
POST-STROKE NEGLECT 

VIRTUAL REALITY AND MUSIC THERAPY 

A REVIEW

Potential Brain-Behaviour Relationships in Virtual Reality and Music-Intervention Studies

• Post-stroke neglect is a common result of a right hemispheric stroke in the 
brain. It often impairs neurological performance, motor performance of the 
limbs and perception.

• No census on the most effective intervention for post-stroke neglect.

• Lack of research exploring the combined use of Virtual Reality (VR) and 
auditory use to neutralise neglect bias.

• Use of Virtual Reality with Musical Neglect Training tasks may provide a 
music therapist and healthcare team with an effective tool to include during 
neglect rehabilitation.
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• This review summarises evidence of existing VR and music therapy 
interventions, assessments and outcomes in post-stroke and neglect 
populations.

• It explores potential brain-behaviour relationships in Virtual Reality and 
Music Therapy studies.

• Published peer-reviewed primary studies on patients (>18 years old) diagnosed with neglect, hemineglect, spatial neglect, 
paresis, and hemiparesis using established criteria.

• Interventions include VR practice with specialists from relevant fields or Music Therapy practice by qualified Music 
Therapists. 

• Outcomes measured by validated scales, clinical reports and case studies.
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Findings from functional brain imaging research conducted on individuals have demonstrated that 
music triggers extensive activation of different brain networks. 

• This activation also leads to an increase in blood flow in the middle cerebral artery due to 
autoregulation. This enhanced blood flow could create beneficial conditions for overall recovery.

• The orange circles and yellow arrows represent the mesolimbic system, a brain network involved in 
emotions, reward, and motivation.

• The green circles represent the hypothalamic-pituitary-adrenal axis (HPA axis). This is a complex 
system involving the brain and hormonal interactions that play a role in stress response and 
regulation.

• ACTH = adrenocorticotropic hormone; CRH = corticotropin-releasing hormone. These hormones are 
part of the body's stress response system.
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How music could affect the brain's emotional 
and reward centres (mesolimbic system) and hormonal systems related to stress and 

regulation (HPA axis) to contribute to the effectiveness of rehabilitation.

The difference in brain activity between the Posner cue condition (the VR task) and the resting 
baseline condition (when the brain is at rest).

• Figures A – C: The green outline represents the brain activation pattern during the Posner cue 
condition compared to the resting baseline condition before training.

• The study found that after VR training, there was a significant increase in brain activity 
(measured by Blood Oxygen Level Dependent signal intensity) in certain areas of the brain. These 
areas include the ACC (anterior cingulate cortex), DLPFC (dorsolateral prefrontal cortex), and the 
bilateral temporal cortex. These regions play a role in various cognitive functions.

• Figure D: The blue and orange bar colours represent different directions of visual focus (left or 
right).

Ekman, U., Fordell, H., Eriksson, J., Lenfeldt, N., Wåhlin, A., Eklund, A., Malm, J. (2018). Increase of frontal neuronal activity in chronic neglect after training in virtual 
reality. Acta Neurologica Scandinavica, 138(4), 284-292.

Behavioural performance measures of a study involving the Posner fMRI task. 

• Figure A focuses on the percentage of missed targets in two different situations: the red line plots 
show incongruency with a cue, and the blue line plots show congruency with a cue. 

• Figure B suggests that there were potential improvements in reaction time on the Posner fMRI 
task, although they were not statistically significant. Error bars indicate standard error.

Ekman, U., Fordell, H., Eriksson, J., Lenfeldt, N., Wåhlin, A., Eklund, A., Malm, J. (2018). Increase of frontal neuronal activity in chronic neglect after training in virtual 
reality. Acta Neurologica Scandinavica, 138(4), 284-292.
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with 37 slices, echo time (TE) 30 ms, flip angle 80 degrees, field of 
view 25 × 25 cm, 96 × 96 matrix with a slice thickness of 3.4 mm 

(0.5 mm gap). Ten dummy scans were done before image acquisition 
to avoid saturations effects. A total of 740 volumes per session were 
collected. In addition, high- resolution T1- weighted structural images 

were collected with the following parameters: TR 8.2 ms with 180 

slices, thickness 1 mm, TE 3.2 ms, flip angle 12 degrees, field of view 

25 × 25.

2.6 | Neuroimaging analyses

Preprocessing and statistical analyses were performed with SPM 

8 (Welcome Department of Imaging Neuroscience, London, UK) 
run in Matlab 7.12.0 (MathWorks). Slice time correction was con-

ducted within each volume to adjust for differences in slice ac-

quisition timing. Movement corrections were performed by realign 

and unwarp to the first image in the series. Furthermore, we inter-

polated images with voxel- wise spikes in the ArtRepair version 4 

software (Stanford School of Medicine, Stanford University, USA) 
to avoid task- correlated motion that could affect estimation ac-

curacy. The normalization was conducted according to an evalu-

ation performed with stroke subjects.28 This included creating a 

group- specific template from the T1- weighted images using SPMs 

new segment and with diffeomorphic anatomical registration- 

exponentiated lie algebra (DARTEL; SPM toolbox). Critically, in 
new segment, we selected medium regularization, and in DARTEL, 

we utilized 4 times default regularization as this combination has 

previously been shown effective in stroke patients.28 Other pa-

rameters were used as set by default. The functional data of each 

subject was then nonlinearly normalized (by means of a high degree 
of deformation) to the template followed by affine registration to 

the Montreal Neurological Institute (MNI) echoplanar imaging 
template. Finally, the images were smoothed by using an 8.0- mm 

full- width at half- maximum (FWHM) Gaussian filter. The software 
ITK- SNAP29 was used to manually draw binary lesion maps on the 

T1- weighted images. All lesion maps were reviews by a neurora-

diologist and by a senior neurologist. Finally, lesions maps were 

normalized to MNI space using the same transformation as for the 

functional image. Then, we created a single volume representing 

the number of patients that had a lesion in that particular voxel. 

We did not exclude brain lesion voxels from the individual or group 

level fMRI analyses.

Event- related fMRI responses were modelled as regressors that 

contained delta functions (for series of brief events) and box- car 
functions (for periods of sustained stimulation) that represented 
different processes in the Posner task. The central arrow during 

the cue condition was modelled for left VF (during the period when 
the arrow was pointing to the left) and right VF (during the period 
when the arrow was pointing to the right). Cues were modelled sep-

arately with a box- car function that represented cue duration. Left 

and right targets that were either congruent or incongruent with the 

preceding cue were modelled separately with delta functions that 

represented the onset of target stimuli (ie, 4 separate “target” re-

gressors). All regressors were convolved with a canonical hemody-

namic response function. Six realignment parameters were included 

as nuisance regressors to account for movement artefacts. Different 

contrast images from the first- order analyses (ie, for each individ-

ual) were generated in relation to several separate second- order (ie, 
group level) analyses, as specified below (results section). The sta-

tistical threshold in the whole- brain analyses was set to P < .001 at 

the voxel level in conjunction with P < .05 FWE correction at the 

cluster level.

3  | RESULTS

3.1 | Behavioural data

No significant change was observed between the 3 baseline occa-

sions on the Posner cuing task (percent misses) outside the scanner, 
indicating a stable phase before the fMRI evaluation (F2,22 = 0.39, 
P = .68; partial η2 = .03). At the baseline fMRI examination, 3 sub-

jects showed ceiling effects on at least one of the Posner task 

target conditions (<1% misses), and an additional 4 patients were 
close to ceiling performance (<4% misses). A significant training 
effect was evident regarding missed targets (F1,44 = 6.37, P = .02; 
partial η2 = .13; Figure 2). Neither the VF- by- training interaction 
(F1,44 = 0.20, P = .66; partial η2 < .01), nor the congruency- by- 

training interaction (F1,44 = 0.14, P = .72; partial η2 < .01), nor the 

F IGURE  2 Behavioural performance measures. A. The training- related performance on the Posner fMRI task was significant for percent 
missed targets, red = targets, which were incongruent with cue, blue = targets, which were congruent with cue. B, The RT improvements on 
the Posner fMRI task approached significance. Error bars = standard error
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VF- by- congruency- by- training interaction (F1,44 = 0.09, P = .77; 
partial η2 < .01) was significant. The main effect of VF approached 
significance (F1,44 = 3.47, P = .07; partial η2 = .07), which indicates 
fewer misses if the targets were presented on the right than on the 
left. There was no main effect of congruency (F1,44 = 0.01, P = .92; 
partial η2 < .01).

Furthermore, there was a trend towards training- related effect 
on the RT- index (F1,44 = 3.13, P = .08; partial η2 = .07). Neither the 
VF- by- training interaction (F1,44 = 0.16 P = .69; partial η2 < .01), 
nor the congruency- by- training interaction (F1,44 = 0.02, P = .89; 
partial η2 < .01), nor the VF- by- congruency- by- training interaction 
(F1,44 = 0.06, P = .81; partial η2 < .01) was significant. However, 
there was a significant main effect of VF (F1,44 = 7.49, P < .01; par-
tial η2 = .15), indicating that participants generally had faster RTs 
when the targets were presented on the right than on the left. 
There was no main effect of congruency (F1,44 = 0.02, P = .89; par-
tial η2 < .01).

3.2 | fMRI data

3.2.1 | Posner cue condition vs baseline 
rest condition

To establish the network of brain regions involved in processing 
the cue before the intervention, an average of the left and right 
VF conditions was contrasted with the red- cross baseline condi-
tion at the pre- training occasion. Consistent with the activation 
patterns for healthy adults during the Posner task cue condition 
(He et al., 2007), participants in this study primarily recruited the 
bilateral IPS, the bilateral FEF (ie, the DAN) and the bilateral oc-
cipitotemporal cortex, but also parts of the bilateral dorsolateral 
prefrontal cortex (DLPFC). To investigate the effects of the train-
ing intervention, a VF- by- session ANOVA was set- up, where each 
cell contained contrast estimates of the relevant condition (left, 
right, pre- training, and post- training) compared with the red- cross 

F IGURE  3  Increased training- related BOLD signal intensity during Posner cue condition. The task activation pattern (cue activation 
> baseline resting condition) from the pretest scanning is presented as a green outline to illustrate the contrast between the Posner cue 
condition and the resting baseline condition. A- C, A significant training- related increased BOLD signal response was observed within an 
extended cortical network including the ACC, the DLPFC and the bilateral temporal cortex. D, Mean beta values (estimated parameter 
values) from the cluster showing training- related effects are presented as plots contrasting Posner cue condition with the baseline resting 
condition when the arrow was pointing to the left (blue) or to the right (orange) VF both at pretest and posttest. Error bars = standard errors
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1 year, and a significant 17% reduction in seizure 
frequency was detected during the study period 
(p=0·014). Additionally, a carry-over effect of 16% reduced 
seizure frequency persisted for 1 year. Although no other 
randomised controlled trials with adult participants have 
been published, a recent meta-analysis of 12 studies 
including both children and adult patients with epilepsy 
of any kind indicated that 130 (85%) of 153 patients 
responded favourably to music, with an average reduction 
in interictal epileptic activity of 31% during the listening 
period and 24% after the listening period.75 Further 
studies are needed, since only two of these studies had a 
separate control group.

Mechanisms underlying the rehabilitative effect 
of music
Considering the widely varying nature of the diseases in 
which music has led to improved recovery, enhanced 
rehabilitation, or alleviation of symptoms, several distinct 
explanatory mechanisms can be postulated.

Neural activation and neuroplasticity
Results from functional neuroimaging studies in healthy 
participants have shown that music induces widespread 
activation of various networks in the brain14–17 (figure 2), 
and correspondingly increases blood flow through the 
medial cerebral artery because of autoregulation76 

(figure 3), which should provide favourable circumstances 
for recovery in general. For example, after stroke, 
neuroplastic changes associated with functional recovery 
are activity-dependent.77 Musical activities bear similarity 
with the concept of enriched environments used in 
animal studies, which facilitates recovery at behavioural 
and neurobiological levels in animal models of many 
neurological illnesses.13

Since active music-based rehabilitation involves 
multiple components analogous to training and music 
learning (ie, iterated practice of movements coupled with 
auditory feedback and extensive cognitive processing), it is 
plausible that music-based neurological rehabilitation 
induces similar structural and functional neuroplastic 
changes seen in populations of healthy individuals that 
receive musical training.18,19 Indeed, some studies have 
reported memory-related plastic effects after music 
listening,28,32 as well as neural reorganisation after music-
supported therapy in patients recovering after a stroke.34 
Other studies have provided further evidence of auditory-
related and motor-related neuroplasticity after music-
supported therapy78–80 and melodic intonation therapy81 in 
patients who have had a stroke.

However, the specific cellular mechanisms of music-
induced neuroplasticity remain unknown. Although 
substantial neurogenesis in elderly individuals seems 
unlikely, other putative mechanisms include neuronal 
hypertrophy, increased volume of neuropil, and changes 
in the vascular or glial compartments. An intriguing 
question to investigate would be whether previous music 
exposure during a specific period of lifetime affects the 
plasticity of the recovering brain. The possibility of 
negative plastic changes due to overly intense or 
premature intervention should be considered.

Activation of reward, arousal, and emotion networks
Music activates the dopaminergic mesolimbic system, 
which regulates memory, attention, executive functions, 
mood, and motivation82 (figure 3). A key part of this 
reward system is the nucleus accumbens, which 
regulates mood and pleasure. In healthy individuals, its 
activation by an intense emotional response to music (so-
called chills) leads to increased dopamine secretion 
directly proportional to the intensity of the experience.82 
Increased extracellular dopamine levels could partly 
explain the cognitive–emotional gains induced by music 
in patients with neurological disorders. Music-induced 
improvement of mood, arousal, and relief of confusion 
might therefore enhance recovery of cognitive functions 
in these patients. Music-induced activation of the 
parasympathetic nervous system and inhibition of the 
sympathetic nervous system in people with dementia, 
and corresponding changes in catecholamine and 
cytokine secretion, has been considered as a soothing 
effect of music.83 This increased parasympathetic activity 
is also a possible mechanism behind the effect of music 
ameliorating neuropsychiatric symptoms in dementia.

Figure 3: Possible neurobiological mechanisms for the rehabilitative effect of music
Orange circles and yellow arrows represent the mesolimbic system, and the green circles represent the HPA axis. 
ACTH=adrenocorticotropic hormone. CRH=corticotropin-releasing hormone. 
HPA axis=hypothalamic-pituitary-adrenal axis.
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VF- by- congruency- by- training interaction (F1,44 = 0.09, P = .77; 
partial η2 < .01) was significant. The main effect of VF approached 
significance (F1,44 = 3.47, P = .07; partial η2 = .07), which indicates 
fewer misses if the targets were presented on the right than on the 
left. There was no main effect of congruency (F1,44 = 0.01, P = .92; 
partial η2 < .01).

Furthermore, there was a trend towards training- related effect 
on the RT- index (F1,44 = 3.13, P = .08; partial η2 = .07). Neither the 
VF- by- training interaction (F1,44 = 0.16 P = .69; partial η2 < .01), 
nor the congruency- by- training interaction (F1,44 = 0.02, P = .89; 
partial η2 < .01), nor the VF- by- congruency- by- training interaction 
(F1,44 = 0.06, P = .81; partial η2 < .01) was significant. However, 
there was a significant main effect of VF (F1,44 = 7.49, P < .01; par-
tial η2 = .15), indicating that participants generally had faster RTs 
when the targets were presented on the right than on the left. 
There was no main effect of congruency (F1,44 = 0.02, P = .89; par-
tial η2 < .01).

3.2 | fMRI data

3.2.1 | Posner cue condition vs baseline 
rest condition

To establish the network of brain regions involved in processing 
the cue before the intervention, an average of the left and right 
VF conditions was contrasted with the red- cross baseline condi-
tion at the pre- training occasion. Consistent with the activation 
patterns for healthy adults during the Posner task cue condition 
(He et al., 2007), participants in this study primarily recruited the 
bilateral IPS, the bilateral FEF (ie, the DAN) and the bilateral oc-
cipitotemporal cortex, but also parts of the bilateral dorsolateral 
prefrontal cortex (DLPFC). To investigate the effects of the train-
ing intervention, a VF- by- session ANOVA was set- up, where each 
cell contained contrast estimates of the relevant condition (left, 
right, pre- training, and post- training) compared with the red- cross 

F IGURE  3  Increased training- related BOLD signal intensity during Posner cue condition. The task activation pattern (cue activation 
> baseline resting condition) from the pretest scanning is presented as a green outline to illustrate the contrast between the Posner cue 
condition and the resting baseline condition. A- C, A significant training- related increased BOLD signal response was observed within an 
extended cortical network including the ACC, the DLPFC and the bilateral temporal cortex. D, Mean beta values (estimated parameter 
values) from the cluster showing training- related effects are presented as plots contrasting Posner cue condition with the baseline resting 
condition when the arrow was pointing to the left (blue) or to the right (orange) VF both at pretest and posttest. Error bars = standard errors
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VF- by- congruency- by- training interaction (F1,44 = 0.09, P = .77; 
partial η2 < .01) was significant. The main effect of VF approached 
significance (F1,44 = 3.47, P = .07; partial η2 = .07), which indicates 
fewer misses if the targets were presented on the right than on the 
left. There was no main effect of congruency (F1,44 = 0.01, P = .92; 
partial η2 < .01).

Furthermore, there was a trend towards training- related effect 
on the RT- index (F1,44 = 3.13, P = .08; partial η2 = .07). Neither the 
VF- by- training interaction (F1,44 = 0.16 P = .69; partial η2 < .01), 
nor the congruency- by- training interaction (F1,44 = 0.02, P = .89; 
partial η2 < .01), nor the VF- by- congruency- by- training interaction 
(F1,44 = 0.06, P = .81; partial η2 < .01) was significant. However, 
there was a significant main effect of VF (F1,44 = 7.49, P < .01; par-
tial η2 = .15), indicating that participants generally had faster RTs 
when the targets were presented on the right than on the left. 
There was no main effect of congruency (F1,44 = 0.02, P = .89; par-
tial η2 < .01).

3.2 | fMRI data

3.2.1 | Posner cue condition vs baseline 
rest condition

To establish the network of brain regions involved in processing 
the cue before the intervention, an average of the left and right 
VF conditions was contrasted with the red- cross baseline condi-
tion at the pre- training occasion. Consistent with the activation 
patterns for healthy adults during the Posner task cue condition 
(He et al., 2007), participants in this study primarily recruited the 
bilateral IPS, the bilateral FEF (ie, the DAN) and the bilateral oc-
cipitotemporal cortex, but also parts of the bilateral dorsolateral 
prefrontal cortex (DLPFC). To investigate the effects of the train-
ing intervention, a VF- by- session ANOVA was set- up, where each 
cell contained contrast estimates of the relevant condition (left, 
right, pre- training, and post- training) compared with the red- cross 

F IGURE  3  Increased training- related BOLD signal intensity during Posner cue condition. The task activation pattern (cue activation 
> baseline resting condition) from the pretest scanning is presented as a green outline to illustrate the contrast between the Posner cue 
condition and the resting baseline condition. A- C, A significant training- related increased BOLD signal response was observed within an 
extended cortical network including the ACC, the DLPFC and the bilateral temporal cortex. D, Mean beta values (estimated parameter 
values) from the cluster showing training- related effects are presented as plots contrasting Posner cue condition with the baseline resting 
condition when the arrow was pointing to the left (blue) or to the right (orange) VF both at pretest and posttest. Error bars = standard errors
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