of
the Trained vs. Untrained contrast for the post-MST session in chronic
stroke individuals (see also Fig. 3c). Bottom, results of the 2 (Group:
Chronic Stroke > Control) x 2 (Time-Point: Post-MST > Pre-MST)
factorial analysis for the Trained > Untrained contrast (see also Fig. 4).
MNI coordinates are used. Data from chronic stroke individuals with
right-hemispheric lesions were flipped to the left. Prec precentral gyrus,
SMA supplementary motor area, IFG, Inferior Frontal Gyrus; IFG,
Inferior Frontal Gyrus; L, Left hemisphere; R, Right Hemisphere

Anatomical area Coordinates Size t-value

Chronic stroke post-MST Trained > Untrained
L SMA (BA 6) -8 1850 461 5.42
L Prec/MFG (BA 6) -36 046 512 4.77
R STG/HG (BA 41) 50-24 12 298 4.65
R SMA (BA 6) 81652 52 432
L IFG/Prec (BA 44) -58 1620 351 3.96
R Prec (BA 6) 406 42 43 3.61

2 (Group) x 2 (Time-point) Trained > Untrained
R HG/STG (BA 41) 46 -20 12 99 4.04
L IFG (BA 47) —58222 44 3.94
L Prec (BA 6) -36248 89 3.88
L SMA (BA 6) -8 1850 48 3.55
R SMA (BA 6) 2 868 34 3.44
L Prec/IFG (BA 6,9) —46 8 30 95 3.31
L HG/STG (BA 41) —46 -28 18 38 3.09
L IFG (BA 46) —422218 23 3.00

individuals with chronic stroke showed enhanced fMRI activ-
ity in the premotor cortex (PMC) and the SMA (see Fig. 3b).
Furthermore, also after MST and for the musical pieces that
had been trained compared to those which had been not,
chronic stroke participants showed enhanced fMRI activity
in several auditory and motor regions, replicating previous
findings from studies in healthy participants (see Figs. 3c
and 4; Bangert et al. 2006; Lahav et al. 2007). In addition,
activity in motor regions ipsilateral to the affected limb (when
participants performed a motor task) was significantly reduced
after the application of the MST (see Fig. 2). Finally, the
increased functional connectivity observed in the chronic
stroke group for the auditory-motor network after MST, sug-
gests that the therapy restored its default dynamics (Fig. 5).
Crucially, no differences between sessions were seen in the
control participants with regard to the activation of auditory
and motor regions (including the superior temporal lobe, ven-
tral PMC, SMA, sensorimotor areas and the IFG), or in terms
of functional connectivity when listening to music (Fig. 5, top
row). It is important to note that the described co-activation of
motor and auditory areas reported in healthy individuals with
no previous expertise in playing music, replicates previous
results (Bangert et al. 2006; Rodriguez-Fornells et al. 2012).

It has to be kept in mind that in this study, we have
used songs well-known to all participants since their
early childhood. For such songs, strong motor represen-
tations (e.g., clapping, dancing, singing) can be assumed
(with the corresponding enhancement of BOLD activity
in these areas), even if a participant is not experienced
with playing music.

The functional connectivity analysis of the Music task
showed that, in individuals with chronic stroke, connectivity
between three pairs of regions changed significantly after the
therapy: SMA-PRG, PRG-IFG and PAC-SMA (Fig. 5).
Interestingly, the SMA and the precentral gyrus were the re-
gions showing the most prominent MST effects in our study
(Figs. 3c, 4 and 5). The SMA, located in the medial aspect of
Brodmann’s area 6 and extending to the medial wall, has been
related to the selection, initiation, planning, production and
both implicit and explicit learning of motor sequences and
also to bimanual motor control (Picard and Strick 2001;
Hikosaka et al. 1996; Penhune and Steele 2012; Chen and
Wise 1996). Moreover, the SMA is directly connected to the
primary motor and premotor cortices and has direct connec-
tions to motor neurons of the corticospinal tract (Dum and
Strick 1991; Bates and Goldman-Rakic 1993). The involve-
ment of premotor regions and the SMA in the reorganization
of the sensorimotor cortex observed in this manuscript is cor-
roborated by animal studies on the effects of brain damage in
functional reorganization (Dancause et al. 2005; Nudo et al.
1996). For example, it has been observed that primary motor
damage can provoke both the diversion of fibers and also the
growth of novel brain connections (intracortical sprouting)
from the ventral premotor cortex to the primary somatosenso-
ry cortex (Dancause et al. 2005), thus providing a substrate for
motor functional recovery. This rewiring and remapping of
motor representations might be especially important in new
training experiences, as it is the case in music learning (Wan
and Schlaug 2010).

Our results are also in accord with previous studies show-
ing that improved hand function after rehabilitation therapy is
associated with increased activation of ipsilesional motor
areas and decreased activation in contralesional regions during
movement of the affected hand (Johansen-Berg et al. 2002;
Marshall et al. 2000; Dong et al. 2006). Indeed, the chronic
stroke group in our sample showed a decrease in
contralesional activation of motor and neighboring regions
after MST (see Fig. 2b and c¢) and an improvement on motor
tests such as the ARAT and BBT. Importantly, these improve-
ments in motor function are in agreement with previous stud-
ies applying MST in subacute stroke patients (Schneider et al.
2007; Schneider et al. 2010; Grau-Sanchez et al. 2013). There
is a complex relation between impairment and function in
stroke rehabilitation, where impairment usually refers to the
symptom at the level of the body structure (i.e., the paresis
affecting the mobility of the upper extremity) and function
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Fig. 4 Group (Chronic Stroke > Control) x Time-Point (Post-MST >
Pre-MST) interaction for the Trained > Untrained music contrast,
showing MST interventional effects. Neurological convention is used.
Data from chronic stroke individuals with right-hemispheric lesions
were flipped to the left. Bar graphs indicate mean beta values with
standard error of the mean (grey for chronic stroke, white for controls).

refers to the limitations that the individual with stroke may
face when performing specific activities (i.e. the participant
cannot move a cube with the affected upper extremity). While
in the subacute phase both improvements in function and im-
pairment have been reported (Langhorne et al. 2011), in
chronic stages the situation might differ. Indeed, it has been
suggested that treatment at later stages may have a greater
impact in the improvement of function rather than in the re-
duction of impairment (Krakauer et al. 2012; Kitago et al.
2013). In accord, in the present study we report improvements
in function (measured with the ARAT and the BBT).
However, in a previous study using the same cohort of partic-
ipants (Amengual et al. 2013), we found that participants im-
proved in smoothness and frequency of the movement with
the affected hand after MST. Therefore, although we expected
MST to mostly improve function, we also found a slight ame-
lioration in impairment, as evidenced by the analysis of move-
ment performance (Amengual et al. 2013).

Finally, recent studies have demonstrated how music influ-
ences overall mood and cognitive functions in neurological
and healthy participants (Thaut et al. 2005; Sarkdmo et al.
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Left Heschl Gyrus
X=-46 y=-28 z=18

fMRI mean beta values
o
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All statistical maps are thresholded at a p < 0.01 uncorrected threshold for
illustrative purposes. Only areas reported in Tables at a p <0.005
uncorrected threshold are labeled in this Figure, with MNI coordinates
at the bottom left of each slice. Prec precentral gyrus, SMA supplementary
motor area, [FG inferior frontal gyrus, HG heschl gyrus, MST music
supported therapy, L Left hemisphere

2014; Sarkdmo and Soto 2012; Sarkdmo et al. 2008). In the
present study, improvements in cognitive function and a re-
duction of depressed and negative mood symptoms were ob-
served in individuals with chronic stroke after MST. On the
basis of the current study design, we are unable to prove
whether these effects were due to the specific characteristics
of MST, or were related to more general aspects of the study,
such as the interaction with the therapists and the research
team. It is important to note, however, that the benefits of
music in neurological patients for cognitive recovery and ele-
vation of mood has convincingly been demonstrated
(Séarkamo et al. 2013).

Our results confirm MST as a viable intervention to pro-
duce behavioral, motor and mood improvements—accompa-
nied by changes in brain activity and an increase of functional
connectivity between auditory and motor regions—in individ-
uals with chronic stroke. There are three reasons to assume
that these changes were induced by MST: i) MST was the only
intervention our study participants received; ii) it is unlikely
that the reported changes come from spontaneous recovery, as
our sample included individuals with chronic stroke (30.5
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Fig. 5 Mean functional
connectivity (Fisher’s z-
transformed) within the auditory-
motor network (selected ROIs:
SMA—supplementary motor
area; PRG precentral gyrus, [FG
inferior frontal gyrus, PAC
primary motor cortex). Data from
chronic stroke individuals with
right-hemispheric lesions were
flipped to the left. Results are
shown for both hemispheres
(affected hemisphere on the left
column; unaffected hemisphere
on the right) and time-points
(dashed line for pre-MST/time-
point 1; solid line for post-MST/
time-point 2) of the control group o
(first row), and the chronic stroke
group (second row). The
connections showing a significant
increase in functional
connectivity after MST therapy
are depicted in red. The third row
shows the mean functional
connectivity for each group and
time-point averaged by all
connections. Notice the increase
of functional connectivity in the
different auditory-motor

9

*

hemisphere involved in music
listening in the chronic stroke
group (bottom-lefi). L left
hemisphere, R right hemisphere.
*##¥p <0.005, *#p <0.01,
*p<0.05
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+25.2 months had elapsed since the stroke occurred) where
spontaneous behavioral gains have generally reached a pla-
teau (Cramer 2008). Thus, the chronic stage represents a sta-
ble phase where changes in brain and motor function are more
likely to be associated to the effects of the therapy than to
spontaneous recovery (Schaechter 2004); and iii) the results
of the healthy control group account for any changes induced
by task repetition or by the mere effect of time. On the other
hand, although we suggest—given the reported neuroimaging
data and especially the functional connectivity results—that
the mechanism behind the participants’ recovery could be
based on auditory-motor coupling, we cannot unambiguously
prove this claim. First, we were unable to directly link (e.g.,
with music neuroimaging-motor improvement correlations)
increases in auditory and motor neural activity during passive
listening with motor improvements, probably due to the lack
of a large sample within the chronic stroke group. In addition,
the lack of an additional stroke control group involved in a

Post-MST
2nd Session

Post-MST
2nd Session

Pre-MST
1st Session

different neurorehabilitation program prevents us from ensur-
ing that the mechanism behind the plastic effects observed was,
indeed, the coupling between motor and auditory regions. In
other words, it is possible that another motor therapy could
induce plastic effects in the damaged motor regions so that, in
turn, the normal dynamics of the auditory-motor network
would be reestablished. Thus, it could be the case that partici-
pants who underwent other type of rehabilitation therapy
could also show activity in motor, premotor and supplemen-
tary motor areas post-intervention when passively listening to
music, even though their intervention was not based on stim-
ulating the coupling of auditory and motor regions. Further
studies, using for example a control stroke group receiving
musical therapy but with a mute piano (Gatti et al. 2014),
are needed to ensure which of the reported changes
regarding brain activity, functional connectivity, motor
behavior, mood and cognition are specifically induced
by auditory-motor coupling.
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This study also presents a set of limitations that precise
further discussion. First, we included a relatively small sample
of individuals with chronic stroke with considerable variabil-
ity in lesion locations (in both left and right hemispheres) and
lesion size. In addition, our stroke group was relatively young
(mean age was 59 years). Interestingly, a recent review
(Gaynor et al. 2014) found that the mean age of stroke partic-
ipants undergoing rehabilitation studies was 64.3 years, al-
most 10 years younger than those seen by physicians globally.
We speculate that the participants’ willingness or ability (due
to the exclusion criteria) to participate in our study resulted in
an age bias that is not uncommon in the stroke rehabilitation
literature. For example, in a previous study of our group deal-
ing with MST in acute stroke participants which used very
similar inclusion and exclusion criteria, the mean age of the
study participants was 58 and 54 years for the music and the
control stroke group, respectively (Schneider et al. 2007).
Further studies, mirroring the age of stroke patients treated
in clinical daily practice, should also be conducted in order
to replicate the current findings. Regarding the therapy, the
number (20) and length (30 min) of the MST sessions is also
a critical variable that can be manipulated in future research. In
this study, MST has been applied individually but a modified
version of the protocol could include sessions in group.
Moreover, in a recent study, Villeneuve and colleagues
(2014) introduced a new variation in the therapy as MST
sessions at the medical center were combined with self-
administered sessions performed at home. These modifica-
tions in the protocol could make MST more cost-effective.
In order to improve participants’ engagement in the therapy,
future studies may also consider the musical preferences of
patients when selecting the songs trained during the MST.
Besides, in our design we did not include a phenomenological
qualitative interview aimed at assessing both participants’ ex-
perience and the therapeutic role of the interventionist
(Forsblom et al. 2009). Subsequent studies should address this
question, as the information obtained could ultimately lead to
improvements in the way MST is applied. And finally, as
stated above, the lack of a chronic stroke group engaged in
other rehabilitation therapy limits the impact of our results, as
we cannot ensure that audio-motor coupling was the neural
mechanism responsible for the reported effects. Future studies
using a 3-group design (healthy individuals, chronic stroke
with MST, chronic stroke without MST) will be crucial to
clearly characterize the neural mechanisms behind MST.
Thus, the effects of MST should be studied by doing clinical
trials and comparing this treatment to other available therapies
(Francois et al. 2015). Well-designed experimental studies and
randomized clinical trials will help to provide robust evidence
about the specific benefits of MST in the recovery of motor
deficits after a stroke. In order to transfer this knowledge to the
clinical practice, systematic reviews on the topic (Bradt et al.
2010) are necessary in order to include music therapy as a
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recommended treatment in international guidelines of stroke
rehabilitation (see for an interesting discussion, Magee and
Stewart 2015).

In conclusion, this study further strengthens the neurobio-
logical basis of MST by (i) showing its effectiveness in
individuals with chronic stroke, (ii) demonstrating an
effect of MST on motor-related brain function (i.e. reduction
of contralesional activity), similar to other effective
neurorchabilitation regimes (iii) showing a MST-induced en-
hancement in fMRI activity in auditory and motor areas and
an increase in functional connectivity among several regions
of the auditory-motor network (iv) suggesting that MST has
additional non-specific effects on cognitive performance and
mood.
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