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Abstract

ABSTRACT

Aleksi J. Sihvonen
NEURAL BASIS OF ACQUIRED AMUSIA AND ITS RECOVERY

From: University of Turku, Faculty of Medicine, Department of Clinical Medicine,
Neurology, Doctoral Programme in Clinical Research

Annales Universitatis Turkuensis, Medica-Odontologica, 2018, Turku, Finland
Suomen Y liopistopaino Oy - Juvenes Print — Turku, Finland, 2018

In acquired amusia, the healthy music processing system in the brain is disrupted
due to focal brain damage. This creates an exceptional opportunity to investigate
the critical neural architectures of music processing. Yet, the neural basis of ac-
quired amusia has remained largely unexplored.

In this multimodal magnetic resonance imaging (MRI) study of stroke patients
with a 6-month follow-up, we systematically explored the neural basis of music
processing by determining the lesions patterns, structural grey and white matter
changes, and brain activation and functional network connectivity changes associ-
ated with acquired amusia and its recovery.

We found that damage to the right temporal areas, insula, and putamen forms
the crucial neural substrate for acquired amusia after stroke. Longitudinally, per-
sistent amusia was associated with further atrophy in the right superior temporal
regions, located more anteriorly for rhythm-amusia and more posteriorly for pitch-
amusia. In addition, persistent amusia was associated with structural damage and
later degeneration in multiple right frontotemporal and frontal pathways as well as
interhemispheric connections. Interestingly, rhythm-amusia was associated with
additional deficits in left frontal connectivity. During listening to instrumental mu-
sic, acquired amusics exhibited dysfunction of multiple frontal and temporal brain
regions included in the large-scale music network. Interestingly, amusics showed
less activation deficits during listening to vocal music, as compared to instrumental
music, suggesting less defective processing of singing. Recovery from acquired
amusia was related to increased activation in the right frontal and parietal areas as
well as increased functional connectivity in the right and left frontoparietal net-
works.

Overall, the results provide a comprehensive neuroanatomical and functional
picture of acquired amusia and highlight the neural structures crucial for normal
music perception.

Keywords: Music, amusia, stroke, neuroimaging, neuroplasticity
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Hankinnaisessa amusiassa aivojen musiikinkasittelyjarjestelman normaali toi-
minta héiriintyy aivojen paikallisen vaurioitumisen takia. Tdma luo poikkeuksel-
lisen mahdollisuuden tutkia musiikin késittelylle tarkeita aivorakenteita. Hankin-
naisen amusian aivoperusta on kuitenkin suurelta osin viel& taysin tuntematonta.

Téassa aivoverenkiertohairion (AVH) sairastaneiden potilaiden 6 kuukauden
seurantatutkimuksessa selvitimme magneettikuvantamisen avulla musiikin kasit-
telyn aivoperustaa tutkimalla, mink aivoalueiden vauriot, mitka harmaan ja val-
kean aineen rakenteelliset muutokset ja millaiset aivojen toiminnalliset muutokset
liittyvat hankinnaiseen amusiaan ja siitd kuntoutumiseen.

Tuloksemme osoittivat, ettd AVH:n jalkeinen amusia syntyy oikean ohimoloh-
kon yléosan, aivosaaren ja tyvitumakealueen vauriosta. Pysyvaan amusiaan liittyi
lisdksi harmaan aineen atrofiaa oikeassa ohimolohkossa. Rytmin havaitsemiseen
liittyvéassd amusiassa atrofia painottui ohimolohkon etuosaan ja aanenkorkeuden
havaitsemiseen liittyvéassd amusiassa ohimolohkon takaosaan. Liséksi, pysyvaan
amusiaan liittyi laaja oikean aivopuoliskon ja aivopuoliskon valisten radastojen
vaurio ja atrofia. Amusia aiheutti myos laajamittaisia aivojen toimintahairidita mu-
siikin kuuntelun aikana. Mielenkiintoista on, ettd toimintahairiot olivat suurempia
kuunneltaessa instrumentaalimusiikkia kuin laulettua musiikkia. Amusiasta kun-
toutuminen oli yhteydessa toiminnallisten yhteyksien vahvistumiseen oikean seka
vasemman aivopuoliskon otsa- ja padlakilohkojen vélilla.

Tulokset antavat kattavan kuvan amusiaan johtavista aivovaurioista seka siihen
liittyvista rakenteellisista ja toiminnallisista muutoksista. Liséksi tulokset valotta-
vat musiikin késittelylle keskeisen tarkeita aivorakenteita.

Avainsanat: Musiikki, amusia, aivoinfarkti, aivokuvantaminen, neuroplastisiteetti
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Introduction 13

1 INTRODUCTION

H.C. Andersen (1805 — 1875) wrote: “Where words fail, music speaks.”?. Similar
to language, the ability to enjoy and produce music is unique to us humans. Music
is ubiquitous, present in all societies and cultures, and a diverse form of art and
expression of emotions.

Music virtually activates almost all brain lobes and involves a wide-range of
demanding cognitive processes (e.g. memory, attention)?’. While studies with
healthy subjects have revealed the vast neural network activated by musical stim-
uli, they have been unable to pin down the most critical neural substrate of musical
processing in the brain. For tracking down the crucial foundation for music pro-
cessing in the brain, music, not words, needs to fail.

Amusia, caused by either abnormal brain development (congenital amusia) or
brain damage (acquired amusia), is a neurological disorder characterized primarily
by inability to perceive small-scale pitch changes. In addition, the processing of
musical rhythm, timbre, memory, and emotions can also be affected.® ° Congenital
amusia is a life-long condition and therefore reflects not only impaired music per-
ception, but also a developmental deficit in acquiring musical syntax and tonal
representations'®, whereas acquired amusia is characterized by a clear-cut transi-
tion from a normally functioning to deficient music processing system caused by
brain damage. This creates a naturalistic opportunity to examine and pin down the
brain areas that are crucial for music perception®*.

Although acquired amusia is relatively common after stroke, affecting 35 to 69
per cent of the patients'?14, the exploration of its neuroanatomical basis has previ-
ously been limited to symptom-led and lesion-led studies of individual cases or
small patient groups. Acquired amusia has been associated with damage to various
temporal, frontal, parietal, and subcortical regions®, but results regarding lesion
location, even at hemispheric level, and type of musical deficit caused by the lesion
have been variable: Some studies have reported spectral (e.g. pitch) or temporal
(e.g., rhythm) deficits mainly after right hemisphere damage'® %6 or after both left
and right hemisphere damage'? '3 1719 Qverall, the previous studies have been
constrained by small sample sizes and low spatial accuracy, and thus they provide
only coarse information about critical brain areas for perceiving the different ele-
ments of music.

To uncover the brain regions crucial for music perception, systematic and lon-
gitudinal research on the neural basis of acquired amusia and its recovery is still
needed. Clinically, this information is also important for establishing a more accu-
rate diagnosis and prognosis of amusia and for planning rehabilitation.



14 Review of the literature

2 REVIEW OF THE LITERATURE

2.1 Stroke and its cognitive sequelae

Stroke is caused by interrupted or reduced blood supply to the brain, resulting from
either a blocked artery (an ischaemic stroke) or a ruptured blood vessel (a haem-
orrhagic stroke). Stroke deprives the brain of oxygen and nutrients and leads to
permanent neural damage. Of all strokes, approximately 80 per cent are ischemic
strokes, 10 per cent are haemorrhagic strokes, and the remaining 10 per cent are
due to subarachnoid haemorrhage or of undefined pathological type of stroke®.
Worldwide, approximately 80 out of 100,000 persons suffer from ischaemic stroke
each year?®. In Finland, 16,000 ischaemic strokes occurred in the year 20142,
While the incidence of stroke is declining??, the overall prevalence of stroke re-
mains high, and continues to increase, due to the rapid aging of the population?®,

Globally, stroke is a leading cause of acquired disability in adults and the second
most common cause of death, surpassed in prevalence only by ischemic heart dis-
ease?*. Of the stroke survivors, two-thirds have been demonstrated to have some
neurologic impairment and disability 5 years after the initial stroke?. The most
prevalent consequence of stroke is motor impairment (i.e. paresis) which affects
approximately 80 per cent of the patients?. In addition, more than half of the acute
stroke patients demonstrate impairment in one or more cognitive domains?’, with
a mean of three impaired domains per patient?®. Most frequently the patients show
deficits in executive function (32-39%), visual perception and construction (32-
38%), reasoning (24-26%), and language and verbal memory (22-26%)?" %8, 6 to
10 months after the stroke onset, a substantial percentage of the patients still have
impairments in executive function (13%), visual perception and construction (8%),
reasoning (18%), and language and verbal memory (7-15%)%. While the mean
number of impaired cognitive domains per patient decreases over time, patients
with a small number of cognitive impairments at the acute stage of stroke achieve
complete cognitive recovery more often than patients with impairments in multiple
cognitive domains?.

2.2 Recovery after stroke: mechanisms and imaging

During an acute stroke, due to the halted supply of vital metabolic substrates, the
normal function of neurons is disrupted within seconds and structural damage be-
gins to occur after only two minutes?®. Continuing deprivation on oxygen and vital
nutrients leads to cell death cascades®® 3! and, eventually, to impairment of motor,
sensory, and cognitive functions®® %2, Although neurons that have highly specific
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functions are lost in stroke, spontaneous functional recovery takes place at least
partially. Most of this recovery occurs within 3 months after stroke onset®3-®, but
recovery may take place even many years after the initial brain injury®®- %, As many
as one third of stroke patients with cognitive impairment have been shown to im-
prove their cognitive function beyond the first 3 months®’. The recovery of mild
impairments is faster compared to more severe deficits. For example, in mild apha-
sia, the final level of language function is achieved after only 2 weeks post-stroke,
while in severe aphasia it occurs by the 10-week post-stroke stage®®. However, the
functional recovery can continue over years®. In addition, patterns and rates of
recovery can vary across different neurological domains®.

Information derived from animal models of stroke has shown that repair-related
molecular and cellular changes are pronounced in, but not limited to, the peri-in-
farct area (i.e. area surrounding the stroke zone)®. Some changes occur also in
homologous sites in the contralesional hemisphere as well as in remote regions
functionally connected to the site of the lesion. Traditionally, functional MRI
(FMRI) has been used to explore the neural changes associated with stroke recov-
ery®, and studies on humans have shown that the best spontaneous return of func-
tion (e.g. hand movement or language) is associated with return of brain activity
in the primary lesion site®®. Furthermore, stroke patients with nearly normal task-
related brain activity are more likely to recover*'. Overall, the recovery of function
is supported by reorganization observed in the neural network that survived the
stroke. Three main elements of this reorganization are: 1) increased activity of the
distant brain regions functionally connected to the primary lesion site, 2) increased
activity in the contralesional hemisphere, and 3) somatotopic? shifts in the ipsilat-
eral spared brain regions®. In post-stroke aphasia, the recovery of language func-
tion has been observed to include three different phases: (i) initially reduced acti-
vation in the ipsilateral (left) frontotemporal language areas at acute stage, fol-
lowed by (ii) upregulation or increase of activation in homologous contralesional
(right) areas (especially right inferior frontal and supplementary motor areas) at
subacute stage, and, finally, (iii) increased (normalized) activity in the ipsilateral
(left) hemisphere at chronic stage®. This suggests that the brain activity patterns
associated with the recovery of post-stroke deficits are dynamic across time, in-
cluding the recruitment of different brain regions during the acute and chronic
phases of stroke, and overall, increased neural activity in remaining left language
areas correlates with better language outcomes®®. The exact function of the con-
tralesional increases in activity remains unclear, but they are thought to represent
reduced interhemispheric inhibition (i.e. disinhibition) after stroke3 42, In the mo-
tor domain, persisting disinhibition has been associated with poor recovery2. In

! Somatotopic refers to the specific relation between particular body regions and corresponding sensory and
motor areas of the brain.
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contrast, the increase in ipsilateral network-level activity and the reduction in lat-
erality may compensate the reduced functional capacity caused by the stroke®.

Post-stroke rehabilitation aims to reduce impairments and disabilities. At the
brain level, rehabilitation-induced functional recovery is based on enhanced neu-
roplasticity, for example, axonal growth and sprouting, remyelination, and synap-
togenesis*® as well as reorganization of affected functional networks®. Similar
mechanisms are likely to underlie spontaneous recovery of stroke*3. These changes
are not limited to the ischemic boundary zone, since stroke induces corresponding
molecular and cellular changes in brain regions remote to the ischemic core, as
well*3 44 If the restitution of the lost function cannot be achieved, recovery may
also take place through compensatory mechanisms: neural networks that did not
subserve the lost function prior to stroke acquire the lost function during the re-
covery*>4®_ This compensatory neural recruitment leads to activation in alternative
brain regions not normally observed in nondisabled individuals®.

Diffusion-weighted magnetic resonance imaging (DW-MRI) is an advanced
MRI method that uses the diffusion of water molecules to generate contrast in MR
images. In biological tissues, such as brain, the molecular diffusion movement is
not free, but reflects interactions with anatomical structures such as fibres and
membranes. One of the extensions of DW-MRI is diffusion tensor imaging (DTI)
which can be used to evaluate connectivity of white matter (WM) pathways and
pathological tract disruption associated with stroke deficits and their recovery.
Various indices of WM structure can be extracted by calculating tensors from the
acquired diffusion images. Fractional anisotropy (FA) is a scalar value between
zero and one that describes diffusion in different directions (anisotropy)*’. A value
of zero reflects isotropic diffusion, whereas a value of one means that diffusion
occurs only along one axis. FA is highly sensitive to microstructural changes.
Mean diffusivity (MD) is a directionally averaged measure of the total diffusion
within a voxel’. MD is an inverse measure of the membrane density, and it is
sensitive to cellularity, edema, and necrosis*’. Radial diffusivity (RD) describes
the diffusivity perpendicular to the main axis, and it is influenced by changes in
axonal density*’. Comparison of different DTI indices in the same WM pathway
gives more specific information about the type of change. For example, aphasics
have lower FA values and higher MD and RD values in language-related white
matter tracts than patients without post-stroke aphasia®*. Also in post-stroke motor
deficits, axonal damage and poor outcome have been linked to decreased FA and
increased MD and RD in motor pathways*. Increased RD%%->2 and decreased FAS?
have also been linked to dys- and demyeliation.

Neuroimaging analysis techniques such as voxel-based lesion-symptom map-
ping (VLSM) and voxel-based morphometry (VBM) are not in clinical use but are
widely applied in studies with stroke patients. Using similar voxel-based proce-
dures used to analyse functional neuroimaging data, VLSM is used to analyse the



Review of the literature 17

relationship between focal brain damage and behaviour®® whereas VBM can be
used to compare local grey matter volume (GMV) and white matter volume
(WMV) differences between two groups of subjects or across time®4. For example,
in stroke, VLSM and VBM have been used to map crucial brain regions in aphasia
and its recovery®3 5561 as well as to identify critical areas for motor function recov-
ery®2-% and post-stroke cognitive deficits®® ¢7. Combining modern MRI analysis
methods with multimodal stroke imaging techniques can potentially provide a
more comprehensive conception of the neural changes associated with the post-
stroke deficit under inspection as well as the various mechanisms underlying the
functional recovery.

23 Music in the brain

The ability to perceive, enjoy, and produce music is a core element of human men-
tal function. Since birth, infants show functional specializations for processing mu-
sical structures, such as tonality and chord categories, in the brain® ©, and at the
age of 6 months, prelinguistic infants enjoy moving rhythmically to music™. Alt-
hough music is a source of one of the most powerful stimulation for the human
brain™ 72, its evolutionary origins are still largely unknown. Archaeological find-
ings have provided evidence that musical instruments have existed in human cul-
ture at least for the last 35,000 years’®. Furthermore, it has been suggested that the
ability to sing could even have pre-dated the development of speech, which mani-
fested as early as 200,000 years ago’. Indisputably, music has a vital role in both
history of human evolution and in modern human life. Given our long history with
music, it is likely that our brains have evolved to process music in a specific way.

2.3.1 Music processing in the healthy brain

Attempts to unravel the neural structures underlying music processing in the brain
have been active during the past two decades. Advanced neuroimaging methods
evaluating both brain structure and function in healthy subjects have provided ev-
idence of the large-scale music network comprising bilateral temporal, frontal, pa-
rietal, and subcortical regions? 4% 7576, Studies in healthy subjects have indicated
that superior temporal areas, especially in the right hemisphere, are crucial for pro-
cessing pitch and melodies’”. Interestingly, the processing of spectral and tem-
poral auditory information has been observed to be lateralised in the brain: the
right auditory cortex (AC) is more specialized in fine-grained spectral processing
whereas the left AC in active in rapid temporal processing of sounds®? . Moreo-
ver, the superior temporal gyrus (STG), and region around the superior temporal
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sulcus (STS), seem to be functionally segregated in anterior-posterior direction for
temporal and spectral auditory information processing in both animals® and hu-
mans’® 8% 85 anterior regions show greater sensitivity to changes in the temporal
domain and posterior regions to changes in the spectral domain. However, no clear
lateralisation effects for rhythm processing in music have been observed in healthy
subjects® 7.

Music is much more than the sum of its acoustic components. Mere music lis-
tening engages various cognitive, emotional, and motor responses and involves
multiple spatially distributed brain regions via the wide-spread musical network
(Figure 1). The processing of higher order musical features (e.g. chords, harmony)
requires simultaneous and sequential analysis of pitch structures. This involves the
STG, the inferior frontal gyrus (IFG), the medial prefrontal cortex, the inferior
parietal lobule (IPL), and the premotor cortex®-°. In contrast to pitch, the percep-
tion of rhythm involves a motor network comprising the cerebellum, the basal gan-
glia, and the primary motor cortex®-%°. When musical features such as melodies
are followed in time, a frontoparietal network, including the IFG, the prefrontal
cortex, the anterior cingulate gyrus (CG), and the IPL, is engaged to serve focused
attention and working memory®¢-%8. Partly overlapping brain regions are involved
in recognising familiar music and recalling associated musical memories. Both en-
gage the episodic memory network comprising the prefrontal cortex, the IFG, the
middle temporal gyrus (MTG), the angular gyrus, the precuneus, and the hippo-
campus®-1%, Finally, emotionally engaging music activates the dopaminergic re-
ward and emotion network, including the nucleus accumbens, the amygdala, the
ventral tegmental area, the hippocampus, the striatum, the anterior CG, and the
orbitofrontal cortex2-107,

One core facet of music is singing which combines characteristics of both lan-
guage (e.g. linguistic syntax, semantics) and music (e.g. melody, harmony,
rhythm). Neuroimaging studies on healthy subjects have shown that the processing
of music and speech share resources in the brain, but preferentially engage distinct
cortical networks: listening to music activates the insula and superior temporal re-
gions bilaterally as well as the right IFG more than listening to speech®, Similarly,
both shared and distinct neural networks facilitate singing and speaking. Both
functions engage a large network including sensorimotor areas and inferior frontal
regions, but compared to speaking, singing induces greater activations in the right
STG and Heschl’s gyrus (HG) as well as in the right pre- (PreCG) and postcentral
gyri (PCG) and the right IFG!% 110 An interesting lateralisation pattern is also
present in music containing sung lyrics (i.e. vocal music): it activates, in addition
to the right STG and HG activations induced by music in general, also language-
related left hemisphere structures such as the left STG and IFG, as well as the
putamen, cuneus, PCG, and the cerebellum?. However, the degree to which the
processing of lyrics and tunes in a song is integrated in the brain is under debate,
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as lyrics and tunes have been shown to have separate!*'!*3 and associated** 115
processes.
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. Basic auditory pathway: perceiving the basic acoustic features of music

. Music-syntactic network: perceiving higher-order musical features

(i Altention and working memory network: focusing and keeping track of music in time
. Episodic memory network: recognizing music and recalling associated memories
@ Motor network: playing, singing and moving to the beat of music

@ Reward and emotion network: music-evoked emotions and experiencing pleasure and reward

Figure 1 Schematic illustration of the key brain areas associated with music
processing. While the figure displays the lateral and medial parts of
the right hemisphere, musical subfunctions are largely bilateral,
with the exception of pitch and melody processing which are domi-
nantly right-lateralised. Modified from Sarkamo et al. 201316

Cortically processed information is distributed by WM pathways which form
neural networks interconnecting spatially distributed brain regions. As music pro-
cessing involves a large-scale network comprising bilateral temporal, frontal, pa-
rietal, and subcortical regions?* 78, it is most likely mediated by various WM path-
ways interconnecting these brain areas. For example, temporal regions crucial for
music are connected to frontal and occipital regions by the inferior fronto-occipital
fasciculus (IFOF)!7-121 and to inferior frontal areas by the uncinate fasciculus
(UF)8, Interestingly, these structures differ in individuals with exceptional musi-
cal capabilities as compared to average healthy subjects. Persons with absolute
pitch have increased WM integrity in both of these tracts in the right hemi-
sphere'??as well as in the inferior longitudinal fasciculus (ILF), which connects
temporal and occipital cortices''’. Moreover, increased WM integrity in the right
IFOF has been associated with musical synesthesia®?®,
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Studies of long-term musical training have provided another line of evidence to
support the involvement of particular WM pathways in music processing. Com-
pared to non-musicians, musicians have been reported to show neuroplastic
changes of WM (e.g. changes in tract volume and FA) in the IFOF!?4, the arcuate
fasciculus (AF)/superior longitudinal fasciculus (SLF)'?>'?7, the corpus callosum
(CC)'?4 125,128 'the pyramidal tracts'?* 125.129.1%0 and in the cerebellar tracts!?* 31,
Musical training also induces grey matter (GM) structural changes. For example,
compared to non-musicians, musicians have been shown to have larger volume of
the motor cortex'3> 123, as well as different temporal auditory®3? 134 135 inferior
frontal'®> 138 and subcortical regions!3*. Moreover, the GM plastic changes seem
to be correlated with the age of onset of musical training™* 37. However, given
the complexity and diverse nature of long-term musical training, these neuroplastic
changes reflect not only the improved auditory-perceptual functions, but also the
interaction of multiple auditory, motor, tactile, and cognitive functions.

2.3.2 Developmental and acquired deficits in music perception

2.3.2.1 Congenital amusia

The ability to perceive music can be impaired by either abnormal brain develop-
ment (congenital amusia) or brain damage (acquired amusia). While the deficit in
processing fine-grained pitch changes is the hallmark symptom of amusia — argu-
ably due to an impairment of pitch perception and/or pitch-specific short-term or
working memory — other domains of music, such as rhythm, timbre, memory, and
emotions, can also be affected? 9 138-140,

The majority of the neuroimaging studies examining defective music processing
in the brain have been carried out in congenital amusia which affects around 2 per
cent of the population!#-143, Morphological studies on the brain utilizing VBM>*
have provided evidence of reduced white matter concentration in the right IFG4*
145 and STG in congenital amusics. In the same brain regions, congenital amu-
sics have been observed to have thicker cortex than healthy controls which has
been proposed to be related to a malformation in cortical development!*¢. How-
ever, in congenital amusia, the reported results regarding the laterality of the ob-
served differences have been contradictory. Mandell et al. (2007) reported that
congenital amusics had decreased GMV in the left IFG and STG while the homol-
ogous areas of the right hemisphere showed no differences'#’.

These findings suggest that congenital amusia is most likely a heterogeneous
condition'*8, On the other hand, variable VBM methodology has been used in the
studies cited. One of the most critical preprocessing steps in VBM is modulation
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which multiplies the voxel intensity by the Jacobian determinant from the normal-
ization process to allow testing for regional differences in the absolute amount
(volume) of GM3* 14° Qut of the three VBM studies published in congenital amu-
sia, only that by Mandell et al. (2007) has incorporated modulation in the pro-
cessing of MRI data. In contrast, the two other studies'* 14° analysed unmodulated
data and therefore looked at differences in concentration of GM (per unit volume
in native space)®* 14°, Results derived from modulated and unmodulated data do
not represent the same phenomena and, therefore, need to be interpreted differ-
ently. Incorporation of modulation step in the preprocessing is preferable to ensure
that intersubject alignment preserves intergroup differences in morphology**.

In addition to the findings on cortical anomaly, studies have provided infor-
mation on structural connectivity deficits in congenital amusia. However, the di-
rect evidence for structural WM abnormalities in congenital amusia is scarce and
insufficient: there are only two previous tractography studies which both investi-
gated only one tract, the AF'®1: 152, Moreover, these two studies yielded conflicting
findings: while Loui et al. (2009) compared 10 congenital amusics to 10 healthy
controls and found that congenital amusics had decreased volume of the right AF,
Chen et al. (2015) compared 26 congenital amusics to 26 healthy subjects and
found no significant differences between the groups. In addition to these two trac-
tography studies evaluating a specific neural tract, a recent study suggests that con-
genital amusics have reduced whole brain global connectivity in WM structure as
well as alterations in the nodal strength of the right IPL compared to controls'®?,

To date, only three published fMRI studies have investigated brain processing
deficits in congenital amusia. Passive listening tasks with simple melodic se-
quence!®* and harmonic tone®®® stimuli have revealed normal activity patterns in
the pitch-responsive brain regions in the AC in congenital amusics. However, the
function of the right IFG as well as the connectivity between the right IFG and AC
have been reported to be abnormal during a melody listening task*>4. Furthermore,
using resting-state fMRI (i.e. functional imaging without any stimulus), frontotem-
poral functional connectivity (FC) has been found to be reduced in congenital amu-
sial®. Electrophysiological recordings using electroencephalography (EEG) have
provided additional information on the functional deficits in congenital amusia.
Unlike controls, congenital amusics have been reported to elicit abnormal right-
lateralised brain responses to pitch deviants in melody*>"-**® and abnormal frontal
responses to timbre deviants in melody®. Furthermore, congenital amusics have
shown aberrant EEG responses while detecting the direction of pitch change®®..

Although the previous fMRI studies have revealed brain structures involved in
the processing of individual musical features in congenital amusia, they have uti-
lized artificially manipulated and controlled auditory paradigms instead of natu-
ralistic music. As music is much more than the sum of its acoustic components,
studying natural music listening could provide more thorough and accurate outlook
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on how the processing of musical elements is affected in the amusic brain*. Logi-
cally, if the processing of musical components is affected in amusia, it should also
induce deficits in the action of the large-scale music network when using natural
music as stimuli.

Recent studies have begun to explore potential ways to train musical skills in
congenital amusia. A singing intervention has been found to improve song produc-
tion in congenital amusics®®? 63 as well as improve their performance in the
Scale'®? and Meter'® subtests of the Montreal Battery of Evaluation of Amusia
(MBEA). Interestingly, congenital amusics can apparently sing pitch intervals in
correct directions while being unable to consciously perceive their differences?®,
suggesting a dissociation of music perception and production in amusia. Moreover,
congenital amusics have been suggested to be able to recognize the lyrics of famil-
iar songs while they are unable to recognize the corresponding melodies'®. Taken
together, these findings suggest that in spite of impaired pitch processing, the pro-
cessing of vocal music may be partially spared in amusia, although the neural basis
for this effect has never been studied.

2.3.2.2 Acquired amusia

The two types of amusia, congenital and acquired, may have partly different neural
basis: congenital amusia is a life-long condition and reflects both impaired music
perception and a developmental deficit in acquiring musical syntax and tonal rep-
resentations'®, which may hamper the early development of the music processing
network in the brain'®. Contrary to developmental deficit of music perception, ac-
quired amusia is characterized by a transition from previously normal to deficient
function of the music processing system caused by a brain lesion (e.g. stroke). This
transition creates a unique opportunity to examine and pin down the neural struc-
tures that are crucial for music perception®® 166,

In contrast to congenital amusia, the prevalence of acquired amusia after stroke
in the middle cerebral artery (MCA\) territory is substantially higher, ranging be-
tween 35 per cent and 69 per cent'?4, However, the exploration of its neuroana-
tomical foundation has been mostly limited to symptom-led and lesion-led studies
of individual cases or small (N < 20) patient groups. Moreover, the results regard-
ing the lesion site, lesion lateralisation (left, right), and the type of musical deficit
(e.g. spectral, temporal) have not been consistent®. Studies have reported spectral
(e.g. pitch) deficits mainly after right hemisphere damage®® 167-178 but also after
left hemisphere damage!® 169 170, 172,175,179 Temporal (e.g. rhythm) deficits in ac-
quired amusia have also been reported after both left'3 169 170, 175,180, 181 and right
hemisphere damage?3 16 168-170, 174, 175,182,183 ' Garkamé et al. (2010) reported that
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amusia caused by right hemisphere damage, especially to temporal and frontal re-
gions, was more severe than that caused by left hemisphere damage®®*. Further-
more, in a 6-month follow-up, the acquired amusics who had damage in the right
AC showed worse recovery than the non-amusic patients or the amusic patients
without AC damage®. A more recent study reported that acquired amusics who
had right hemisphere damage were more impaired in recognizing basic emotions
of music than patients with left hemisphere damage?é.

While fMRI studies on acquired amusia have not been published, functional
deficits in acquired amusia have been studied using EEG and magnetoencephalog-
raphy (MEG). Johannes et al. (1998) have showed that post-stroke acquired amusia
was associated with right-lateralised functional deficits'’*. Still, the impairments
in processing music in acquired amusia might be due to more generic rather than
music-specific cognitive processes. In an auditory classification task, acquired
amusics exhibited abolished P3a responses'®, indicative of impaired attentional
orienting, compared to non-amusic patients and healthy controls. Moreover, in a
passive listening task with frequent standard and infrequent pitch deviants, ac-
quired amusics showed grossly reduced mismatch negativity (MMN) responses to
the pitch deviants!’®. Using MEG, Sarkamo et al. (2010) also reported that acquired
amusics had functional deficits in both basic auditory encoding (MMN) and in
higher domain-general cognitive processing®*, but their relative contribution to
acquired amusia depended on whether the lesion included the right AC or not*é,

In spite of the reasonable amount of published literature on acquired amusia, the
previous studies have been mainly constrained by small sample sizes and low spa-
tial accuracy, and therefore they provide only coarse information about the brain
areas crucial for perceiving the different elements of music. Studies utilizing mod-
ern MRI analysis methods in acquired amusia are lacking: VBM, DTI, and fMRI
studies have not been published. Only one recent study has utilized modern lesion-
mapping methods to investigate the relationship between the brain damage site and
occurrence of acquired amusia®®. Using VLSM, Hirel et al. (2017) reported that
insular stroke lesions were associated with musical deficts®®. However, their ex-
ploratory analysis was carried out in a small sample of patients (N = 20) and by
using a liberal statistical thresholding. Moreover, the lesion analyses were carried
out with combined data from both hemispheres (i.e. lesions in the right hemisphere
were flipped to the left hemisphere), and therefore the information on lateralisation
was lost.

In the healthy brain, both music-related ventral (i.e. extreme capsule) and dorsal
streams in the right hemisphere have been suggested to act in parallel in transfer-
ring musical auditory information between the temporal, inferior parietal, and in-
ferior frontal regions®®-%, However, roles of the ventral and dorsal streams in
music perception and production are not clear. Similarly to aphasia, where damage
to language-related dorsal stream is associated with productive impairments and
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damage to language-related ventral stream with comprehension deficits®?, music
perception and production could rely on different streams'64 188189 Tq disclose the
WM pathways as well as the brain areas that are crucial for music perception, sys-
tematic research on the neural basis of acquired amusia and its recovery is still
needed.
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3 AIMS

Altogether, the precise neural basis of amusia still remains systematically un-
mapped and poorly understood. The utilization of modern MRI analysis techniques
has been limited: only one study utilizing VBM with modulated data to evaluate
GM volumetric differences in congenitally amusic and non-amusic subjects has
been published'*’. Moreover, only two DTI studies on congenital amusia have
been published: both investigated only one WM tract and yielded conflicting find-
ings® 152, Functional brain imaging has been used in three studies on congenital
amusia!®*%, but the processing of natural music in the amusic brain has not been
studied. Studies utilizing VBM, DTI, or fMRI in acquired amusia are lacking. Fur-
thermore, the structural changes associated with the recovery of acquired amusia
have not been studied.

Systematic and longitudinal study of acquired amusia with modern multimodal
MRI techniques is expected to uncover the accurate neural basis of amusia. Clini-
cally, this information would improve the diagnostics of amusia, provide better
information on prediction of amusia recovery, and facilitate the targeting of music-
based rehabilitation methods. Furthermore, studying acquired amusia specifies
neural architectures crucial and necessary for normal music perception.

The aims of the study were set as follows:

1. To determine the specific stroke lesion patterns giving rise to acquired amu-
sia (Study ).

2. To evaluate longitudinal volumetric grey and white matter changes related
to acquired amusia and its recovery (Study I).

3. To systematically examine quantitative changes in white matter pathways in
acquired amusia and to evaluate the changes in the tracts associated with the
recovery of amusia (Study I1).

4. To evaluate deficits and changes in brain activation and functional connec-
tivity in acquired amusia during natural music listening (Study ).

5. To assess changes in brain activation and functional connectivity associated
with the recovery of amusia (Study I11).
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4 MATERIALS AND METHODS

4.1 Subjects

The subjects (N = 50) were acute stroke patients recruited during 2013-2015 from
the Division of Clinical Neurosciences, Turku University Hospital (Tyks) for a
music intervention study. All subjects gave written informed consent in accord-
ance with the Declaration of Helsinki, and the study was approved by the Ethics
Committee of the Hospital District of Southwest Finland. All patients had an acute
ischemic stroke (N = 36) or intracerebral haemorrhage (N = 14) in the left (N =
24) or right (N = 26) hemisphere and subsequent minor cognitive impairment and
motor deficits, and they were all right-handed. The following inclusion criteria
were used: (1) no prior neurological or psychiatric disease, (2) no drug or alcohol
abuse, (3) no hearing defect, (4) < 80 years old, (5) Finnish-speaking, and (6) able
to co-operate to carry out the study protocol. All patients received standard medical
treatment and rehabilitation of stroke. Patients underwent an MRI and behavioural
assessment at the acute (< 3 weeks post-stroke), 3-month post-stroke, and 6-month
post-stroke stages. During each MRI session, structural, DTI, and fMRI scans were
acquired.

Of the 50 patients originally recruited for the study, five dropped out before the
3-month follow-up and one before the 6-month follow-up due to refusal. One pa-
tient did not undergo MRI at the 3-month post-stroke stage due to medical opera-
tion, and one patient’s fMRI scans could not be obtained at the 6-month post-stroke
stage due to MRI scanner malfunction. In addition, one aphasic patient was unable
to perform MBEA used to diagnose amusia at the acute stage. As a result, from the
Turku cohort, data from 27 patients (first 27 patients who had completed the fol-
low-up at the end of 2014) were used in the analyses of Study I, data from 42
patients (42 patients with complete three time-point DTI scans) were used in the
analyses of Study Il, and data from 41 patients (41 patients with complete three
time-point fMRI scans) were used in the analyses of Study III.

4.1.1 Helsinki cohort

In addition to the primary cohort, patients recruited to a previous music interven-
tion study'®? were used in the Study I. Subjects (N = 50) were stroke patients re-
cruited during 2004-2006 from the Department of Neurology, Helsinki University
Central Hospital (HUCH). All patients had an MRI-verified acute ischemic stroke
in the left or right hemisphere, primarily in MCA territory, presented cognitive or
motor deficits, and were right-handed. All patients had normal hearing. Patients
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with prior neurological or psychiatric disease or substance abuse were excluded.
The study was approved by the Ethics Committee of the Hospital District of Hel-
sinki and Uusimaa and carried out conforming with the Declaration of Helsinki.
All patients signed an informed consent, and received standard stroke treatment
and rehabilitation. All participants underwent a behavioural assessment and an
MRI within 3 weeks of the stroke. Behavioural assessment was repeated during
the follow-up at 3 months and MRI was repeated at 6 months post-stroke. Out of
the 50 patients who completed acute stage assessment, 47 completed the follow-
up. Therefore, 50 patients were included in the VLSM analyses and 47 patients in
the VBM analyses in the Study I.

4.2 Behavioural assessment

4.2.1 Assessment of music perception

The music perception ability of the patients was evaluated with a shortened ver-
sion'’™ of the MBEA®3. Evaluation was carried out in the acute stage (< 3 weeks
post-stroke) and at the 3-month and 6-month post-stroke stage. The original
MBEA consists of six subtests, three of which evaluate spectral organization
(scale, contour, and interval subtest), two evaluate temporal organization (rhythm
and meter subtest), and one evaluates spectral memory (memory subtest), based
on the music processing model*®*. Due to the fact that music perception was eval-
uated as a part of larger neuropsychological testing battery, we utilized only the
Scale and Rhythm subtests as indices of musical pitch and rhythm perception, re-
spectively, and their average score as an overall index of music perception” (here-
after referred to as MBEA total score). Both subtests comprise 14 pairs (originally
30 pairs) of short piano melodies, half of which are identical and half of which
contain a musically altered tone in the latter melody. The patient is asked to judge
on each trial whether the two melodies sound the same or not (same-different clas-
sification). In the Scale subtest, the altered tones had a pitch change which was
out-of-scale, but still retained the original melodic contour. In the Rhythm subtest,
the alteration was a change in the duration values of two adjacent tones (rhythmic
grouping) in the melody, while retaining its original meter and tone pitch. The
stimuli were presented using a laptop computer and head-arch headphones. Before
testing, sound volume was adjusted individually for each patient and the subtests
were practiced with two training trials. Following a previous study* and the es-
tablished cut-off values of the original MBEA!®®, patients with the MBEA total
score < 75% were classified as amusic.
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4.2.2  Assessment of aphasia

To control the specificity of the findings for amusia, aphasia was also assessed
using the Aphasia Severity Rating Scale (ASRS) from Boston Diagnostic Aphasia
Examination (BDAE)!% Additionally, the performance of the patients in Verbal
Fluency Test [listing words from a semantic category (animals)]**¢, shortened To-
ken Test®” and shortened Boston Naming test'% was used to determine the clinical
ASRS estimate.

43 Magnetic resonance imaging (MRI)

4.3.1 MRI data acquisition

Patients were scanned with a 3T Siemens Verio scanner using a 12-channel Head
Matrix coil (Siemens Medical Solutions, Erlangen, Germany) at the Medical Im-
aging Centre of Southwest Finland. T1-weighted 3D magnetization-prepared rapid
gradient-echo (MPRAGE) scans [flip angle = 9°, repetition time (TR) = 2300 ms,
echo time (TE) = 2.98 ms, voxel size = 1.0 x 1.0 x 1.0 mm], diffusion MRI scans
(TR=11700 ms, TE = 88 ms, acquisition matrix = 112 x 112, 66 axial slices, voxel
size = 2.0 x 2.0 x 2.0 mm) with one non-diffusion weighted volume and 64 diffu-
sion weighted volumes (b-values of 1000 s/mm?), and functional images using a
single-shot T2*-weighted gradient-echo planar imaging (EPI) sequence (slice
thickness 3.5 mm; number of slices = 32; TR = 2010 ms; TE = 30 ms; flip angle =
80°; voxel size = 2.8 x 2.8 x 3.5 mm?) were acquired.

Patients from the Helsinki cohort used in the Study | were scanned with a 1.5T
Siemens Vision scanner (Siemens Medical Solutions, Erlangen, Germany) of the
HUCH Department of Radiology to obtain high-resolution T1 images (flip angle
=15°, TR = 1900 ms, TE = 3.68 ms, voxel size = 1.0 x 1.0 x 1.0 mm?).

4.3.2 MRI data processing

Normalization of MRI images to a standard template is a necessity for accurate
comparison of subjects or groups. This is especially important when dealing with
aberrant brain tissue, such as that of stroke patients. To accomplish optimal nor-
malization of the MRI images with no post-registration lesion shrinkage or out-of-
brain distortion, cost function masking (CFM) was implemented*°. The cost func-
tion masks were created by the author by manually depicting the lesioned areas,
on a slice-by-slice basis, by drawing the precise boundaries of the lesion directly
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into the T1 image?®. The lesion tracking was carried out using The MRIcron soft-
ware package (http://people.cas.sc.edu/rorden/mricron/index.html)2oL,

T1 images and binary lesion masks were then processed using the Statistical
Parametric Mapping software (SPM8, Wellcome Department of Cognitive Neu-
rology, UCL) under MATLAB 8.0.0 (The MathWorks Inc., Natick, MA, USA,
version R2012b). Unified Segmentation?°? with medium regularization and CFM
was applied to T1 images segmenting them precisely into GM, WM, and cerebro-
spinal fluid probability maps before normalizing them into the MNI space (Mon-
treal Neurological Institution). This technique has been commonly used in studies
of stroke patients??? 203204 The GM and WM segmented images were then modu-
lated to preserve the original signal strength during the normalization, and to re-
duce residual inter-individual variability, and smoothed using an isotropic spatial
filter (FWHM = 6 mm). Using the normalization parameters obtained during the
segmentation process, the lesion masks defined in native space were also registered
to MNI space.

4.3.2.1 Preprocessing of diffusion data for Track-Based Spatial Statistics

Tract-Based Spatial Statistics (TBSS) is a recently developed method allowing
voxel-wise statistical analysis of the DTI data to evaluate and compare changes in
WM structures. Using non-linear registration and alignment-invariant tract repre-
sentation, TBSS overcomes several issues of group analysis, such as image align-
ment and the amount of spatial smoothing used?%,

In this study, voxel-wise statistical analysis of the FA, MD, and RD data was
carried out using TBSS?%, part of FMRIB Software Library (University of Oxford,
FSL v5.0.8, www.fmrib.ox.ac.uk/fsl)?%. First, eddy current distortions and head
motion were corrected. Second, the gradient matrix was rotated using FSL’s fdt
rotate bvecs to provide more accurate estimate of diffusion tensor orientations®"’.
After these steps, the Brain Extraction Tool was used to perform the brain extrac-
tion?%® and diffusion tensors were reconstructed using the linear least-squares al-
gorithm included in Diffusion Toolkit 0.6.2.2 (Ruopeng Wang, Van J. Wedeen,
trackvis.org/dtk, Martinos Center for Biomedical Imaging, Massachusetts General
Hospital). Finally, FA, MD and RD maps for each subject and session were calcu-
lated using the eigenvalues extracted from the diffusion tensors. Then all subjects'
FA data were aligned into a common space using the nonlinear registration tool
FNIRT, which uses a b-spline representation of the registration warp field?*® CFM
was used to improve the normalization. Next, the mean FA image was created and
thinned to create a mean FA skeleton which represents the centres of all tracts
common to the group. Each patient's aligned FA data was then projected onto this
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skeleton and the resulting data fed into voxel-wise cross-subject statistics. Eventu-
ally, the transformations calculated with the FA maps were then applied for the
MD and RD maps.

4.3.2.2 Deterministic tractography

The diffusion images can be used to delineate and compare WM tracts in vivo?'®
211 One of the most common algorithms used for tractography is deterministic
tractography (DT), where voxels are interconnected through their preferred diffu-
sion directions to form a projection to represent a WM tract?'. The statistical in-
formation of these tracts dissected in vivo can then be analysed. Based on the pre-
vious information and the lack of comprehensive evidence on tract deficits in amu-
sia, we chose to systematically evaluate all WM pathways in both hemispheres
interconnecting/connecting to the superior and medial temporal gyri (AF, IFOF,
ILF, UF, CC, tapetum) and inferior and medial frontal gyri [AF, IFOF UF, frontal
aslant tract (FAT); see Figure 2]. Tract-specific dissections are described below.
Dissections of individual WM tracts were performed using TrackVis (version
0.6.0.1, Build 2015.04.07) and following commonly used published guidelines for
the number and positioning of the regions of interest (ROISs) in both healthy and
clinical populations.

B Corpus callosum B Arcuale fasciculus, anlerior seg. B Inferior Ironlo-ocaipital fasciculus STGIMTG
W Tapetum ® Arcuate fasciculus, posterior seg. ® Inferior longitudinal fasciculus
B Frontal aslant tract  WArcuate fasciculus, long seg. ® Uncinate fasciculus === [FGMFG

Figure 2 Schematic representation of the white matter pathways included in
the tractography analyses in Study 1.

The AF consists of three pathways: (i) long direct segment connecting the tem-
poral and frontal lobe, (ii) anterior indirect segment connecting the frontal lobe to
IPL, and (iii) posterior indirect segment connecting temporal lobe and IPL?2, To
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dissect the three segments of AF, we used a three-ROI approach?'22%6; using a DTI
FA colour map, the first ROl was drawn on a coronal plane to capture fibres run-
ning in the anterior-posterior direction, the second ROI on an axial plane near the
temporoparietal junction to capture all the fibres running to the temporal lobe, and
finally, the third ROI on a sagittal plane to capture fibres connecting to the IPL.

The IFOF interconnects occipital, inferior parietal, posterior temporal, and or-
bitofrontal areas!'’-*2: 217, The IFOF was dissected using a two-ROI approach?>
218,219: defined on coronal plane, the first ROl was placed between occipital and
temporal lobes and the second ROI to the anterior floor of the external capsule.

The ILF runs from the occipital cortex to the temporal pole!!’. The ILF was
dissected with a two-ROI approach: drawn on coronal plane, the first ROl was
placed in the anterior temporal lobe and the second subcortically in the occipital
|0b6215' 218.

The UF is a tract connecting the temporal pole and parts of limbic system, such
as hippocampus and amygdala, with the superior, middle, and inferior frontal
gyri''8, The UF was dissected with two ROls defined in coronal plane: the first
ROI was placed in the anterior floor of the external capsule and the second in the
anterior temporal lobe?!> 218,

The CC connects homologous areas in left and right hemispheres facilitating
interhemispheric communication. The CC was dissected using a single ROI de-
fined in sagittal plane?'8. We also defined two additional ROls in axial plane in the
temporal projections of the CC to capture its temporal projections (tapetum). Ta-
petum was analysed separately from CC?%,

The FAT connects the IFG and pre-supplementary (pre-SMA) and supplemen-
tary (SMA) motor areas??™ 222, The FAT was dissected with two-ROI approach,
the first ROI placed in axial plane to pre-SMA and SMA and the second ROl in
sagittal plane to IFG?%:222,

In all subjects and all the WM tracts included, the individual-level ROIs were
first defined in the left and right hemispheres using the 6-month post-stroke im-
ages. Then, to avoid varying ROI sizes affecting the results, the ROIs were copied
to the acute and 3-month images. The ROIs placed in the acute and 3-month im-
ages were manually spatially adjusted to achieve as accurate tracking as possible.
When necessary, exclusion ROIs were used. To ensure that no fibres were missed,
all ROIs were defined large enough to have at least one empty ROI voxel between
the edge of the ROI and the tracked fibres?'3. All dissections were performed by
one person, blinded to the patients” music perception performance.

In the acute stage, the CC, tapetum, left AF (posterior segment), left UF, and
left ILF were successfully traced in all subjects. The tracing was unsuccessful in
the left AF (anterior segment, N = 2; long segment, N = 1), left FAT (N = 5), left
IFOF (N = 1), right AF (anterior segment, N = 8; long segment N = 8; posterior
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segment N = 7), right FAT (N = 5), right IFOF (N = 4), right UF (N = 2), and right
ILF (N =1).

4.3.2.3 Functional MRIs

Functional magnetic resonance imaging (fFMRI) measures brain activity by detect-
ing blood-oxygen-level dependent (BOLD) contrast changes or fluctuations in the
brain. It can be used to uncover brain areas involved in specific functional domains,
such as music processing. Furthermore, fMRI can be utilized to unravel how the
reorganization of the music network in acquired amusia takes place over time.

A single fMRI session was acquired in acute, 3-month, and 6-month post-stroke
stages. Using the Presentation software (Neurobehavioral Systems, Inc., Version
16.3 Build 12.20.12), the patients were presented auditory stimuli consisting of six
well-known Finnish songs which were presented in both versions with sung lyrics
(vocal music) and in instrumental versions without vocals (instrumental music). A
block design with total of 12 blocks of music (six vocal music and six instrumental
music blocks) and 12 blocks of rest (no-stimuli) in between the music blocks was
used. The duration of each block was 15 seconds. The instrumental music pieces
used were instrumental versions of the vocal music pieces. The main melody was
sung in the vocal music pieces, whereas it was played with various instrumentation
(guitar, saxophone, violin) in the instrumental music pieces. To overcome the issue
of familiarizing to the music during the follow-up sessions, six different versions
of auditory stimuli with randomized order of the blocks were created. The versions
were randomly ordered for each subject. Auditory stimuli were presented through
MR-compatible headphones to the patients while they were instructed to lay still
with eyes fixed at a fixation point.

Data were preprocessed using SPM8. First, the fMRI images were realigned and
a mean image was created. Images were reoriented according to the anterior com-
missure. To improve normalization, CFM was applied when images were normal-
ized to MNI space using Unified Segmentation?®? and re-sampled into 2x2x2 mm?
voxel size. Finally, the preprocessed images were smoothed using an isotropic spa-
tial filter (FWHM = 8 mm).
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4.3.2.4 Independent component analysis and calculation of task-related net-
works

Functional MRI can also be utilized to assess the integrated activity of spatially
distributed brain regions by evaluating FC. One data-driven approach for FC as-
sessment is independent component analysis (ICA)?23, which explores temporally
consistent brain areas (i.e. functional networks)?>* without a priori assumptions??°.

Group Spatial ICA was used to extract the networks present in the fMRI task
experiment in the three time points using the GIFT software (http://icatb.source-
forge.net/). Following previous studies, the number of possible independent com-
ponents was set to 2022622, To begin with, the intensity of the acquired images
was normalized. Secondly, the data were concatenated and reduced to the 20 tem-
poral dimensions using principal component analysis. The data were analysed us-
ing the infomax algorithm??°. No scaling was applied as the intensities of the ac-
quired spatial maps are in percentages of signal change. To detect deficits and ar-
tefacts (e.g. noise), the acquired components were inspected visually. Previous
studies have implicated defective right frontotemporal connectivity in congenital
amusia and that music containing lyrics activates frontal and temporal areas bilat-
erally?, Therefore, all components comprising temporal and frontoparietal regions
were included in the final ICA to evaluate the FC changes associated with acquired
amusia. These networks were: (i) auditory, (ii) auditory-motor, and (iii) left and
(iv) right frontoparietal (attentional) network.

A multiple regression model was calculated with GIFT to evaluate which of the
four networks were associated with the auditory fMRI tasks (i.e. listening to vocal
music or instrumental music). First, this procedure fitted the time course of each
retrieved network in each participant to the fMRI model previously defined. Then,
beta values of each component (network) were obtained from each condition re-
gressor (vocal music, instrumental music). These beta values represented the level
of engagement of each network during a particular condition.

4.3.3 Voxel-based lesion-symptom mapping

Lesion studies are essential in revealing causal link between brain regions and a
given behaviour or skill*!. VLSM is a state-of-the-art lesion analysis method which
allows analysing the relationship between local brain damage and behavioural data
in a voxel-by-voxel basis®. Compared to the traditional lesion analysis (lesion-led
or a symptom-led) approaches, VLSM is more sophisticated and provides a de-
tailed functional map of lesioned brain regions affecting in a given task. In lesion-
led approach, patients are grouped based on the lesion location and then tested for
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behavioural differences on a given domain compared to a control group?°. Alt-
hough this provides information about the functional roles of the lesioned brain
region, the spatial resolution of this method is far from optimal. Additionally, in
lesion-led approach, the areas outside the specific injury site are not considered
affecting the behavioural performance and valuable information may be lost. In
symptom-led studies, the brain region contributing to the cognitive deficit is de-
duced from lesion overlap images of patients sharing the same behavioural impair-
ment?3, However, this method requires specific cut-off values on behavioural
tasks to categorize patients. Therefore, parametric analysis is not possible and in-
formation of varying performance across a broad spectrum is lost. In contrast to
the previous, VLSM does not require patient grouping by lesion location or behav-
ioural data cut-off, although VLSM allows binary variables as well. Using the
three-dimensional lesion maps, each voxel is analysed and the presence, or ab-
sence, of lesion is correlated with the behavioural data. Finally, statistical results
and maps of areas associated with the behavioural deficits are constructed.

In this study, VLSM was carried out with non-parametric mapping software
(Chris Rorden’s NPM, version 6 June 2013) using the normalized acute phase le-
sion maps for all patients.

4.3.4 Voxel-based morphometry

VBM is an MRI analysis technique that allows estimation of anatomical differ-
ences in specific brain regions between groups®*. These local distinctions in GM
and WM can be evaluated after spatial normalization, smoothing and segmentation
of MRI images (described in the 4.3.2). VBM can also be used to analyse within-
subject changes across time. In this study, VBM analysis was carried out using
SPM8.

4.4  Statistical analyses

As described earlier, patients recruited for this study as well as the additional co-
hort from Helsinki*®? were enrolled in two larger music intervention studies. First,
it was verified that the individual music intervention arms did not effect on amusia
recovery. To evaluate the effect of the received music intervention on amusia re-
covery in the primary cohort, a mixed-model analysis of variance (ANOVA) with
Time (acute / 3-month / 6-month) and Group (3 intervention arms) was calculated.
No significant Time x Group interactions were found in the MBEA total score (p
=0.825), the MBEA Scale subtest score (p = 0.839), or the MBEA Rhythm subtest
score (p = 0.791). Similarly, in the Helsinki cohort, no significant Time x Group
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interactions were found in the MBEA total score (p = 0.898), the MBEA Scale
subtest score (p = 0.889), or the MBEA Rhythm subtest score (p = 0.791). These
results suggest that the music listening intervention did not have any effect on
amusia recovery and, therefore, does not impact the results of the studies.

A chi-square test was performed to examine the relation between the type of
stroke and amusia recovery. In the primary cohort, the relation between these var-
iables was nonsignificant, ¥ = 0.531, p = 0.767. In the Helsinki cohort, all patients
had an ischemic stroke.

44.1 Study I: VLSM and VBM

Parametric VLSM analyses were carried out using the MBEA total (Scale and
Rhythm average) score, Rhythm score, Scale score, and the BDAE-ASRS score.
In addition, following binary analyses were performed: amusic vs. non-amusic;
amusic (no aphasia) vs. aphasic (no amusia); amusic vs. non-amusic (all aphasics
excluded); aphasic vs. non-aphasic (all amusics excluded); and amusic vs. amusic
and aphasic. As the Rhythm and Scale subtest scores correlated strongly (r = 0.71)
at the acute stage, binary analyses were not performed and only parametric VLSM
analyses were carried out. All voxels damaged at least in 10% of the patients were
included in the statistical analysis®® 232 233, Correction for multiple comparisons
was achieved by using a False Discovery Rate (FDR) corrected p < 0.05 threshold.

As VBM uses voxel intensities and different MRI acquisition parameters may
have an effect on the results, we used only patients from the Helsinki study with
acute and 6 month images (N = 47) for the longitudinal VBM analyses. Amusic
patients were divided into those who showed and those who did not show recovery
on the MBEA total scores from the acute to the 3-month stage. Amusic patients
with > 20% increase in MBEA total score were classified as recovered amusics
(RA, N =13, mean 42%, range 21-85%), amusic patients with a < 20% increase
in MBEA score were classified as non-recovered amusics (NRA, N = 16, mean
5%, range -21-19%), and patients above the acute stage cut-off were classified as
non-amusics (NA, N = 18). Individual preprocessed GM and WM images were
entered into a second-level analysis using a Group (RA/NRA/NA) x Time (Acute
/ 6 months) mixed between-within subjects ANOVA. Six different Group (RA >
NRA, RA > NA, NRA > NA) x Time (Acute > 6 months, 6 months > Acute)
contrasts were calculated. Unless otherwise noted, results were thresholded at a
whole-brain uncorrected p < 0.001 threshold at the voxel level and a familywise
error rate (FWE) corrected p < 0.05 at the cluster level with a cluster extent of
more than 50 contiguous voxels. Anatomical areas were identified using the Au-
tomated Anatomical Labelling Atlas?®* included in the xjView toolbox
(http://www.alivelearn.net/xjview/).
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4,42 Study Il: TBSS and deterministic tractography

Based on the acute stage MBEA total score, 25 patients were defined as amusic
and 17 as NA. Amusic patients were further subdivided to RA (N = 10), who were
tested as non-amusic at the 6-month stage according to the initial cut-off values,
and to NRA (N = 15). To evaluate pitch and rhythm amusia separately, similar
approach was applied to the Scale and Rhythm subtest scores using the established
cut-off values®®. Subjects with Scale subtest score < 73% in the acute stage were
defined as pitch-amusic [N = 20, non-pitch-amusic (pNA) N = 22]. At the 6-month
post-stroke stage, seven patients were classified as recovered pitch-amusics (pRA)
and 13 as non-recovered pitch-amusics (pNRA). When Rhythm subtest was eval-
uated with cut-off score < 77%, the figures were: 10 non-rhythm-amusics (rNA),
21 non-recovered rhythm-amusics (rNRA), and 11 recovered rhythm-amusics
(rRA).

Differences in TBSS results in the NA, RA, and NRA subjects were compared
using independent samples t-tests at each time point. Six different Group (NRA >
NA, NRA > RA, NA > NRA, NA > RA, RA > NRA, RA > NA) x Time contrasts
were calculated at each time point (Acute / 3 months / 6 months). In addition, to
evaluate longitudinal changes, 12 different interactions [Group (NRA > NA, NRA
> RA, NA > NRA, NA > RA, RA > NRA, RA > NA) x Time (3 months > Acute,
6 months > Acute) were calculated. Rhythm-amusia and pitch-amusia were eval-
uated using the same preceding contrasts/interactions but with previously de-
scribed pNRA, pRA and pNA, and rNRA, rRA and rNA groups. Unless otherwise
noted, TBSS results are reported with an FWE-corrected p < 0.05 threshold using
threshold-free cluster enhancement and a non-parametric?®® permutation test with
5000 permutations?®,

In tractography analysis, statistical information (tract volume, FA, MD and RD
values) of each WM tract in each time point was gathered using a MATLAB
toolbox “along-tract statistics?%’. Statistical information was then further analysed
with SPSS (IBM Corp. Released 2012. IBM SPSS Statistics for Windows, Version
21.0. Armonk, NY: IBM Corp.). Second-level analysis was performed using a
mixed between-within repeated-measures ANOVA [Group (RA / NRA / NA) x
Time (Acute, 3 months, 6 months)]. Similarly, pNRA, pRA, and pNA as well as
rNRA, rRA, and rNA were compared to evaluate tractography results in pitch and
rhythm amusia. Correction for multiple comparisons in post hoc analyses was
achieved using the Bonferroni adjustment.
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443 Study I11: fMRI and ICA

Statistical analyses were carried out using SPM8. The statistical evaluation in each
time point (acute, 3 months, 6 months) was based on a least-square estimation us-
ing the general linear model. The lesion zones were included in the fMRI analysis.
The different conditions were modelled with a box-car regressor waveform con-
volved with a canonical hemodynamic response function. Data were high-pass fil-
tered (to a maximum of 1/128 Hz) and serial autocorrelations were estimated using
an autoregressive model [AR(1) model]. Confounding factors from head move-
ment were also included in the model. A block-related design matrix was created
including the conditions of interest (Vocal, Instrumental). After model estimation,
main effects for both conditions against rest (no-stimuli) were calculated. In order
to detect brain activation patterns specific to the processing of lyrics, a contrast
between the vocal and instrumental conditions (Vocal>Instrumental) was also cal-
culated.

To evaluate longitudinal changes, a flexible factorial ANOVA with Group (NA,
RA, NRA) and Time (Acute, 3 months, 6 months) as factors was calculated. To
compare RA and NRA groups, six different Group (RA > NRA, NRA > RA) x (3
months > Acute, 6 months > Acute, 6 months > 3 months) interactions were cal-
culated. In addition, to evaluate the longitudinal changes between the NAs and
amusics, the RA and NRA groups were combined and labelled as amusics, and six
different Group (NA > amusics, Amusics > NA) x (3 months > Acute, 6 months >
Acute, 6 months > 3 months) interactions were calculated. Longitudinal analyses
were performed separately for each condition of interest (Vocal, Instrumental, Vo-
cal>Instrumental).

Furthermore, as the functional recovery in post-stroke aphasia has been shown
to take place in three different phases®® and since the reorganization includes var-
ious elements®, cross-sectional comparisons between the NA vs. amusics and RA
vs. NRA groups were also performed. First level contrasts were entered into sec-
ond-level analyses and two-sample t-tests comparing NA vs. Amusic or RA vs.
NRA were calculated in each of the three time points separately for each condition
of interest (Vocal, Instrumental, Vocal>Instrumental). Additionally, Group
(NA/Amusics or RA/NRA) x Time (Acute / 3 months / 6 months) ANOVA was
calculated for each condition. To evaluate the effects of concurrent aphasia on mu-
sic-induced brain activations in amusia, a subgroup analysis of 23 patients [only
aphasic (N = 10), only amusic (N = 8), amusic and aphasic (N = 15)] was carried
out using the acute stage data. Due to the small number of patients in this subgroup
analysis, recovery was not assessed. A one-way ANOVA with Group as a factor
(Only aphasic / Only amusic / Amusic and aphasic) was used for each contrast of
interest. For any significant effect, independent t-tests among all groups were cal-
culated.
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Unless otherwise indicated, all results were thresholded at a whole-brain uncor-
rected p < 0.005 at the voxel level. Only clusters surviving a FWE-corrected p <
0.05 at the cluster level with a minimal cluster size set to 50 voxels are reported.
Anatomical brain areas were identified using the Automated Anatomical Labelling
Atlas?®, In addition, Pearson correlations (two-tailed) of the mean activation in
individual significant clusters and the MBEA total percentage of the corresponding
point of time were calculated. To control for multiple comparisons in cross-sec-
tional correlational analyses, FDR approach was used (N = 18), and only signifi-
cant results are reported. Similar approach was applied for the longitudinal analy-
sis comparisons (N = 1).

For the ICA of the fMRI music listening task, the engagement of four selected
networks during vocal and instrumental listening conditions was evaluated using
the extracted beta values. The second level analysis was carried out with SPSS.
Results were analysed using two mixed-model ANOVAs: [Group (NA / Amusics)
x Time (Acute, 3 months, 6 months)] and [Group (RA / NRA) x Time (Acute, 3
months, 6 months)]. Additionally, Pearson correlations (two-tailed) of the mean
engagement of a significant component and the MBEA total percentage of the cor-
responding point of time were calculated. FDR approach was used to control for
multiple comparisons (N = 6).
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3) RESULTS

5.1 Patient characteristics

511 Studyl

The demographic and clinical characteristics of the patients are presented in Table
1. The groups were relatively well-matched demographically and clinically. How-
ever, in VLSM analysis, the amusic group had less education, larger overall lesion
volume, and higher incidence of neglect. Importantly, there was no significant dif-
ference in the pre-stroke musical background of the patients. In the longitudinal
VBM analyses, the three groups differed with respect to education, lesion volume,
and neglect, but there were not differences between the RA and NRA patients.
Again, the pre-stroke musical background of the groups was comparable. Across
patients, changes in the Rhythm and Scale subtest scores from acute stage to 3
months post-stroke did not correlate significantly (r = 0.25, p = 0.085).

The stroke of the patients in the amusic groups was significantly more often in
the right hemisphere. However, as the acquired amusia is thought to stem from
right hemisphere damage, lesion laterality was not used as a covariate. Further-
more, as the coincidence of neglect and amusia is expected due their similar lesion
locations?®8, neglect was not included as a covariate in the analyses.

5.1.2 Study Il

The demographic and clinical characteristics of the patients are presented in Table
2. Three covariates were used in the tractography analyses: educational years,
acute lesion size, and a composite (average) score of acute stage verbal memory
performance (derived from a word-list learning and the story recall tasks of the
Rivermead Behavioural Memory Test)'?2, which were available for all patients.
Similarly to the Study I, lesion laterality or neglect were not included as a covariate
in the analyses.

5.1.3 Study Il

The demographic and clinical characteristics of the patients are presented in Table
3. As the NA and amusic groups differed significantly in the number of educational
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years, it was added as a covariate for the NA vs. amusic analyses and for the lon-
gitudinal analyses. The RAs and NRAs did not differ in any demographic param-
eters and thus no covariates were used in the amusia recovery analyses. Similarly
to the Study I, lesion laterality or neglect were not included as a covariate in the

analyses.

Table 1 Demographic and clinical characteristics of the patients in Study I.

VLSM analysis (N = 77)
Helsinki and Turku patients

VBM analysis (N = 47)

Helsinki patients

Amusic  Non-amusic NRA RA NA

(N=49)  (N=2g)  Pvalue (N=16)  (N=13) (N=1g Pvae
Demographic
Gender (male/female) 26/23 17/11 0.515 (2 6/10 716 12/6 0.247 (A
Age (years) 59.9 (10.6) 55.8(10.3)  0.096 (t) 62.2(77)  585(54)  56.6(9.9) 0.139 (F)
Education (years) 10.6 (3.7)  13.6(3.1)  0.000 () 9.6 (2.6) 9.8 (4.2) 13.2(3.1)  0.003 (F)
Music background (pre-stroke)
Formal music training® 0.04(0.29) 0.11(058) 0.653 (U) 0.00 (0.00)  0.00(0.00)  0.19(0.68)  0.191 (K)
Instrument playing? 110 (1.70)  1.96(2.25) 0.117 (U) 146 (1.86)  1.26 (1.94)  1.30 (1.81)  0.904 (K)
Music listening prior to stroke® 4.8(2.0) 3.8(1.8) 0.961 (V) 3.3(1.8) 3.4 (1.4) 39(1.1) 0.616 (K)
Clinical
Aphasia (no/yes)® 29/20 17/11 0.895 () 10/6 10/3 11/7 0.616 (2
BDAE-ASRS 43(11) 44(09) 0511 (U) 43(1.1) 45(1.1) 43(11) 0891 (K)
MBEA total score % 580 (8.6) 84.3(6.2)  0.000 (f) 57.8(10.5) 55.2(8.8)  84.9(7.1)  0.000 (F)
MBEA Rhythm score % 58.1(12.0) 82.0(8.9)  0.000 (t) 60.3(13.8) 56.0(12.3)  84.1(9.7)  0.000 (F)
MBEA Scale score % 57.8(12.3) 86.6(8.4)  0.000 () 555(12.6)  54.4(8.5) 85.7(9.2)  0.000 (F)
Other cognitive dysfunction (no/yes)® 2/47 4/24 0.110 () 0/16 1/12 2/16 0.410 (3
Hemiparesis (no/yes) 11/38 8/20 0.550 (%) 4/12 2/11 4/14 0.810 (3
Visual neglect (no/yes)* 26/18 28/0 0.000 (2 97 716 18/0 0.004 (2
Lesion laterality (left/right) 18/31 16/12 0.083 () 8/8 3/10 10/8 0.174 ()
Lesion volume in cm? 55.8 (43.7) 255(27.8)  0.001 (t) 57.6 (46.4) 49.2(35.9) 253 (31.7) 0.049 (F)

Data are mean (SD) unless otherwise stated. ? = chi-squared test, F = one-way ANOVA, K = Kruskal-Wallis test, t = t test, U = Mann-Whitney

U test.

2Numbers denote values on a Likert scale: 0, no; 1, <1 year; 2, 1-3 years; 3, 4-6 years; 4, 7-10 years; 5, >10 years of training/playing.

"Numbers denote values on a Likert scale: range, 0 (never does) to 5 (does daily).

‘Classification based on BDAE ASRS: scores 0-4, aphasia; score 5, no aphasia.

dClassification based on the Lateralized Inattention Index of the Balloons Test.

¢Other cognitive dysfunction (attention/executive function or memory deficit).
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Table 2 Demographic and clinical characteristics of the patients in Study II.
Amusia overall Pitch-amusia Rhythm-amusia
NRA RA  NA . pNRA pRA pNA . (NRA TRA INA .
(N=15) (N=10) (N=17) P (N=13) (N=7) (N=22) P (N=21) (N=11) (N=10) P
Demographic
Gender (maleffemale) 87 82 89 0523)1 o4 43 111 0(';"30 138 65 55 0520)5
Age (years) 569 580 554  0.909 578 649 531  0.167 601 562 495  0.193
ge ly (143) (156) (147)  (K) (145) (106) (148)  (K) (140) (151) (133)  (K)
Education (years) 120 132 157  0.026 11.8 129 152  0.042 128 150 150  0.074
Y (33 @1 68 (K B5 @4 G (K @0 @7n an K
Music background (pre-
stroke)
Formal music training® 20 07 07 0197 00 00 08 0092 04 05 05 0823
9 00 @ @) K 00) (00 @7 (K (12) @13  @s (K
other music training® %5 1.9 21 0075 06 17 19  0.164 1.4 1.8 12 0788
9 ows @4 @2 (K a6 @6 (2 (K 22 @3 @8 (K
Active music listening® 45 46 48 0908 45 34 51 0216 48 46 45 0966
¥ 2 o (1) ® @1 @1 Q9 (K 19 (4 @3 (K
Passive music liste- 6.4 5.9 63 0552 62 60 63 0882 5.9 6.2 70 0075
ning® a5 @15 @n (K e @n @18 (K @n @8 (00 (K
Musical reward® 794 778 734 0.449 782 717 754 0.847 781 740 769 0542
(100) (105 (140)  (K) (100) (127) (130)  (K) (123) (113) (120) (K)
Clinical
Aphasia (nofyes)® 7w U9 8l Oézl)l 67 25 84 0(';22)1 615 47 64 05%0
MBEA tofal score % 557 635 837 0.000 528 617 807  0.000 605 718 833  0.000
93 (0 @5 (K G2 64 73 (K (128) (102) (86 (K
MBEA Rhythmscore 571 573  77.8  0.000 546 643 724  0.000 578 652 823  0.000
% (105) (117 64  (K) (89) (105 (13.0)  (K) (11.0) (108) (32 (K
MBEA Scale score % 542 697 896 0.000 51.0 590 890  0.000 632 785 843  0.000
° (111 (161 (65 (K 61 (79 (60 (K (176) (172 (150)  (K)
Visual neglect 0.110 0.014 0.132
716 713 152 506 43 202 11/8 92 91
(nolyes)® A o) 9]
Lesion laterality 0.001 0.000 0.012
" 213 64 13/ 112 314 175 7114 506 91
(left/right) 9] ) A
Lesionvolume incm? /37 526 404 0166 801 659 371 0031 671 551 303 0179
(58.4) (449) (472)  (K) (57.9) (48.9) (436)  (K) (523) (631) (276) (K)

Data are mean (SD) unless otherwise stated. x2 = chi-square test, K = Kruskal-Wallis test.
#Numbers denote values on a Likert scale where 0 = no, 1 = less than 1 year, 2 = 1-3 years, 3 = 4-6 years, 4 = 7-10 years, and

5 = more than 10 years of training/playing.

®Numbers denote values on a Likert scale with a range 0 (does never) to 7 (does daily).
“Classification based on Barcelona Music Reward Questionnaire to reflect pre-stroke musical reward.

dClassification based on the Boston Diagnostic Aphasia Examination - Aphasia Severity Rating Scale.
“Classification based on the Lateralized Inattention Index of the Balloons Test.
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Table 3 Demographic and clinical characteristics of the patients in Study

Amusia analysis

Recovery analysis

Amusic

Non-amusic

NRA

RA

(N =24) (N=17) p-value (N=15)  (N=g)  Pvalue
Demographic
Gender (male/female) 16/8 8/9 0.335 (%) 8/7 8/1 0.178 (%)
Age (years) 58.7 (13.1) 55.4 (14.7) 0.615 (K) 56.9 (14.3) 61.8(10.6) 0.411 (K)
Education (years) 12.3 (3.6) 15.7 (3.8) 0.006 (t) 120(33) 129(42)  0.555()
Music background (pre-stroke)
Formal music training® 0.2 (0.8) 0.7 (1.7) 0.481 (K) 0.0 (0.0) 0.5(1.4) 0.636 (K)
Other music training? 1.0 (2.0) 2.1(2.2) 0.141 (K) 0.5 (1.5) 19(26)  0.325(K)
Active music listening® 45(2.1) 4.8(2.1) 0.633 (K) 45(2.2) 44(20)  1.000 (K)
Passive music listening® 6.2 (1.5) 6.3 (1.7) 0.817 (K) 6.4 (1.5) 5.8 (1.6) 0.347 (K)
Musical reward® 78.9 (10.2) 73.4 (14.0) 0.233 (K) 79.4(10.0) 78.0 (11.1)  0.726 (K)
Clinical
Aphasia (no/yes)? 8/16 8/9 0.518 (2 7/8 1/8 0.178 ()
MBEA total score% A 58.3 (9.0) 83.7 (4.5) 0.000 (K) 55.7(9.3)  62.6(6.8)  0.030 (K)
MBEA total score% 3M 66.8 (11.9) 88.0 (6.1) 0.000 (K) 61.1(8.9) 76.3(10.2)  0.001 (K)
MBEA total score% 6M 68.3 (13.2) 88.1(7.3) 0.000 (K) 61.0(9.3)  80.4(9.4)  0.000 (K)
Lesion laterality (left/right) 7/17 13/4 0.004 (%) 2/13 5/4 0.061 (%)
Lesion volume in cm? 67.5 (53.5) 40.4 (47.2) 0.064 (K) 73.7(58.4) 57.0(45.2)  0.599 (K)

Data are mean (SD) unless otherwise stated. ? = chi-squared test, 3M = 3-month stage, 6M = 6-month stage, A = Acute stage, K =

Kruskal-Wallis test, t = t test.

2Numbers denote values on a Likert scale where 0 = no, 1 = less than 1 year, 2 = 1-3 years, 3 = 4-6 years, 4 = 7-10 years, and

5 = more than 10 years of training/playing.

"Numbers denote values on a Likert scale with a range 0 (does never) to 7 (does daily).
“Classification based on Barcelona Music Reward Questionnaire to reflect pre-stroke musical reward.

dClassification based on the Boston Diagnostic Aphasia Examination - Aphasia Severity Rating Scale.

52 Structural damage and volumetric changes associated with
amusia and its recovery

5.2.1 Lesion patterns associated with amusia and aphasia

Parametric VLSM analyses showed that lower MBEA total scores were associated
with lesions in the right STG, MTG, HG, putamen, and insula (Figure 3A). In con-
trast, lower BDAE-ASRS scores were associated with lesions comprising the left
STG and left insula (Figure 3B). Binary VLSM analyses directly comparing amu-
sic vs. NA patients and aphasic vs. non-aphasic patients resulted in largely similar
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results: amusia was associated with lesions in the right STG, HG, putamen, and
insula (Figure 3C), and aphasia with lesions in the left STG and insula (Figure 3D).

As 41% of amusics had concurrent aphasia and 65% of aphasics had concurrent
amusia, binary analyses first excluding aphasic patients and then comparing pure
amusic vs. NA patients were performed to control for the comorbidity of amusia
and aphasia. Likewise, amusic patients were excluded and pure aphasic patients
were compared with non-aphasic patients. These analyses yielded essentially the
same results as the first binary analyses: amusia was associated with lesions in the
right STG, MTG, HG, putamen, and insula (Figure 3E), and aphasia with lesions
in the left HG and insula (Figure 3F). Furthermore, when amusic patients were
compared to patients with both amusia and aphasia, lesion pattern comprising the
right STG, MTG, putamen, and insula was again significant (Figure 3G). Addi-
tional comparison between purely amusic patients (no aphasia) and purely aphasic
(no amusia) patients was carried out. In these analyses, amusia was again linked
to lesion in the right STG, putamen, and insula, and aphasia was associated with a
lesion pattern localized in the left HG and insula (Figure 3H).

To determine whether the lesion patterns were similar for pitch and rhythm per-
ception deficits, separate parametric VLSM analyses for the MBEA Scale and
Rhythm subtest scores were performed. Lower scores on both Scale and Rhythm
subtests were associated with lesions in the right STG, MTG, HG, insula, and basal
ganglia (BG; putamen, caudate, pallidum; Figure 31-J). Differences in the amount
of voxels damaged in separate anatomical areas are presented in Table 4. While
the same brain regions were affected in both Scale and Rhythm, the lesions asso-
ciated with lower Rhythm subtest scores covered a larger proportion of the areas.
When the lesion pattern associated with poor performance in the Rhythm subtest
was limited only to the most significant areas (t-value > 4.5), the right basal ganglia
(putamen and caudate) remained as the most significant components.

Table 4 Anatomical correlates of VLSM results for MBEA Scale and
Rhythm scores.

Anatomical region Scale Rhythm
Right Caudate 90.02% 94.86%

Right HG** 40.58% 90.53%

Right Insula* 38.56% 59.23%

Right Pallidum 86.82% 89.81%

Right Putamen 90.02% 94.86%

Right MTG** 1.97% 18.55%

Right STG** 11.25% 57.04%

Right Middle Temporal Pole 0.70% 1.98%
Right Superior Temporal Pole 2.70% 6.33%

*p < 0.05, **p < 0.005. Comparison (x?) between the percentages of damaged voxels in Rhythm vs. Scale (i.e. if the damaged
area within the structure is larger in Rhythm than in Scale).
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Figure 3 VLSM results. Modified from Sihvonen et al. 2016%°,
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5.2.2  Grey and white matter changes associated with amusia recovery

A longitudinal VBM analysis of GMV changes showed a significant Time (Acute
> 6 months) x Group (NRA > NA) interaction. The NRAs had more GMV decrease
in the right STG and MTG than the NAs (Figure 4A). Other comparisons (NRA >
RA, RA > NA) did not yield any statistically significant results. Significant WMV
changes were not found.

Separate analyses of the Rhythm and Scale subtests showed that, in the Rhythm
subtest, the NRAs had greater GMV decrease in anterior temporal areas than the
NAs (Figure 4B). Furthermore, the NRA group had also greater WMV decrease in
inferior temporal areas compared to the NAs (Figure 4B). In the Scale subtest, the
NRA group showed greater GMV decrease in the posterior STG / temporoparietal
junction than the NA [interaction: Time (Acute > 6 months) x Group (NRA, Scale
> NA, Scale; p < 0.01 uncorrected] (Figure 4C). All significant GMV and WMV
decreases are shown in Table 5.

GMV differences
in Acute - 6 months

(A) Non-recovered amusics vs. non-amusics

RECOVERED NON-REC.NON-AMUSICS
AMUSICS  AMUSICS
il (B) Non-recovered amusics vs. non-amusics

Rhythm
-0.05 MTG@ )\
0.1 é% 4 “STG
: MTG
z=-17 R y=2 ¥=50
RECOVERED NOMN-REC.NON-AMUSICS
AMUSICS  AMUSICS
5 (C) Non-recovered amusics vs. non-amusics
Scale

-0.05 _L i

RECOVERED NON-REC.NON-AMUSICS
AMUSICS  AMUSICS

=5 B R y=-61 R x=62 A

Figure 4 VBM results. Modified from Sihvonen et al. 201673,



46 Results

Table 5 GMV and WMV decreases in acquired amusia (6-month — acute).

Contrast Probability map Area name Coordinates  Cluster size t-value
Right MTG (BA 21) 54 -33 -3 8443 4.20*
NRA vs. NA GM Right STG (BA 22) 53-35-4
Right ITG (BA 37) 58 -62 -6
Right STG (BA 38) 47 17 -41 15866 4.85*
NRA vs. rNA GM
r v r Right Middle Temporal Pole 5317 -32
Right MTG 50 -24 -14 3931 4.66*
NRA vs. rNA WM .
RAvS.T Right ITG 49-8-26
PNRA vs. pNA GM Right MTG (BA 19, 21) 63-626 790 3.76%*

*p < 0.05 FWE-corrected at the cluster level
**p < 0.01 uncorrected at the cluster level

53  White matter pathway damage in acquired amusia

In longitudinal analyses, Time (3 months > acute, 6 months > acute) x Group in-
teractions showed largely similar results and therefore only significant interactions
from acute to 6-month stage are reported.

5.3.1 Tract-based spatial statistics: amusia

Cross-sectional TBSS analyses of Group (NRA / RA / NA) effects consistently
showed that the NRAs had significantly lower FA in the right IFOF, AF, UF, in-
ternal capsule (IC), and CC compared to the NA group at all three time points
(Table 6 and Figure 5). At the 3-month and 6-month post-stroke stages, the NRAs
additionally showed lower FA in the tapetum as well as greater MD and RD in the
right IFOF, AF, UF, CC, and tapetum compared to the NAs. Although there were
no differences at the acute and 3-month stages, at the 6-month stage the NRAs had
lower FA and greater MD and RD in the right IFOF, AF, and UF compared to the
RA groups. No other contrasts were significant at the acute, 3-month, and 6-month
stages.

The MD of the right IFOF, AF, UF, IC, CC, and tapetum increased more in the
NRAs compared to the NAs. Furthermore, the NRAs also showed a greater RD
increase in the right IFOF, AF, UF, IC, CC, and tapetum than the NAs from the
acute to 6-month stage. Compared to the NAs, RAs showed a greater MD increase
in the left IFOF, AF, UF, and CC from the acute to 6-month stage. No other sig-
nificant interactions were observed.

In summary, NRAs showed consistent signs of WM damage in the right IFOF,
AF, UF, CC, and tapetum compared to the NAs. In addition, the RAs showed signs
of longitudinal WM degeneration in the left IFOF, AF, UF, and CC.
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Table 6 TBSS results of cross-sectional analyses for persistent amusia,
pitch-amusia, and rhythm-amusia.

AMUSIA
Tract FA MD RD
A 3 6 A 3 6 A 3 6
R IFOF l l /- T T+ T T+
R UF l l - T 1T+ 1 T+
R AF l l /- T 1+ T T+
RIC i I l 1
cC ! I l 1
Tapetum ! | 1 1 1
PITCH-AMUSIA
Tract FA MD RD
A 3 6 A 3 A 3 6
R IFOF Loy ! 1 1 T 1
R UF ! ! ! 1 1 1 1
RILF ! ! ! 1 ) 1 1
R AF Lol t t oot |
RIC Lol to1 1
cc Lo t t toot 1
Tapetum l l
RHYTHM-AMUSIA
Tract FA MD RD
A 3 6 A 3 6 A 3 6
R IFOF ! ! ! 1 1 1 1
R UF Lol t t t 1
RILF Lo ! 1 1
R AF Loy ! 1 1 1 1
RIC ! ! i
L AF I
cc ! ! ! 1 1 1 1
Tapetum 1 i

NRA vs. NA/pNRA vs. pNA/INRA vs. rNA (arrow up or down), and NRA vs. RA (+ or -). Arrow up or + indicates
greater value and arrow down or - a lower value for the contrast in question. 3 = 3 months stage, 6 = 6 months stage, A = Acute.

5.3.2 Tract-based spatial statistics: pitch-amusia and rhythm-amusia

Separate TBSS analyses for pitch-amusia (p(NRA / pRA / pNA) and rhythm-amu-
sia ('NRA / rRA / rNA) were also performed. Cross-sectionally, these analyses
yielded essentially the same results as in amusia (overall): both pNRAs and rNRAS
showed lower FA and greater MD and/or RD in the right IFOF, AF, UF, CC, and
tapetum than the pNAs and rNAs, at all three time points (Table 6 and Figure 5).
Similar effects on FA and MD/RD were seen also in the right ILF for both pNRAs
and rNRAs compared to the pNAs and rNAs, respectively. Furthermore, at all
stages studied, the pNRAs showed decreased FA and increased RD in the right IC
compared to the pNAs.
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TBSS results for persistent acquired amusia. Lower FA and in-

creased MD and RD values are presented for persistent amusia,
pitch-amusia, and rhythm-amusia cross-sectionally in all three time
points and Group (NRA vs. NA/pNRA vs. pNA/rNRA vs. rNA) x
Time (6 months>Acute) interaction. Neurological convention is
used with MNI coordinates at the middle each section. Modified
from Sihvonen et al. 20174

Longitudinal analyses showed that the MD and RD of the right IFOF, AF, and
UF increased more in the pNRAs than in pNAs and also more in the rNRAs than
in the rNAs. There was an additional increase in the RD of the left AF in the rINRAs

compared to the rNAs.
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In summary, in both pitch-amusia and rhythm-amusia, signs of consistent WM
damage were observed in the right IFOF, AF, UF. Damage to the left AF was
observed in rhythm-amusia, but not in pitch-amusia.

5.3.3 Deterministic tractography: amusia

A mixed-model ANOVA with Time (acute / 3-month / 6-month) and Group (NRA
/ RA /' NA) revealed significant between-subjects effects in the volume of the right
IFOF, AF long segment, and FAT, and the left AF posterior segment as well as in
the FA of the right IFOF (Table 7 and Figure 6). Post hoc testing showed that,
compared to the NRAs, both the RAs and the NAs had greater right IFOF volume
(p = 0.002 and p = 0.036, respectively) and FA (p = 0.002; p = 0.027) as well as
greater right AF long segment volume (p = 0.019; p = 0.016). The NRAs also
showed lower right FAT volume (p = 0.049) than the NAs. In contrast, the RAs
had lower volume of the left AF posterior segment than the NAs (p = 0.017).

In addition, the NRAs showed greater increase in MD and RD in the tapetum
than the NAs (6 months > acute). No other significant interactions were observed.

Table 7 Significant group and group x time interactions of tractography
analyses.
GROUP EFFECTS GROUP X TIME INTERACTIONS
Tract Variable df F P n? Tract Variable df F P n?
AMUSIA AMUSIA
R IFOF VOL 2,36 39 0030 0177 Tapetum MD 4,72 43 0003 0.194
FA 2,36 45 0.018 0.200 RD 4,72 3.9 0.006 0.178
R FAT VOL 2,36 4.6 0.017 0.202
R AF Long seg. VOL 2,36 35 0.041 0.163
L AF Post. seg. VOL 2,36 4.1 0.025 0.184
PITCH-AMUSIA PITCH-AMUSIA
R IFOF VOL 2,36 36 0038 0.167 R AF Ant. seg. MD 4,72 45 0003 0.201
FA 2,36 4.3 0.022 0.191 RD 4,72 44 0.003 0.198
R UF MD 4,72 4.0 0.005 0.183
RD 4,72 40 0.005 0.182
Tapetum MD 4,72 3.3 0.015 0.156
RD 4,72 3.3 0.015 0.155
RHYTHM-AMUSIA RHYTHM-AMUSIA
R IFOF VOL 2,36 45 0.018 0.201 L UF RD 4,72 2.7 0.035 0.132
R UF VOL 2,36 3.3 0.048 0.155
cc FA 2,36 41 0025 0185

MD 2,36 49 0.013 0.214
RD 2,36 42 0.023 0.188

Statistical information presented: df = degrees of freedom, F = f value, P = p-value, n2 = partial eta squared. L = left, R = right, VOL = volume.
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standard error of the mean. *p < 0.05, **p < 0.01. Modified from
Sihvonen et al. 201724,
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5.3.4 Deterministic tractography: pitch-amusia

DT analyses were also performed separately for pitch-amusia (p(NRA / pRA /pNA,;
Table 7 and Figure 6). Significant between-subject (Group) effects were observed
in the volume and FA of the right IFOF with post hoc tests revealing lower volume
and FA in the pNRAs than pNAs (p = 0.001; p < 0.001). Significant Time x Group
interactions were found in MD and RD of the tapetum and in MD and RD of the
right AF anterior segment as well as in MD and RD of the right UF. Concerning
the change from acute stage to 6-month, post hoc tests indicated a greater increase
in the tapetum MD (p = 0.002) and RD (p = 0.002) and the right AF anterior seg-
ment MD (p = 0.001) and RD (p = 0.001) in pNRAs compared to pNAs. In addi-
tion, the pNRAs showed a greater increase in the right UF MD (p = 0.030) and RD
(p = 0.030) than the pNAs and the pRAs showed a greater decrease in the right AF
anterior segment MD (p = 0.004) and RD (p = 0.004) than the pNAs. No other
significant interactions were observed.

5.3.5 Deterministic tractography: rhythm-amusia

In rhythm-amusia, significant Group effects were found in the volume of the right
IFOF (Table 7 and Figure 6). Post hoc tests revealed that the rNRAs had lower
volume (p = 0.008) than the rNAs. The right IFOF volume was also lower in the
rNRAs than in the rRAs (p = 0.040). Rhythm-amusia also showed additional be-
tween-subject effects in the right UF volume. Post hoc tests indicated lower vol-
ume in the rNRAs than in the rNAs (p = 0.009). Additional group effects were
observed in the FA, MD, and RD of the CC. Post hoc tests showed, that the rNRAs
had greater CC MD (p = 0.026) and RD (p = 0.025) than the rNAs. The rRAs had
lower CC FA than the rNAs (p = 0.010).

The longitudinal tractography results (Table 7) revealed a somewhat different
pattern of effects for the rhythm-amusia than for the pitch-amusia. In rhythm-amu-
sia, significant Time x Group interaction was found in the RD of the left UF. Post
hoc tests revealed that the left UF RD increased more in the rNAs than in the
rNRAs from acute to 6-month stage (p = 0.014). No other significant interactions
were observed.

5.3.6  Deterministic tractography: regression analysis
A step-wise linear regression analysis including only the significant tractography

results was performed to further determine which of the tractography results were
the strongest predictors of MBEA performance. Based on the regression analysis,
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a Pearson correlation between the MBEA performance and the most significant
predictor in all three time points was carried out. Correction for multiple compar-
isons in the Pearson correlations was made with the Bonferroni adjustment (N =
3). Three different models (MBEA total score, Scale subtest score, and Rhythm
subtest score) were formed for each time point (acute / 3 months / 6 months) and
all tracts and their parameters that showed significant effects (see 5.3.3 and 5.3.4)
were entered as independent variables.

Across all time points, volume of the right IFOF was the most significant pre-
dictor of the MBEA total score and Scale, and Rhythm scores (Table 8 and Table
9). Volume of the left AF posterior segment and the MD and RD of the tapetum
emerged as additional predictors of the MBEA total score at the acute and 3-
month/6-month post-stroke stages, respectively. Rhythm scores were predicted
only by the right IFOF volume across all time points, while the Scale scores were
predicted also by the tapetum RD and the right UF MD at the 6-month stage.

Correlations between the strongest predictor (volume of the right IFOF) and the
MBEA total score and Scale and Rhythm subtests scores were also calculated. The
volume of the right IFOF correlated significantly with the MBEA total perfor-
mance (r = 0.595, p < 0.001) as well as with the subtests (Scale r = 0.580, p <
0.001; Rhythm r = 0.498, p = 0.001) at 6 months post-stroke stage.

Table 8 Regression analysis of the amusia tractography results.
ACUTE

Model  Variable Beta T F(df) R? R?change
1 F(1,40)= 14.162 0.261 0.261

R IFOF volume 0.511 3.763**
2 F(1,39)= 4.163 0.333 0.071

R IFOF volume 0.484 3.684**

L AF post. volume 0.268 2.040*

3 MONTHS

Model  Variable Beta T F(df) R? R?change
1 FLa0 = 24.905 0384  0.384

R IFOF volume 0.619 4.990**
2 Faag = 15.677 0446  0.062

R IFOF volume 0.535 4.248**

Tapetum RD -0.263 -2.088*

6 MONTHS

Model  Variable Beta T F(df) R? R?change
1 Faa0 = 21.874 0.354  0.354

R IFOF volume 0.595 4.677**
2 F(1,39= 14.640 0.429 0.075

R IFOF volume 0.479 3.642**

Tapetum MD -0.298 -2.267*

For MBEA total score, seven variables were entered: volume of the right IFOF, AF (long segment), FAT and the left AF (poste-

rior segment) as well as FA of the right IFOF and MD and RD of the tapetum. Statistical information presented: Beta = standard-
ized regression coefficient, T = t value, F(df) = F value (degrees of freedom), R2 = R Square, R2 change = R Square change. L =
Left, R = Right. *p < 0.05, **p < 0.005
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Table 9 Regression analysis of the pitch-amusia and rhythm-amusia tractog-
raphy results.
ACUTE
MBEA Scale subtest
Model Variable Beta T F(df) R? R?change
1 F(i.40= 11.259 0.220 0.220
R IFOF volume 0.469 3.355**
MBEA Rhythm subtest
Model Variable Beta T F(df) R? R?change
1 F(1,40)= 9.186 0.187 0.187
R IFOF volume 0.432 3.031**
3 MONTHS
MBEA Scale subtest
Model  Variable Beta T F(df) R? R?change
1 F(1.40)= 17.396 0.303 0.303
R IFOF volume 0.551 4.171**
MBEA Rhythm subtest
Model  Variable Beta T F(df) R? R?change
1 F(1,40)= 24.593 0.381 0.381
R IFOF volume 0.617 4.959**
6 MONTHS
MBEA Scale subtest
Model  Variable Beta T F(df) R? R?change
1 F(1.40)= 20.268 0.336 0.336
R IFOF volume 0.580 4.502**
2 F(1,.39= 14.791 0.431 0.095
R IFOF volume 0.453 3.464**
Tapetum RD -0.334 -2.553*
3 Fae = 12.777 0.502 0.071
R IFOF volume 0.521 4.095**
Tapetum RD -0.397 -3.128**
R UF MD -0.288 -2.325*
MBEA Rhythm subtest
Model  Variable Beta T F(df) R? R?change
1 F(1,40)= 13.189 0.248 0.248
R IFOF volume 0.498 3.632**

For MBEA Scale subtest score, eight variables were entered: volume and FA of the right IFOF as well as MD and RD of the right
AF (anterior segment), UF, and tapetum. For MBEA Rhythm subtest, five variables were entered: volume of the right IFOF and
UF, FAs of the right IFOF and CC as well as RD of the left UF. Statistical information presented: Beta = standardized regression
coefficient, T = t value, F(df) = F value (degrees of freedom), R2 = R Square, R2 change = R Square change. L = Left, R = Right.
*p < 0.05, **p < 0.005
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54 Functional neural changes associated with acquired amusia and
its recovery after stroke

5.4.1 fMRI activation patterns in amusic vs. non-amusic patients

Longitudinal analyses of the Instrumental condition revealed a significant Group
(NA > Amusic) x Time (3 months > Acute) interaction, with the NAs showing
increased activation in the right PreCG, PCG, and IFG compared to the amusic
patients (Table 10 and Figure 7). No other significant interaction effects were ob-
served.

In the cross-sectional analyses of the Instrumental condition, the amusic patients
showed significantly reduced activations in the right STG and MTG compared to
the NAs at the acute stage (Table 11 and Figure 8). The mean activation in this
cluster also correlated with the acute stage MBEA scores (R = 0.629, P < 0.001).
At the 3-month post-stroke stage, the defective activation pattern during the In-
strumental condition was more wide-spread: the amusics had less activity bilater-
ally in the IFG, PreCG, STG, SMA, and in the right insula and cerebellum as well
as in the left PCG and HG. The MBEA total score at 3-month stage correlated
significantly with the mean activity observed in the clusters in the right IFG (r =
0.55, p <0.001) and in the left PCG (r = 0.497, p = 0.001) and the STG (r = 0.508,
p = 0.001).

In the Vocal condition, the amusic patients showed significantly increased acti-
vation bilaterally in the cuneus at the 3-month stage compared to the NAs. In the
Vocal>Instrumental condition, the amusics showed more activation in the right
superior occipital gyrus (SOG), precuneus, IFG, middle frontal gyrus (MFG), HG,
IPL, and PCG as well as bilaterally in the cuneus, CG and in the left SMA at the
3-month stage, compared to the NA patients. No other significant Group or Group
x Time interactions were observed.
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Non-amusic vs. amusic patients

Figure 7

Table 10

3 months > Acute
(Instrumental music)

Mean activation change
3 months - Acute

Neon-amusic Amusic

Longitudinal activation pattern changes of NA vs. amusic patients
in 3 months > acute (Instrumental); N =41. Results are shown at

p <0.005 (uncorrected) with 250 voxels of spatial extent and over-
laid over a canonical template with MNI coordinates at the bottom
right of each slice (see also Table 10). Only clusters surviving a
FWE-corrected p <0.05 threshold are labelled. Bar plot for mean
cluster activation change in 3 months - Acute in significant cluster
is shown: bar = mean, error-bar = standard error of the mean. Modi-
fied from Sihvonen et al. 20174,

Longitudinal fMRI activation decreases during music listening in
acquired amusia.

3 MONTHS > ACUTE

Contrast

Condition Area name Coordinates Cluster size  t-value R

NA > Amusic

Right PCG (BA 2, 3) 48 -18 55 776 4.78* n.s.
Instrumental Right PreCG (BA 4, 6) 56 2 33
Right IFG (BA 9) 54529

*p < 0.05 FWE-corrected at the cluster level
R = Pearson correlation (2-tailed p-value, FDR-corrected). The mean activation change in the cluster is correlated
to the MBEA total score % change over the corresponding time change. BA = Brodmann area, n.s. = not signifi-

cant.
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Figure 8 fMRI activation patterns during music listening — a comparison be-
tween the NA and amusic patients; N = 41. (A) NA vs. amusic pa-
tients (Acute, Instrumental); (B) NA vs. amusic patients (3-month
stage, Instrumental); (C) Amusic vs. NA patients (3-month stage,
Vocal); (D) Amusic vs. NA patients (3-month stage, Vocal vs. In-
strumental). Results are shown at p < 0.005 (uncorrected) with >50
voxels of spatial extent and overlaid over a canonical template with
MNI coordinates at the bottom right of each slice. Only clusters
surviving a FWE-corrected p < 0.05 threshold are labelled (see also
Table 11). The scatter plots display the correlation between the
mean cluster activation and the MBEA total score across the whole
sample. INS = insula. Modified from Sihvonen et al. 2017,
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Table 11 fMRI results during music listening — a comparison between the
NAs and amusic patients.

ACUTE STAGE
Contrast Condition Area name Coordinates Cluster size t-value R
. Right STG (BA 22) 46 -405 1422 5.09*  0.629 (< 0.001)
NA > Al Inst tal
music - Instrumenta Right MTG (BA 21) 54-16 -5

3-MONTH STAGE

Contrast Condition Area name Coordinates Cluster size t-value R
Right IFG (BA 44) 50 16 13 5926 5.22**  0.547 (< 0.001)
Right Insula (BA 22) 488 -3
Right STG (BA 38) 54 -16 -7
Right PreCG (BA 4) 56 -4 17
Left PreCG (BA 6) -48 -6 53
Right SMA (BA 6) 21265
NA > Amusic  Instrumental Left SMA (BA 6) -5-469
Right Cerebellum 22 -56 -25 596 4.27* ns.
Left PCG (BA 40, 43) -64 -22 17 587 4.18* 0.497 (0.001)
Left STG (BA 41) -44 -34 11
Left HG (BA 42) -61-2112
Left STG (BA 22) -5223 868 4.13* 0.508 (0.001)
Left IFG (BA 44) -56 16 17
. Left Cuneus (BA 17) -16-82 3 2232 4.39*%* n.s.
Amusic > NA Vocal Right Cuneus (BA 18) 229021
Right SOG (BA 19) 34 -86 23 9053 5.32** n.s.
Right Cuneus (BA 18) 10 -80 25
Right Precuneus (BA 5) 4-42 49
Right CG (BA 24) 2241
Left Cuneus (BA 19) -6 -92 27
. Vocal > Left SMA (BA 6) -4 -6 55
Amusic>NA - strumental Left CG (BA 32) 81233
Right IFG (BA 44) 50 10 13 662 4.64* n.s.
Right HG (BA 41) 34-2611 1734 4.62*%* n.s.
Right IPL (BA 40) 52 -40 51
Right PCG (BA 1) 54 -24 55
Right MFG (6) 36 -455 955 3.96* n.s.

*p < 0.05 FWE-corrected at the cluster level, **p < 0.001 FWE-corrected at the cluster level
R = Pearson correlation (2-tailed p-value, FDR-corrected). The mean activation in the cluster is correlated to the MBEA total
score % of the corresponding point of time. BA = Brodmann area, n.s. = not significant.

5.4.2 fMRI activation patterns in amusia - the effect of aphasia

In the Instrumental condition, aphasic patients without amusia showed greater
activations in the right STG and MTG compared to the patients with both aphasia
and amusia (Table 12 and Figure 9). These activations also correlated with the
acute stage MBEA total scores (r = 0.689, P < 0.001). In contrast, in the Vocal
condition, amusic patients without aphasia showed greater activation of the left
MTG compared to the patients with both aphasia and amusia. Furthermore, in the
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Vocal condition, aphasic patients without amusia showed increased activations in
the right STG, MTG, and insula compared to the amusic patients. These results
were not significant at the corrected cluster level threshold, and therefore should
be considered tentative.

A Only aphasic vs. Amusic and aphasic patients
(Acute stage, Instrumental music)

t-value

B Only amusic vs. Amusic and aphasic patients
{Acute stage, Vocal music)

t-value

[] 1 F] 3 4 5

C Only aphasic vs. Only amusic patients
(Acute stage, Vocal music)

8TG

t-value

Figure 9 fMRI activation pattern differences between only aphasic, only
amusic, and patients with both amusia and aphasia in the acute
stage; N = 23. (A) Only aphasic vs. Amusic and aphasic patients
(Instrumental; p < 0.01 uncorrected at the cluster level); (B) Only
amusic vs. Amusic and aphasic patients (Vocal; p < 0.05 uncor-
rected at the cluster level); (C) Only aphasic vs. Only amusic pa-
tients (Vocal; p < 0.05 uncorrected at the cluster level). Results are
shown at p < 0.005 (uncorrected) with >50 voxels of spatial extent
and overlaid over a canonical template with MNI coordinates at the
bottom right of each slice. See also Table 12. INS = insula. Modi-
fied from Sihvonen et al. 201724,



Results 59

Table 12 fMRI activation pattern differences between only aphasic, only
amusic, and patients with both amusia and aphasia in the acute

stage.
ACUTE STAGE
Contrast Condition Area name Coordinates Cluster size vatl-ue R
Aphasic > Amu- Right STG (BA21)  44-387 632 471 0'6341(<
sic&Aphasic Instrumental 0.001)
Right MTG (BA48)  50-18-5
Amusic > Amu- Vocal Left MTG (BA21)  -50-2-17 299 4.07*  0.419 (0.006)
sic&Aphasic
Right STG (BA38)  5012-17 310 4.32*  0.426 (0.006)
Aphasic > Amusic Vocal Right MTG (BA 21) 64 -4-11

Right Insula (BA 48) 506 -3

*p < 0.05 uncorrected at the cluster level, **p < 0.01 uncorrected at the cluster level
R = Pearson correlation (2-tailed p-value, FDR-corrected). The mean activation in the cluster is correlated to the
MBEA total score % of the corresponding point of time. BA = Brodmann area, n.s. = not significant.

5.4.3 fMRI activation patterns in recovered vs. non-recovered amusic pa-
tients

Longitudinal analyses of the Instrumental and the Vocal condition did not yield
any significant interactions. In the cross-sectional analysis of the Instrumental con-
dition at the 3-month stage, the RAs showed significantly increased activations
bilaterally in the MFG and IPL as well as in the left SPL and the right PCG com-
pared to the NRAs (Table 13 and Figure 10). The MBEA total correlated signifi-
cantly with the mean activity observed in the clusters comprising the right IPL (r
=0.430, p = 0.005), the right PreCG and MFG (r = 0.481, p = 0.001) and the left
SPL, IPL, and MFG (r = 0.436, p = 0.004). At the 6-month stage, the RAs showed
greater activations in the right IFG and MFG compared to the NRAs. In the VVocal
condition, the NRAs showed greater activation bilaterally in the cerebellum at the
6-month stage. No other significant Group or Group x Time interactions were ob-
served. None of the correlations between the MBEA performance and cluster mean
activity at 6-month stage survived the FDR adjustment.
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A RA vs. NRA
(3+month stage, Instrumental music)
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RA vs. NRA
(6-month stage, Instrumental music)
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Figure 10

NRA vs. RA
(6-month stage, Vocal music)

fMRI activation patterns during music listening — a comparison be-

tween the recovered and non-recovered amusics; N = 24. (A) RA
vs. NRA (3-month stage, Instrumental); (B) RA vs. NRA (6-month
stage, Instrumental); (C) NRA vs. RA (6-month stage, Vocal). N =
24. Results are shown at p < 0.005 (uncorrected) with >50 voxels of
spatial extent and overlaid over a canonical template with MNI co-
ordinates at the bottom right of each slice. Only clusters surviving a
FWE-corrected p < 0.05 threshold are labelled (see also Table 13).
The scatter plots display the correlation between the mean cluster
activation and the MBEA total score across the whole sample. CER
= cerebellum. Modified from Sihvonen et al. 201724,
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Table 13 fMRI results during music listening — comparison between the RA
and NRA groups.

3 MONTHS STAGE

Contrast Condition Area name Coordinates  Cluster size t-value R
Right IPL (BA 40) 46 -44 57 1480 5.96**  0.430 (0.005)
Left SPL (BA 7) -30 -68 49 1085 5.86** 0.436 (0.004)
Left IPL (BA 7) -36 -66 43
RA>NRA Inst tal
nstrumental | et MFG (BAQ)  -44-6249
Right PreCG (BA 8) 46 8 43 857 5.30*  0.481 (0.001)

Right MFG (BA 10) 424223

6 MONTHS STAGE

Contrast Condition Area name Coordinates  Cluster size t-value R
Right MFG (BA 10) 4242 13 1304 4.94%* n.s.
>
RA>NRA Instrumental oin 66 (BA 46) 5428 11
Left Cerebellum -12-70 -37 1101 4.64* n.s.
NRA > RA Vocal
oca Right Cerebellum 16 -48 -37

*p < 0.05 FWE-corrected at the cluster level, **p < 0.001 FWE-corrected at the cluster level
R = Pearson correlation (2-tailed p-value, FDR-corrected). The mean activation in the cluster is correlated to the
MBEA total score % of the corresponding point of time. BA = Brodmann area, n.s. = not significant.

5.4.4  Functional connectivity in amusic patients during music listening

The engagement of the four chosen ICA networks (auditory, auditory-motor, left
and right frontoparietal) was analysed in the Instrumental and Vocal conditions
using two different mixed-model ANOVAs: Time (Acute / 3 months / 6 months)
and Group (NA / Amusic) and Time (Acute / 3 months / 6 months) and Group (RA
I/ NRA). The first ANOVA (NA / Amusic) yielded no significant effects. However,
the second ANOVAs (RA / NRA) showed a Group effect for the right frontopari-
etal network [F(1,22) = 28.20, p < 0.001] and a Time x Group interaction for the
left frontoparietal network [F(1.5, 33.39) = 3.93, p = 0.040] in the Instrumental
condition (Figure 11). The RAs showed greater right frontoparietal network FC
already at the acute stage as well as increasing left frontoparietal engagement from
the acute to the 6-month stage compared to the NRAs. The engagement of the right
frontoparietal network correlated significantly with the MBEA score at the 3-
month stage (r = 0.456, p = 0.025).
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Figure 11  Functional connectivity differences between the RA and NRA
groups during instrumental music listening. Group (RA/NRA) x
Time (Acute, 3 months, 6 months) repeated measures ANOVA re-
sults. A representation of the ICA network is shown overlaid over a
canonical template with MNI coordinates at the bottom right of
each slice. Significant Group effect (black bar), significant Group x
Time interaction (grey bar). *p < 0.05, **p < 0.001. Modified from
Sihvonen et al. 201724,
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6 DISCUSSION

Using multiple advanced MRI methods, the three studies discussed here aimed to
determine the specific stroke lesion patterns giving rise to acquired amusia and to
reveal which GM changes and WM changes (volumetric and tract-level) are re-
lated to persistent acquired amusia and its recovery. In addition, the effect of amu-
sia on brain activity patterns and functional connectivity changes during natural
music listening was evaluated. In this longitudinal study with 6-month follow-up,
the MBEA, gold standard assessment for amusia, and MRI were repeatedly per-
formed on a large sample of stroke patients to achieve the pre-set aims. The main
findings were that stroke lesions comprising the right temporal areas, insula, and
putamen form the critical neural substrate for acquired amusia (Study I). Persistent
amusia was associated with GM atrophy in the right STG and MTG, locating more
anteriorly for rhythm-amusia and more posteriorly for pitch-amusia (Study I). The
evaluation of WM tracts (Study Il) revealed that persistent amusia is associated
with damage and subsequent degeneration of multiple WM pathways in the right
hemisphere, including the right IFOF, AF, and UF as well as the interhemispheric
tracts CC and tapetum. While the specific right hemispheric lesion pattern leading
to the observed GM and WM damage gave rise to amusia, the brain activation
deficits in amusia during instrumental music listening were wide-spread initiating
from the right temporal areas and, over time, proceeding to bilateral frontal, tem-
poral, and parietal regions (Study Il1). Interestingly, amusics showed clearly less
activation deficits when listening to vocal music, suggesting preserved processing
of singing in the amusic brain. Amusia recovery was related to increased activation
in the right frontal and parietal areas coupled with increased functional connectiv-
ity in right and left frontoparietal attention networks. In the following sections, six
topics pertinent to the studies will be discussed in more detail: (1) disrupted neural
structures in acute acquired amusia, (2) recovery of post-stroke amusia, (3) disso-
ciation of pitch and rhythm processing deficits in amusia, (4) neural model of ac-
quired amusia, (5) limitations of the study, and (6) clinical considerations.

6.1 Disrupted neural structures in acute acquired amusia

Stroke lesions associated with amusia and lower MBEA total scores were localised
in the right MCA territory comprising the right STG, MTG, insula, and putamen.
This is in line with the previous small-scale group and case studies that have linked
the right MCA territory*? 13 16, 167-178,182-184 and especially the right temporal lobe
lesions!? 167, 168, 171-173, 175-178, 183, 184 tq gcquired amusia. The lesion pattern associ-
ated with amusia was clearly distinct from the one associated with aphasia: the
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lesion pattern giving rise to aphasia comprised the left STG and insula, in accord-
ance to previous studies®® 57-6°. Our finding supports the dissociation of language
and music processing in the brain, suggesting, at least partly, recruitment of differ-
ent neural networks for either cognitive domain®®4. However, in the patient sample
in Study 1, 41% of the amusic patients had at least minor aphasia. This is similar
to the percentages (43-55%) reported in previous studies® 3 and indicates that mu-
sic and language impairments can occur together. While the sample size did not
allow full 2 x 2 analysis [amusia (no/yes) x aphasia (no/yes)] or separate analyses
within left hemisphere damage (LHD) and right hemisphere damage (RHD) sub-
groups, binary analyses on amusics (no aphasia) versus aphasics (no amusia), amu-
sics versus NAs with all aphasics excluded, aphasics versus non-aphasics with all
amusics excluded, and amusics versus amusics and aphasics were performed to
control for the comorbidity of these disorders. These analyses yielded essentially
the same results as the analyses of primary amusia and aphasia analyses, thereby
supporting the dissociation of the neuroanatomical correlates of amusia and apha-
sia. The present results are important given the longstanding discrepancy between
the findings of lesion studies and functional neuroimaging studies of healthy sub-
jects, the former reporting cases of selective post-stroke impairment of music and
language!® 242244 and the latter frequently reporting anatomical overlap in re-
sponses to music and speech?08 245-247,

In line with the previous lesion studies® 17 173 176 ' the present results showed
that amusia is associated with lesions comprising the right superior temporal cor-
tex. Acquired amusics also exhibited decreased activations during instrumental
music listening in the right STG and MTG compared to non-amusics at the acute
stage. The activation in this region also strongly correlated with the acute stage
MBEA total score. Neuroimaging studies on healthy subjects have indicated that
the right STG is one of the key brain areas in the large-scale network for music
processing®* ’® and that it plays a crucial role in processing of pitch and melody’”-
81 music syntax®, and in singing'% 1 A very recent study utilising direct elec-
trical stimulation showed that stimulation of the right STG induced errors in pitch
processing during melody repetition task?*®. Moreover, the volume of the right
STG correlates with the amount of musical practice?*® and is greater in individuals
with absolute pitch??. Based on our findings, the pitch processing deficit in ac-
quired amusia seems to stem from damage to the right temporal region leading to
the observed activation deficits. This is in line with previous MEG results showing
that severe acquired amusia is associated with damage to the right AC and conse-
quently decreased function during pitch processing and duration discrimination?84,

Right insular lesions were associated with amusia in all of the present results.
While lesions in the insula have previously been linked to pitch-amusia after
stroke!” 176, the present results might also reflect damage to WM tracts locating
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near insula. Previously, the AF has been considered as the primary WM tract in-
volved in congenital amusia®®, although the evidence is conflicting. In Study II,
our novel finding was that acquired amusia was linked to clear damage of the right
IFOF at the acute stage. Moreover, the volume of the right IFOF was the most
significant predictor of MBEA performance. The IFOF is a ventral tract that orig-
inates from posterior occipital region, runs through posterior temporal lobe, and
then medially to the insula (i.e. in the extreme capsule) to connect to the orbito-
frontal and inferior frontal areas'!’-1?% 251, Although the exact auditory function of
IFOF remains unknown, it has been linked to absolute pitch'??, musical synaesthe-
sia'?%, and hearing loss?2. In addition to the right IFOF, amusia was also associated
with acute stage damage to the right AF. Conversely, increased volume of the left
AF (posterior segment) was associated to higher MBEA overall scores at the acute
stage. Previous studies have concluded that the right AF is implicated in congenital
amusia®®!, the left AF in musicians' absolute pitch?® 253 and bilateral/right AF
more generally in musical training*?> 127,

Amusia was also associated with damage to the interhemispheric WM connec-
tivity (i.e. CC) at the acute stage, reflecting reduced structural connectivity be-
tween the right and left superior temporal regions. Reduced lateral connectivity
between the ACs has been reported in a recent MEG study on congenital amusics
during a memory-based processing of tone changes®** Coupled with the fact that
the amusics had more extensive stroke lesions and further atrophy in the right STG
and MTG than NAs (see 6.2), the present findings are consistent with recent stud-
ies reporting that inhibiting the right AC with transcranial magnetic stimulation
reduces connectivity between the ACs?* and that the strength of the callosal audi-
tory tracts correlates with performance in an auditory-speech perception task?®,
Musicians have been shown to have larger volume and increased FA in the anterior
125,128 and posterior 124 125 CC, as compared to non-musicians. In addition, musi-
cians exhibit activity patterns during music listening that are hemispherically more
symmetrical than those of non-musicians®®’.

6.2 Recovery of post-stroke amusia

Lack of amusia recovery was associated with negative plastic changes in core
auditory areas of the right hemisphere: the NRAs showed longitudinal GMV de-
crease in the right STG and MTG. Structural abnormalities in the right STG have
also been observed in congenital amusics'#> 146 and the GM anomalies have been
associated with decreased connectivity between the right frontal and temporal re-
gions+ 145 Correspondingly, in Study I, non-recoverable acquired amusia was
associated with WMV decrease in the right MTG, a region within the right fronto-
temporal pathway. In Study I, the RA patients showed clearly less acute damage
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and less delayed degeneration in two right frontotemporal pathways, the IFOF and
AF, compared to the NRAs. While the right AF has been implicated in congenital
amusia'®!, although with conflicting evidence!®?, the IFOF has not been previously
linked to amusia. The dorsal pathway AF was also implicated in recovery of pitch-
amusia as the pRAs showed longitudinal decrease in MD/RD in the right anterior
AF. This suggests that recovery from pitch-amusia may be associated with preser-
vation of this WM tract connecting the IFG and IPL. This may be related to spared
tonal working memory in recovery from pitch-amusia since the right IPL has been
associated with maintenance of tonal pitch structure in working memory during
pitch discrimination®”. The NRAs had also increased axonal damage (i.e. higher
MD and RD) in the callosal auditory fibres (i.e. the tapetum), indicating that Wal-
lerian degeneration of these pathways is linked to persistent amusia*®-52. As the
axonal degeneration progress, the cortical axon terminals become affected, leading
to the GM atrophy observed in Study I.

Both the right IFOF and the AF have right inferior frontal and inferior parietal
terminations?'? 2. 251, Reasonably, the cross-sectional results in Study 111 showed
that RAs had significantly increased activations in the right MFG/IFG during in-
strumental music listening at 3-month and 6-month post-stroke stages compared
to the NRAs. At 3-month stage, the activation correlated significantly with the
MBEA performance. Previously, congenital amusics have been shown to have
dysfunction in the right IFG!44-146. 148 and its reduced connectivity to the right
AC™, The IFG is implicated in sequencing of auditory information as well as an-
alysing the structural relationships in music®®. Moreover, the IFG is involved in
musical priming?®, recognition of music?®°, perceiving musical emotions?®°, ana-
lysing musical syntax?®*, and performing structural integration of harmonic infor-
mation®. On the grounds of this information, the increased activation observed in
the right IFG in the RAs compared to the NRAs might represent preserved pro-
cessing of music and its components as well as functioning analysis of structural
and harmonic information in music. Furthermore, the NRAs showed activation
deficits in the right PreCG and bilaterally in the IPL. Precentral areas are involved
in rhythm processing and structural analysis® %: 262 which further suggests defec-
tive higher-order computations in amusia during natural music listening. This
could also clarify the observed bilateral IPL activation deficits in the NRAs com-
pared to the RAs, since the IPL is involved in evaluation of pitch information in
tonal structures®” as well as in recognition of melodies?®® and detection of melodic
deviance?®*, and in rhythm perception?®4 26,

Parietal regions, along with frontal areas, are also activated during attentive lis-
tening to music?®. Therefore, the observed spared activity in these areas in RAs
might reflect the ability of the patient to focus attention towards natural music and
thus enable its neural processing. This rationale is supported by the observed in-
crease in the network connectivity in the RAs compared to the NRAs. The RAs
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had greater right frontotemporal network FC already at the acute stage, indicating
that amusia recovery is based on preserved function and connectivity in this net-
work. The FC in the right frontoparietal network also correlated significantly with
the MBEA total score in the 3-month post-stroke stage. Moreover, the RAs showed
longitudinally increasing FC in the left frontoparietal network, reflecting changes
in network connectivity in the left hemisphere associated with amusia recovery.
The observed differences in task activity in frontoparietal regions and in FC in the
frontoparietal attentional networks between the RAs and the NRAs cannot be due
to deficits in general attentional orientation, since no differences were observed
during vocal music listening. The longitudinal left frontoparietal FC increase
might echo that the RASs regain the access to utilize cross-hemispheric local and
global music networks®3. While the resting-state/intrinsic frontotemporal connec-
tivity has been shown to be reduced in congenital amusia'#> 1%, no previous task-
ICA analyses exist nor are there studies on acquired amusics concerning this issue.
The present results provide evidence that while damage to the right ventral path-
way leads to acquired amusia, preserved dorsal connectivity promotes amusia re-
covery and is linked to compensatory network remodelling. Moreover, the ob-
served functional differences between the RAs and NRAs most likely reflect sim-
ilar longitudinal network reorganization associated with spontaneous recovery of
function after stroke33 %,

6.3 Dissociation of pitch and rhythm processing deficits in amusia

Separate VLSM analyses of the parametric MBEA Scale and Rhythm scores
revealed a predominantly overlapping lesion pattern in the aforementioned right
hemisphere regions. Naturally, stroke lesions follow the vascular territories and
thus are not restricted to a single functional brain region. To probe the most critical
brain areas illustrated by VLSM results, the t-value cut-off can be adjusted to only
view the most significant results (i.e. brain areas) in a particular lesion pattern.
When this approach was applied to the VLSM results on MBEA Rhythm subtest,
the right basal ganglia remained as the most significant element. Previously, stud-
ies on healthy subjects have linked basal ganglia closely to rhythm processing* 262
267,268 Moreover, professional pianists have skill-related GMV changes in the ba-
sal ganglia!3*. However, to our best knowledge, the present study is the first lesion
study providing direct evidence of the role of the right basal ganglia in rhythm
perception deficits!:.

Interestingly, longitudinal GMV decrease was observed in the right anterior
temporal areas in rhythm-amusia and in posterior temporal areas in pitch-amusia.
Similar functional distribution of the superior temporal region has been reported
in both animals® and in humans™: 83 8: anterior superior temporal region showing
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greater sensitivity to changes in the temporal domain and posterior regions show-
ing greater sensitivity to changes in the spectral domain. Moreover, anterior tem-
poral lesions have been linked to rhythm (i.e. meter, tempo) perception deficits in
temporal lobectomy patients> 7.

In addition to the longitudinal GMV differences observed in pitch and rhythm-
amusia, Study Il provided dissociative DTI results on pitch-amusia and rhythm-
amusia. Longitudinal MD and RD increase in the right anterior AF, UF, and tape-
tum was observed in the pNRA group but not in the rNRA groups. As the increases
in MD and RD have been shown to be markers of Wallerian degeneration*®-°2, the
findings especially in the AF and tapetum are well in line with the posterior tem-
poral GMV decrease observed in pitch-amusia in Study I. Moreover, the MD/RD
of the tapetum and right UF were the most significant predictors of MBEA Scale
performance, but not MBEA Rhythm performance, at the 6-month post-stroke
stage. Overall, the results of the present study converge with previous neuroimag-
ing studies’® & and lesions studies*> 17 showing that right superior temporal areas
are crucial for pitch and melody processing. Present results further suggest that the
interhemispheric connectivity of superior temporal areas as well as right frontal
pathways have an important role in pitch-amusia.

Contrary to pitch-amusia, rhythm-amusia was associated with axonal damage
in the left AF, marked by longitudinal increase in RD. Moreover, lower volume in
the right UF and higher MD and RD in the CC were observed in the rNRAs but
not in the pNRAs. The rNRAs also showed lower volume of the right IFOF than
rRAs, and right IFOF volume also came out as the only significant predictor of
MBEA Rhythm performance in the regression analyses across all three time points.
Coupled with the findings of Study I, these results suggest that rhythm-amusia is
associated with more extensive and bilateral damage of frontal and frontotemporal
pathways than pitch-amusia. This finding is supported by the lack of clear lateral-
isation effects for musical rhythm processing in healthy subjects* 7> and lesion
Studieslz, 13, 15—17.

6.4 Neural model of acquired amusia

Functional neuroimaging studies on healthy subjects have shown that music per-
ception involves a wide-spread network comprising bilateral temporal, frontal, pa-
rietal, and subcortical brain regions® # 76, Studies on stroke patients have provided
similar evidence of cross-hemispheric network underlying music perception. How-
ever, as suggested first by Peretz (1990) and later by Schuppert and colleagues
(2000), music perception relies on initial recognition of global musical structures
in the right hemisphere, supported by the left hemisphere subsystems that are sub-
ordinate to the right hemisphere!2 26°_ In general, spatially distributed brain areas
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subserving a cognitive function are connected through WM tracts which form a
network to maximize the processing, storage, and manipulation of information?”°,
Disruption of the neural network and its connections can lead to a disconnection
syndrome and a cognitive-behavioural deficit?’* 2’2, Based on the present study,
and in contrast with the bilateral large-scale music network observed in healthy
subjects, the critical connections for music perception seem to be located in the
right hemisphere. The initial acute stage lesion pattern associated with acquired
amusia was located in the right hemisphere and comprised the striatum, insula,
STG, and MTG. This lesion pattern compromised crucial WM pathways, espe-
cially the IFOF, linking the right temporal and inferior frontal regions, thus leading
to acquired amusia. From ontogenetic and phylogenetic standpoints, our results
linking the right IFOF to music perception is particularly interesting since in hu-
mans, the IFOF is known to be present already at birth?’3, but it is clearly less
developed in monkeys?’4. While the prime neural architectures in acquired amusia
were right-lateralised, amusia was also associated with damage to interhemispheric
connectivity (i.e. the CC and tapetum), more pronouncedly in rhythm-amusia. This
supports the rationale of additional left hemispheric subsystems needed in music
perception and processing, although with right hemisphere dominance.

The mechanisms of amusia recovery might be related to spared WM tracts in-
terconnecting crucial regions underlying music processing. In language research,
two processing streams, dorsal and ventral, are broadly accepted to underlie the
perception and production of language'®’- 27> 276, A similar dual-stream model has
been proposed to act in parallel in music processing, transferring crucial musical
auditory information between the temporal, inferior parietal, and inferior frontal
regions in the right hemisphere®1%0, Of the two streams, the dorsal stream
(“where” or “how™) connecting temporal and inferior parietal regions with frontal
areas is hypothesized to be important for evaluation of audio-motor movement and
spatial information, whereas the ventral stream (“what”) is involved in categoriz-
ing sound to auditory objects'®” 188 275.277 |n aphasia, damage to the dorsal stream
(SLF and AF) is associated with productive impairments, while comprehension
deficits are associated with injury of the ventral stream (extreme capsule, or rather
the IFOF)®, In the musical domain, it is likewise possible that damage to individ-
ual pathways (dorsal or ventral) would manifest in different musical impairments
(production versus perception)6+ 188 18 |f hoth the ventral and dorsal streams are
damaged, it is unlikely that acquired amusia recovers. Instead, acquired amusics
with at least one preserved right hemispheric music-related pathway interconnect-
ing frontoparietal regions could engage recovery as the two streams have been
found to share functionalities and mediate compensatory mechanisms in the lan-
guage domain?’8, This rationale is supported by the present study.

Interestingly, acquired amusics showed less activation deficits during vocal mu-
sic listening than instrumental music listening, and as there were no significant
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differences between the groups in the occurrence of post-stroke language deficit
(i.e. aphasia), the observed results are unlikely explained by dissimilarities in lan-
guage processing in the amusic and non-amusic patients. Indeed, the subgroup
analysis comparing patients with amusia without aphasia to patients with aphasia
without amusia, or patients with amusia and aphasia, further supports the conclu-
sion that areas important for music processing are located in the right temporal and
insular areas. In contrast, aphasia does affect the processing of vocal music, and is
observed as activation deficits in the left temporal region. These findings support
the idea that the disruption of neuronal activity shown by amusic patients during
music listening might be more related to music rather than to language processing
deficit. Overall, the preserved vocal music processing in amusic brain might reflect
that the amusic brain processes the musical components using the left-lateralised
brain regions responsive to vocal stimuli?. Fascinatingly, congenital amusics can
vocalize pitch intervals in correct directions'®* and improve in MBEA subtest per-
formance and song production after singing intervention6? 163, These findings sug-
gest that the processing of vocal music is, at least partially, spared and active in
amusic patients. Moreover, while the congenitally amusic persons recognize fa-
miliar song lyrics, but are unable to recognize the corresponding melodies!®®, amu-
sic patients might be able to access the episodic memory through the vocal content
of the music rather than by melody.

While the structural findings in acquired amusia were largely right-lateralised,
functional anomalies were observed in both hemispheres during instrumental mu-
sic listening. In addition to the global (right-lateralised) versus local (left-lateral-
ised) dissociation of auditory information processing discussed previously** 2%, an
additional explanation is that the critical hubs in the bilateral music network are
located in the right hemisphere® * 7® and damage to these neural structures mani-
fests in wide-spread processing deficits during music perception. In this vein, as
acquired amusia can occur also after LHD*®, lesions affecting the crucial WM
tracts interconnecting music processing areas in the left hemisphere to the crucial
right hemispheric music-related brain regions (i.e. critical hubs) might lead to ac-
quired amusia. Moreover, intact right hemisphere has been suggested to compen-
sate for the music perception deficits after LHD*® which underlines the importance
of the right hemisphere in music processing. One other possible explanation is that
during naturalistic music listening (used in Study I11), more global auditory infor-
mation processing is needed, in contrast to local processing™® 2¢° Moreover, the
disparity between the lateralisation of lesion and functional anomalies could arise
from stimulus complexity. In language domain, the lateralisation of prosodic emo-
tion processing is dependent on the verbal complexity: As the complexity in-
creases, the brain activity observed shifts from predominantly right-lateralized to
bilateral activity?”®. Similarly, music contains complex acoustic components as
well as a language component, and therefore it is reasonable to expect bilateral
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wide-spread brain activations during music listening. Taken together, RHD lead-
ing to acquired amusia might manifest in wide-spread global music processing
deficits whereas LHD might affect only local processing and thus lead to small-
scale activation deficits.

Overall, the present findings converge on the proposal of recent dual-stream
studies on processing of music syntax'®® and prosody'® in the healthy brain con-
cluding that both ventral and dorsal streams are implicated in these functions. Act-
ing in conjunction, the two streams transform complex acoustic feature combina-
tions into abstract representations and analyse sensorimotor information to be in-
tegrated with these representations?’’. The present study suggests that normal mu-
sic perception relies on this dual route especially in the right hemisphere.

6.5 Limitations of the study

The groups showed differences in some demographical (education) and clinical
(lesion volume, spatial neglect) factors. Lower education level?®° and larger lesion
size?®! are associated with higher severity of stroke, which in turn may lead to a
higher likelihood of acquired amusia. The coincidence of neglect and acquired
amusia is expected given their similar lesion locations?®, and therefore neglect
was not included as a covariate in the analyses. In Study Il and 1, educational
years and acute lesion size were entered as covariates, but in Study I, no covariates
were used as the RA and NRA groups did not show any significant differences in
demographic data. However, this may influence the results of the VLSM binary
analyses. The groups did not show significant differences in the pre-stroke musical
background factors. Evaluation of the potential facilitating effect of musical train-
ing on recovery from acquired amusia would call for a larger sample of patients
with different levels of musical background. Furthermore, the possible protective
effect of higher education in acquired amusia needs further investigation.

While the study showed that acquired amusia is strongly associated with RHD,
there were also LHD patients with persistent acquired amusia. Therefore, studies
with larger samples of LHD are still needed to determine how different left hemi-
sphere regions are associated with amusia. One key area associated with rhythm
processing is the cerebellum® 267, However, due to our inclusion criteria, cerebel-
lar involvement in the rhythm-amusia could not be evaluated in the present mate-
rial.
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6.6 Clinical considerations

Several studies have shown that acquired amusia is common after stroke. How-
ever, in clinical practice, acquired amusia is not systematically evaluated and in-
formation on its recovery is lacking. Therefore, acquired amusia is probably un-
derdiagnosed in clinical populations. The present results have important implica-
tions in enabling accurate identification of acquired amusia as well as offering
tools for predicting recovery. Diagnosing amusia is especially important in patients
who are vocationally engaged to music, such as musicians, and music teachers, but
also patients with pre-stroke musical hobbies. Amusic persons most likely have
concurrent deficits also in perceiving affective prosody (emotional content and
connotations of speech expressed through subtle pitch, timbre, and intensity vari-
ations), as has been shown in?2 283 congenital and acquired amusia®, leading to
difficulties in perceiving and expressing emotions in everyday communication.
The presence of acquired amusia should also be taken into consideration when
designing and targeting music-based intervention strategies in neurological reha-
bilitation?84,
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7

CONCLUSIONS

Damage to the right STG, MTG, insula, and putamen form the crucial neural
substrate for acquired amusia after stroke. This lesion pattern is distinct from
the stroke lesion pattern giving rise to aphasia.

. Persistent acquired amusia is associated with atrophy in the right STG and

MTG, locating more anteriorly in rhythm-amusia and more posteriorly in pitch-
amusia.

Persistent acquired amusia is associated with damage and later degeneration in
multiple right frontotemporal tracts as well as in interhemispheric pathways.
Damage to the right ventral pathway (i.e. IFOF) is the strongest predictor of
acquired amusia. In addition to impaired right frontotemporal connectivity,
pitch-amusia is additionally linked to deficits in right frontoparietal and tem-
poral interhemispheric connectivity, whereas rhythm-amusia is additionally
linked to deficits in left frontal connectivity.

Acquired amusia causes wide-spread dynamic brain activation deficits during
instrumental music listening. The activation deficits initiate in right temporal
areas at the acute stage and progress bilaterally to frontal, temporal, and parietal
areas over time.

The recovery of acquired amusia is associated with increased brain activity in
right superior and inferior parietal regions and in right inferior frontal areas
during instrumental music listening. Moreover, amusia recovery is mediated
by increased FC during instrumental music listening in frontoparietal (i.e. dor-
sal) networks.
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