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in fine-grained spectral processing and the left AC in rapid temporal processing of sounds (Zatorre & Belin, 2001; 
Zatorre et al., 2002). Notably, the thalamus also projects auditory information directly to limbic areas, such as 
the amygdala and the medial orbitofrontal cortex (LeDoux, 2010; Öngür & Price, 2000), enabling the rapid 
analysis of emotional acoustic cues embedded in music. 

After the initial low-level perceptual encoding stage, music processing unfolds over multiple spatially distributed 
networks governing higher-level perceptual, cognitive, motor, and emotional functions. The processing of higher-
order musical features (e.g., chords, melody, harmony) following a rule-based syntactic analysis of spectral and 
temporal fluctuation patterns within the sound stream occurs in a network comprising inferior and medial 
prefrontal areas, premotor areas, anterior and posterior superior temporal areas, and inferior parietal areas 
(Alluri et al., 2012; Janata et al., 2002; Patel, 2003; Patterson, Uppenkamp, Johnsrude, & Griffiths, 2002).  The 
periodic rhythm (beat) of music as well as the motor production of music (e.g., instrument playing, tapping to 
beat) is further accomplished by a network of motor regions in the frontal motor and premotor cortices, basal 
ganglia, and cerebellum (Bengtsson et al., 2009; Chen, Penhune, & Zatorre, 2008; Grahn & Rowe, 2009; 
Zatorre, Chen, & Penhune, 2007). Keeping track of music as it unfolds over time enlists the attention and working 
memory system in the inferior and dorsolateral prefrontal cortex, the cingulate cortex, and the inferior parietal 
cortex (Janata, Tillmann, & Bharucha, 2002; Jerde, Childs, Handy, Nagode, & Pardo, 2011; Schulze, Zysset, 
Mueller, Friederici, & Koelsch, 2011). Recalling long-term memories associated with music engages the episodic 
memory system, which covers many areas in medial temporal (e.g., hippocampus), parietal (precuneus, angular 
gyrus), and frontal (dorsomedial and inferior prefrontal) lobe (Ford, Addis, & Giovanello, 2011; Janata, 2009; 
Platel, Baron, Desgranges, Bernard, & Eustache, 2003). 

Finally, the affective impact of music and the hedonic pleasure derived from music is closely linked to the 
dopaminergic emotion and reward network of the brain, involving limbic and mesolimbic structures such as the 
nucleus accumbens of basal ganglia, the amygdala, the hippocampus, the cingulate cortex, and the orbitofrontal 
cortex (Blood & Zatorre, 2001; Koelsch, 2014; Salimpoor, Benovoy, Larcher, Dagher, & Zatorre, 2011; Zatorre 
& Salimpoor, 2013). Importantly, the familiarity and the emotional impact of music seem to be closely intertwined 
in the brain, as indicated by recent findings that familiar music activates the reward circuitry more than unfamiliar 
music (Pereira et al., 2011) and enjoyable music activates the episodic memory network more extensively than 
less positively valenced music during recognition (Altenmüller, Siggel, Mohammadi, Samii, & Münte, 2014). This 
has important implications for the preservation on music-evoked emotions and memories in AD. 
 
1.2. Brain networks underlying song perception and singing in the healthy brain 
Neuroimaging studies in healthy subjects have shown that the processing of music and speech share processing 
resources in many parts of the brain, including temporal, frontal, and parietal areas, but also engage distinct 
cortical networks [for a Activation Likelihood (ALE) meta-analysis, see LaCroix, Diaz, & Rogalsky, 2015]. Results 
from recent functional magnetic resonance imaging (fMRI) studies using univariate and multivariate pattern 
analysis, which have directly compared natural speech and music processing in the same subjects, indicate that 
while speech and music both engage bilateral superior temporal areas extensively, speech is processed more 
ventrolaterally and music more dorsomedially (Angulo-Perkins et al., 2014; Norman-Haignere et al., 2015; 
Rogalsky et al., 2011; Tervaniemi et al., 2006), suggesting distinct spatial patterns and stages of processing for 
speech and music within the same temporal network. 

Conceptually, songs represent an interesting interface between speech and music, binding lyrics and melody 
into a unified representation. Thus, the neural processing of songs is a combination linguistic (syntactic, 
semantic), musical (melodic, rhythmic), domain-general cognitive (attention, memory), vocal-motor, and 
emotional processing. Evidence from fMRI studies suggests that listening to vocal songs activates bilateral 
temporal [e.g., superior temporal gyrus (STG), planum temporale] and frontal [e.g., superior frontal gyrus (SFG), 
premotor cortex] areas as well as subcortical / limbic areas (e.g., hippocampus, striatum, orbitofrontal cortex) 
more extensively than listening to speech (Callan et al., 2006; Méndez Orellana et al., 2014; Schön et al., 2010; 
Sharda et al., 2015) or instrumental music (Alluri et al., 2013; Brattico et al., 2011; Lévêque & Schön, 2015). The 
perception of vocal melodies also engages the right sensorimotor cortex and its connectivity with other parts of 
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familiar songs (Drapeau, Gosselin, Gagnon, Peretz, & Lorrain, 2009; Hsieh, Hornberger, Piguet, & Hodges, 
2011, 2012; Johnson et al., 2011). Importantly, familiar music has consistently been shown to evoke personal 
emotions and autobiographical memories as well as enhance mood in AD patients (Basaglia-Pappas et al., 
2013; Cuddy, Sikka, & Vanstone, 2015; El Haj, Antoine, Nandrino, Gély-Nargeot, & Raffard, 2015; El Haj, 
Fasotti, & Allain, 2012; Foster & Valentine, 2001; Irish et al., 2006; Meilán García et al., 2012). 

The neural basis of the preservation of music-evoked emotions and memories in AD is still rather poorly 
understood. According to findings from VBM studies in dementia cohorts, impaired recognition of musical 
emotions or familiar songs appears to be associated with the degree of atrophy specifically in the anterior 
temporal lobe (Hsieh et al., 2011, 2012; Johnson et al., 2011), which is more common in semantic dementia 
than in AD. Recently, Jacobsen et al. (2015) reported that specific medial frontal areas (anterior cingulate, 
supplementary motor area), which were found to govern the recognition of familiar songs in young healthy adults 
(N = 32) using fMRI, showed minimal cortical atrophy (measured with VBM) and disruption of glucose-
metabolism [measured with positron emission tomography (PET)] in the anatomical scans of AD patients (N = 
20) with mild-to-moderate dementia. Together, these results suggest that music-evoked memories may tap 
regions in the brain, which are relatively well preserved in AD. 

 
2.4. Preservation of music in severe amnesia 
In addition to AD, some aspects of music may be preserved also in cases of severe amnesia, with both antero- 
and retrograde memory impairment caused for example by encephalitis or brain injury. Although amnesic 
patients are typically not able to explicitly recall semantic music-related information (e.g., names of composers, 
artists or songs), they can nevertheless recognize both familiar (well-known) songs and novel songs after a 
learning period (Finke, Esfahani, & Ploner, 2012; Haslam & Cook, 2002) and may even be able to better recall 
autobiographical memories after hearing familiar songs (Baird & Samson, 2014). Amnesic patients who have an 
active musical background can also retain declarative knowledge of skills related to music playing (Gregory, 
McCloskey, Ovans, & Landau, 2016), procedural memory for playing familiar musical pieces (Sacks, 2007), and 
the ability to learn to play new songs (Cavaco, Feinstein, van Twillert, & Tranel, 2012; Valtonen, Gregory, 
Landau, & McCloskey, 2014). Although the neural mechanisms governing these effects are not known, these 
findings suggest that recalling and learning of musical information engages brain networks that are distinct (or 
more widespread) than those involved in other types of episodic and semantic memory. 
 
3. Songs as a verbal learning tool in stroke and dementia 
 
3.1. Musical mnemonics 
One of the key cultural functions of songs has always been to pass on verbal knowledge and folklore. Songs or 
rhymes are still commonly used today, especially in children, to facilitate the learning of verbal information, such 
as letters of the alphabet (Alphabet song) or notes of a musical scale (Do-Re-Mi song). Musical mnemonics 
refers to the idea that music, especially singing, may act as a mnemonic or learning device, providing a structured 
temporal scaffolding framework that facilitates word learning (Ferreri & Verga, 2016). Hearing the melody of a 
well-known song can cue the retrieval of its lyrics (Rubin, 1977), and lyrics are effectively paired with melody 
also when learning unfamiliar songs (Samson & Zatorre, 1991; Serafine, Crowder, & Repp, 1984). In healthy 
subjects, an enhancement of memory for sung vs. spoken novel verbal material has been reported for the 
learning and/or delayed recall of connected text, such as song lyrics and sentences (Calvert & Tart, 1993; 
Kilgour, Jakobson, & Cuddy, 2000; Ludke, Ferreira, & Overy, 2014; Wallace, 1994), and unconnected text, such 
as word lists (Rainey & Larsen, 2002; Tamminen, Rastle, Darby, Lucas, & Williamson, 2017), although some 
studies have found no differences in performance when comparing the two presentation forms (Racette & 
Peretz, 2007; Thaut, Peterson, & McIntosh, 2005). 

Overall, the mnemonic effect of songs in facilitating verbal learning and memory appears to occur most often 
when the to-be-learned verbal material is connected text (e.g., phrases or sentences, instead of isolated words) 
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and the sung melody is simple in its melodic and rhythmic structure, repetitive, and slower in tempo compared 
to speech. In general, the melodic and rhythmic patterns of music provide a rich structure that can potentially 
help in chunking words and phrases, identifying line lengths and stress patterns, and adding emphasis and focus 
on the surface characteristics of the text (e.g., phonemic structure, phrasing) (Wallace, 1994). 
 
3.2. Learning and recall of sung vs. spoken material in neurological disorders 
In addition to healthy subjects, the mnemonic effects of songs have been explored also in persons with memory 
impairment caused by a neurological illness. Thaut et al. gave two groups of multiple sclerosis (MS) patients an 
auditory word list learning task either in spoken or sung format over multiple learning trials. MS patients showed 
better overall word memory and word order memory in the sung condition, and this effect was coupled with 
stronger oscillatory (alpha band) synchronization in bilateral prefrontal areas (Thaut, Peterson, McIntosh, & 
Hoemberg, 2014). 

The learning of novel song lyrics has also been studied in AD patients. In the study of Simmons-Stern, Budson 
& Ally (2010), AD patients and healthy older adults were visually presented lyrics of unfamiliar children's songs, 
accompanied by either a sung or a spoken recording of the lyrics. In AD patients, recognition memory was better 
for the sung than spoken lyrics (Simmons-Stern et al., 2010). A similar memory advantage of sung over spoken 
lyrics in immediate and/or delayed recall was seen also in two other studies of AD patients (Moussard, Bigand, 
Belleville, & Peretz, 2014; Palisson et al., 2015). In the Palisson et al. (2015) study, the sung presentation was 
also better for recall than a non-musical association (spoken presentation paired with a silent movie sequence), 
suggesting that this effect seems to be quite specific to music. 

In stroke patients, the learning of unfamiliar song lyrics has previously been explored in two small studies of 
chronic aphasics. In the case study of Hébert et al. (2003), a right hemisphere-lesioned, severely aphasic patient 
did not show better repetition of unfamiliar song lyrics when presented in sung vs. spoken format. Similarly, in 
Racette et al. (2006), stroke patients with moderate-to-severe aphasia (N = 8) did not differ in the repetition of 
unfamiliar song lyrics when they were sung compared to when they were spoken with the melody (sung on 
syllable /la/) on the background. 

Recently, using a larger sample of stroke patients (N = 31, 14 with mild aphasia) studied longitudinally at acute 
and 6-month post-stroke stage, we explored the learning and recall of entirely novel narrative stories (written 
and composed for the study) that were presented in both sung and spoken formats. The task comprised three 
learning trials and a delayed recall trial. Memory performance on the spoken and sung tasks did not differ at the 
acute stage, whereas sung stories were learned and recalled better compared to spoken stories at the 6-month 
post-stroke stage, both across patients and within the subgroup of mildly aphasic patients (Leo et al., 2018). 
These sung > spoken recall effects were seen in the second and third learning trials and in the delayed recall 
trial across all patients (Figure 3A) and in the second and third learning trials in aphasic patients (Figure 3B). 
Compared to the previous studies in aphasic patients (Hébert et al., 2003; Racette et al., 2006), the significant 
sung > spoken memory effect observed here is likely due to lower severity of aphasia, larger sample size, more 
concrete and narrative verbal material, and lack of additional melodic cues in the spoken control condition. 

The neural correlates of the sung > spoken memory effect at the 6-month post-stroke stage were also explored 
using VBM and DTI (deterministic tractography) analyses of MRI data obtained at the same post-stroke time 
points (for a methodological description, see Supplementary Material). Across all patients, better recall of sung 
vs. spoken stories in the second learning trial correlated with larger grey matter volume in right anterior temporal 
areas (STG, MTG) as well as with increased fractional anisotropy (FA) and volume of the right UF, which 
connects these areas to the right IFG (Figure 3A, Supplementary Table 1). In the aphasic patients (Figure 3B, 
Supplementary Table 1), the sung > spoken learning effect correlated extensively with larger grey matter volume 
in left frontal areas [IFG, middle frontal gyrus (MFG), precentral gyrus, anterior cingulate], right temporal (STG, 
MTG) and limbic (hippocampus) areas, and bilateral parietal [superior parietal lobule (SPL), precuneus] and 
striatal (caudate) areas. Correspondingly, the sung > spoken learning effect correlated also with increased FA / 
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volume in left frontal (FAT) and right frontotemporal (UF), frontoparietal (IFOF), and temporoparietal (posterior 
AF) tracts in aphasics. No other significant effects were observed. 
 
4. Music-based interventions in neurological rehabilitation 
 
4.1. Music in stroke rehabilitation 
Aesthetic and cultural leisure activities, such as listening to music or dancing, are important for stroke survivors, 
but unfortunately they are often not able to participate in these due to health issues or inaccessibility of services 
(O'Connell, Cassidy, O'Neill, & Moss, 2013). Even in rehabilitation centres, stroke patients typically spend 50-
70% of their daily time not engaged in therapeutic activities or social interaction (Bernhardt, Dewey, Thrift, & 
Donnan, 2004; De Wit et al., 2005), and 40-60% of patients feel that their true rehabilitation needs, especially 
regarding the emotional and cognitive problems caused by the stroke, are not met by the health care system 
(McKevitt et al., 2011). During the last 10 years, there has been growing interest in the application of music-
based interventions to support cognitive, motor, and emotional recovery from stroke and to enhance brain 
plasticity during the recovery period. These interventions can be broadly defined as either receptive (passive) 
or expressive (active) depending on how music is utilized. 
 
4.1.1. Receptive music interventions in stroke rehabilitation 

Of different everyday musical activities, music listening is perhaps most easily applicable in the rehabilitation 
setting. We performed a parallel-group randomized controlled trial (RCT) comparing the long-term effects of a 
2-month daily music listening (min 1 hour per day) intervention to an audio book listening intervention and 
standard care (control group) in acute stroke patients (N = 60). Both the audio book and music material was 
self-selected and the listening was self-implemented with portable players, with the support of music therapists, 
family members, and nursing staff. The music material comprised mostly of songs with lyrics that were familiar  
and liked by the patients. Outcome was assessed using neuropsychological tests and mood questionnaires as 
well as auditory magnetoencephalography (MEG) measurements and sMRI performed at acute, 3-month, and 
6-month post-stroke stages. 

In a 6-month follow-up, music listening was found to be superior to audio book listening and standard care in 
improving the recovery of verbal memory and focused attention and reducing depression and confusion (Figure 
4A) (Särkämö et al., 2008) as well as in increasing positive mood, relaxation, and motor activity (Forsblom, 
Särkämö, Laitinen, & Tervaniemi, 2010). Using MEG, these behavioural gains induced by music listening were 
also linked functionally to enhanced neural efficiency of auditory encoding, as indexed by the mismatch 
negativity (MMN), a memory-related electrophysiological response originating from areas in temporal and frontal 
cortices (Näätänen et al., 2011). The MMN amplitude to pitch changes in the right hemisphere increased more 
in the music and audio book groups compared to the control group over 6 months (Figure 4B) (Särkämö et al., 
2010). Using VBM analyses of sMRI data, music listening was also found to enhance structural neuroplasticity 
as indicated by increased grey matter volume in spared prefrontal (SFG) and limbic (anterior cingulate, ventral 
striatum) regions compared to the audio book and control groups (Figure 4C) (Särkämö et al., 2014a). 

In addition to the general cognitive and emotional effects, some recent studies have also explored the targeted 
use of music listening in patients with unilateral spatial neglect (USN), characterized by a deficit in attending 
to the side opposite a brain lesion (usually left side neglect following right hemisphere damage). To date, two 
small (N = 3-19) within-subject studies (Chen, Tsai, Huang, & Lin, 2013; Soto et al., 2009) have compared the 
performance of chronic stroke patients in visuospatial attention tasks while listening to (i) pleasant music, (i i) 
unpleasant music, and (iii) silence / white noise. Compared to the other conditions, pleasant music was found 
to enhance performance on spatial orienting and scanning tasks and temporarily reduce the ipsilesional 
attentional bias in USN. Interestingly, this effect was coupled with enhanced mood and arousal as well as with 
increased functional connectivity between orbitofrontal and parieto-occipital areas, suggesting that the attention 
benefit of music is likely driven by its emotional impact (Chen et al., 2013; Soto et al., 2009). The longitudinal 
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There has been increasing interest also in group-based music interventions, which have the added value of 
being more widely applicable and involving a social interaction element compared to individual-based methods. 
The MST protocol has been reported to be equally effective motorically and emotionally when applied in 
individual and pair settings (Van Vugt et al., 2014). Also the effects of choir singing have recently been explored 
in three small pilot studies. Qualitatively, participating in a community choir is perceived by stroke patients as 
helpful in the self-management of the social and emotional consequences caused by the illness, such as social 
isolation, low mood, and communication deficits (Fogg-Rogers et al., 2016). In a within-subjects questionnaire 
and interview study by Tamplin and colleagues (Tamplin, Baker, Jones, Way, & Lee, 2013), aphasic stroke 
patients (N = 13) reported reduced psychological distress and enhanced confidence, mood, motivation, and 
communication after participating weekly in a community choir for 20 weeks. Recently, in a pilot three-arm RCT 
of chronic aphasic patients (N = 23), Zumbansen et al. (2017) compared the effects of weekly choir and drama 
group interventions to standard care. While no significant outcome effects were observed for the interventions, 
the level of attendance to the social activities was linked to improved functional communication, and the protocol 
was found to be feasible. 
 
4.2. Music in dementia care 
Given the dramatically increasing prevalence of AD and other dementia illnesses (Prince et al., 2013), there is 
a pressing need for effective ways to support cognitive, emotional, and social functioning in this population, both 
in persons with dementia (PWDs) and their family members and caregivers. Importantly, as music-induced 
emotions and memories are often preserved even in more advanced stages of dementia (Basaglia-Pappas et 
al., 2013; Cuddy et al., 2015; El Haj et al., 2012, 2015; Foster & Valentine, 2001; Irish et al., 2006; Meilán García 
et al., 2012), music can be used therapeutically across the dementia spectrum, from mild cognitive impairment 
(MCI) to severe dementia. 
 
4.2.1. Receptive music interventions in dementia care 

Emotional and well-being effects. Studies exploring the emotional effects of receptive musical activities in 
dementia can be broadly divided to those assessing the immediate effect of music listening on mood state during 
single exposure and those assessing the short-term or long-term effects of more regular exposure to music. 
Regarding the former, pleasant and stimulating background music has been observed to temporarily reduce 
anxiety (Irish et al., 2006). Regarding the latter, there are a number of small non-randomized and randomized 
intervention studies in PWDs with moderate-severe dementia residing in a long-term care facility that have 
assessed the emotional and social impact of musical leisure activities, primarily utilizing the listening of 
individualized (preferred) music, over a time period ranging from short (15-30 min) single sessions to multiple 
weeks. Using observational ratings, these studies have reported short-term beneficial effects of music listening 
on anxiety (Gerdner, 2005; Sung, Chang, & Lee, 2010), agitation (Garland, Beer, Eppingstall, & O'Connor, 2007; 
Remington, 2002; Ziv, Granot, Hai, Dassa, & Haimov, 2007), and positive social behaviors and interaction (Ziv 
et al., 2007). 

Recently, there have also been a couple of RCT studies assessing the efficacy of interventions involving regular 
music listening. In a three-arm RCT by Raglio et al. (2015), 10-week music therapy and music listening 
interventions were compared to standard care in 120 PWDs of moderate to severe severity living in a nursing 
home, but no significant effects of the music interventions were observed on behavioural and psychological 
symptoms of dementia (e.g., depression, anxiety). Innes et al. (Innes, Selfe, Khalsa, & Kandati, 2016) assessed 
the effects of two 12-week relaxation programs, one using Kirtan Kriya Meditation and one music listening, in 60 
community dwelling older adults with subjective cognitive decline in a two-arm RCT. Both after the intervention 
period and in a 6-month follow-up, they observed significant improvements in psychological well-being, mood, 
and sleep quality in both groups, although these were slightly larger in the meditation than music listening group 
(Innes et al., 2016). 

The studies listed above all used music listening interventions implemented by trained research assistants or 
rehabilitation personnel. We recently performed a study exploring a novel dyadic music coaching intervention in 
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to speech prosody, vocal fatigue, phonation, and speech intelligibility and intensity (Di Benedetto et al., 2009; 
Evans, Canavan, Foy, Langford, & Proctor, 2012; Tanner, Rammage, & Liu, 2015). Although these findings are 
promising, further research is clearly needed to ascertain these effects using larger studies with RCT designs. 
More research is also needed to assess potential wider benefits of singing on communication, cognitive-motor 
functions, and QoL in PD (Barnish, Atkinson, Barran, & Barnish, 2016). 

 
Conclusions and future directions 
During the last decades, the field of neuroscience of music has grown considerably and provided unique and 
valuable insight into the neural mechanisms that govern the perception, emotional experience, cognitive 
processing, and motor production of music in the healthy brain. Over the last ten years, this knowledge has 
increasingly been translated also into the clinical field, sparking new important research on the neural basis of 
music processing in the abnormally developed, damaged, or degenerating brain as well as on the effects of 
music-based interventions in neurological rehabilitation. Next, we will briefly summarize the key discoveries in 
these domains and outline some topics for future research. 

Neural basis of amusia. Current structural and functional neuroimaging evidence shows that congenital amusia 
is underpinned by anomalous recurrent processing in the right frontotemporal network, specifically between the 
right STG and IFG. Our own research has extended this knowledge to acquired amusia, showing that severe 
and persistent amusia after stroke is caused by more widespread dysfunction in a network, which includes the 
same key regions as in congenital amusia (right STG and IFG) but also other right temporal (MTG), insular, and 
limbic (striatum, hippocampus) areas, as well as multiple right frontotemporal and frontal (IFOF, AF, UF, FAT) 
and interhemispheric temporal (posterior CC) white matter pathways. Amusia recovery is linked to increasing 
activity and functional connectivity in bilateral frontoparietal (attention) networks during music listening. More 
research is still needed to better delineate the specific neural architecture underlying different forms of amusia 
(e.g. for musical pitch vs. rhythm) and to explore the potential use of singing in amusia rehabilitation. 

Preservation of musical abilities in neurological disorders. Music and singing can provide a valuable alternative 
route to verbal and emotional expression and to memory and self-awareness in many neurological disorders. 
Aphasic stroke patients who have severe speech production deficits may in some cases retain their ability to 
produce words through singing, but the prevalence of spared singing in aphasia and the clinical factors and 
neural mechanisms underlying it are still largely unknown. AD patients often have relatively well-preserved music 
perception skills, and familiar music has been shown to evoke personal emotions and memories and enhance 
mood in them. The neural basis of this latter effect is still uncertain but it may be related to the structural 
preservation of medial prefrontal areas in AD. Also amnesic patients can show preserved music recognition as 
well as music production and learning skills. 

Musical mnemonics. Songs can provide an effective template for the learning of novel verbal material, and there 
has been increasing interest towards the use of musical mnemonics also in clinical populations. MS patients and 
AD patients have been observed to recall individual words or song lyrics better when presented in sung than 
spoken format. In our own study, we found that also stroke patients, especially those with mild aphasia, were 
able to learn new verbal material (narrative stories) better in sung than spoken format. In VBM and DTI, this 
sung > spoken learning effect was linked structurally to right anterior temporal areas (STG, MTG) and 
frontotemporal pathways (UF) across all patients. Importantly, in aphasic patients this effect correlated 
additionally with left prefrontal areas (IFG, MFG, precentral gyrus, anterior cingulate), right limbic areas 
(hippocampus), and bilateral parietal (SPL, precuneus) and striatal (caudate) areas as well as with left frontal 
(FAT) and right fronto- and temporoparietal (IFOF, posterior AF) pathways, suggesting that singing-aided verbal 
learning in aphasia is based on an extensive bilateral network of areas linked to verbal working memory, speech-
motor functions, episodic memory, and attention. 

Music-based rehabilitation in stroke. Our own RCT showed that self-implemented music listening after stroke 
enhances the recovery of verbal memory and focused attention and reduces negative mood and that these gains 
are linked functionally to enhanced auditory-sensory memory in right frontotemporal areas and structurally to 



























26 
 

Figures 
 

 
 
Figure 1. Key brain regions associated with the processing of music overlaid with the main singing-related 
pathways based on fMRI and PET studies of healthy subjects. Note: although the figure displays the right 
hemisphere, most of the music processing networks are largely bilateral. ACC, anterior cingulate cortex; aINS, 
anterior insula; dPMC, dorsal premotor cortex; IFG, inferior frontal gyrus; IPS, intraparietal sulcus; STG/STS, 
superior temporal gyrus / sulcus. Adapted from Sihvonen et al. (2016a) and Zarate (2013). 
  



27 
 

 
 
Figure 2. Structural and functional neural correlates of acquired amusia after stroke. (A) Voxel-based lesion-
symptom mapping (VLSM) results showing lesion patterns associated with lower scores on the Montreal Battery 
of Evaluation of Amusia (MBEA) indicative of amusia (upper) and in those amusics showing recovery in a 6-
month follow-up compared to non-amusic patients (lower) at acute stage. (B) Voxel-based morphometry (VBM) 
results (mean ± SEM) showing decreased grey matter volume (GMV) in non-recovered amusics (NRA) 
compared to non-amusics (NA, upper) and recovered amusics (RA, lower) over 6 months. (C) Deterministic 
tractography results (mean ± SEM) showing smaller volume of the right inferior fronto-occipital fasciculus (IFOF) 
and the long segment of the right arcuate fasciculus (AF) at acute (A), 3-month (3 m), and 6-month (6 m) post-
stroke stages and increasing mean diffusivity (MD) of the posterior corpus callosum (CC, tapetum) over 6 months 
in non-recovered amusics. (D) fMRI results showing larger activations in non-amusics vs. amusics (upper) and 
in recovered amusics vs. non-recovered amusics (lower) 3 months post-stroke during listening to instrumental 
music. AMY, amygdala; A, anterior; CAU, caudate; GP, globus pallidus; HIP, hippocampus; IFG, inferior frontal 
gyrus; INS, insula; IPL, inferior parietal lobule; ITG, inferior temporal gyrus; MFG, middle frontal gyrus; MOG, 
middle occipital gyrus; MTG, middle temporal gyrus; PCG, postcentral gyrus; PHG, parahippocampal gyrus; 
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PreCG, precentral gyrus; PUT, putamen; R, right; SMA, supplementary motor area; SPL, superior parietal lobule; 
STG, superior temporal gyrus. Figures adapted from Sihvonen et al. (2017b, 2017c, 2017d). 
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Figure 3. Structural neural correlates of sung story recall in stroke patients. (A) Voxel-based morphometry (VBM) 
and deterministic tractography results across patients (N = 31) showing a correlation between the sung > spoken 
effect in the 2nd learning trial of the task and grey matter volume (GMV) in right anterior temporal areas (upper) 
and the volume and fractional anisotropy (FA) of the right uncinate (lower). (B) The same analyses within aphasic 
patients (N = 14) showing a correlation between the sung > spoken learning effect and GMV in left prefrontal, 
left anterior cingulate, right inferior and medial temporal, and bilateral striatal areas (upper) and the volume / FA 
of the left frontal aslant tract (FAT), right uncinate, right inferior fronto-occipital fasciculus (IFOF), and the 
posterior segment of the right arcuate fasciculus (AF) (lower). See Supplementary Material for details. A, 
anterior; FG, fusiform gyrus; CAU, caudate; CIN, cingulate; IFG, inferior frontal gyrus; ITG, inferior temporal 
gyrus; L, left; MFG, middle frontal gyrus; MTG, middle temporal gyrus; PCG, postcentral gyrus; PHG, 
parahippocampal gyrus; PreCG, precentral gyrus; R, right; STG, superior temporal gyrus. 
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Figure 5. Positive cognitive and emotional verbal changes (mean ± SEM) in PWDs after a 10-week music 
coaching intervention involving either music listening or singing. (A) Shared effects of both music interventions 
compared to standard care. (B) Selective effects of singing compared to music listening and standard care. Both 
short-term [from baseline (BL) to immediate post-intervention follow-up 1 (FU1)] and long-term [from BL to 6 
month post-intervention follow-up 2 (FU2)] are shown. CBS = Cornell-Brown Scale, ZBI = Zarit Burden Interview. 
Adapted from Särkämö et al. (2014b, 2016a). 


