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Abstract 1 

Acquired amusia provides a unique opportunity to investigate the fundamental neural 2 

architectures of musical processing due to the transition from a functioning to defective 3 

music processing system. Yet, the white matter deficits in amusia remain systematically 4 

unexplored. To evaluate which white matter structures form the neural basis for acquired 5 

amusia and its recovery, we studied 42 stroke patients longitudinally at acute, 3-month, 6 

and 6-month post-stroke stages using DTI (tract-based spatial statistics and deterministic 7 

tractography) and the Scale and Rhythm subtests of the Montreal Battery of Evaluation of 8 

Amusia (MBEA). Non-recovered amusia was associated with structural damage and 9 

subsequent degeneration in multiple white matter tracts including the right inferior fronto-10 

occipital fasciculus, arcuate fasciculus, inferior longitudinal fasciculus, uncinate fasciculus, 11 

and frontal aslant tract, as well as in the corpus callosum and its posterior part (tapetum). 12 

In a linear regression analysis, the volume of the right inferior fronto-occipital fasciculus 13 

was the main predictor of MBEA performance across time. Overall, our results provide a 14 

comprehensive picture of the large-scale deficits in intra- and interhemispheric structural 15 

connectivity underlying amusia, and conversely highlight which pathways are crucial for 16 

normal music perception. 17 

 18 

Highlights 19 

- Acquired amusia is associated with damage to multiple white matter pathways. 20 

- The key pathway in acquired amusia is the right inferior fronto-occipital fasciculus. 21 

- Rhythm-amusics show additional deficits in left frontal connectivity. 22 

- Pitch-amusia affects additionally right frontal and interhemispheric connectivity. 23 
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Abbreviations 1 

AF, arcuate fasciculus; ANOVA, analysis of variance; CC, corpus callosum; DT, 2 

deterministic tractography; DTI, diffusion tensor imaging; FA, fractional anisotropy; FAT, 3 

frontal aslant tract; FWE, familywise error rate; GMV, grey matter volume; IFG, inferior 4 

frontal gyrus, IFOF, inferior fronto-occipital fasciculus; IC, internal capsule; ILF, inferior 5 

longitudinal fasciculus; IPL, inferior parietal lobule, MBEA, Montreal battery of evaluation of 6 

amusia; MCA, middle cerebral artery; MD, mean diffusivity; MTG, middle temporal gyrus; 7 

NA, non-amusic, NRA, non-recovered amusic; pNA, non-pitch-amusic; pNRA, non-8 

recovered pitch-amusic; pRA, recovered pitch-amusic; pre-SMA, presupplementary motor 9 

area; RD, radial diffusivity; rNA, non-rhythm-amusic; rNRA, non-recovered rhythm-amusic; 10 

RA, recovered amusic; RHD, right hemisphere damage; ROI, region of interest; rRA, 11 

recovered rhythm-amusic; SLF, superior longitudinal fasciculus; SMA, supplementary 12 

motor area; STG, superior temporal gyrus; TBSS, tract-based spatial statistics; UF, 13 

uncinate fasciculus; WM, white matter. 14 

 15 

Keywords 16 

Amusia, music, stroke, tractography, tract-based spatial statistics 17 

 18 

1. Introduction 19 

The ability to perceive, enjoy, and produce music is a fundamental element of human 20 

cognition. Studies with healthy subjects have revealed a widely distributed bilateral neural 21 

network activated by musical stimuli (Zatorre and Salimpoor, 2013; Koelsch, 2014). 22 
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However, studies of persons with musical deficits are essentially needed to determine the 1 

critical structures required by musical processing in the brain (Rorden and Karnath, 2004). 2 

Amusia, caused by either abnormal brain development (congenital amusia) or brain 3 

damage (acquired amusia), is a neurological disorder characterized mainly by inability to 4 

perceive fine-grained pitch changes. In addition, the processing of musical rhythm, timbre, 5 

memory, and emotions can also be affected (Stewart et al., 2006; Marin et al., 2012). 6 

While only 2-4% of the population is affected by congenital amusia (Kalmus and Fry, 1980; 7 

Henry and McAuley, 2010), the prevalence of acquired amusia after stroke in the middle 8 

cerebral artery (MCA) territory is substantially higher, reportedly ranging between 35% and 9 

69% (Ayotte et al., 2000; Schuppert et al., 2000; Särkämö et al., 2009; Sihvonen et al., 10 

2016). Notably, congenital amusia is a life-long condition and therefore reflects not only 11 

impaired music perception, but also a developmental deficit in acquiring musical syntax 12 

and tonal representations or lack of exposure to music (Stewart, 2008). In contrast, 13 

acquired amusia is characterized by a clear-cut shift from a normal to deficient function of 14 

the music processing system caused by a brain lesion. This creates a naturalistic 15 

opportunity to examine and pin down the brain areas that are crucial for music perception.  16 

Recently, we reported damage to the right superior temporal gyrus (STG), Heschl’s gyrus 17 

(HG), middle temporal gyrus (MTG), insula, and putamen to be the crucial neural substrate 18 

for acquired amusia after stroke (Sihvonen et al., 2016). In 6-month follow-up, persistent 19 

(non-recovering) amusia was associated with grey matter volume (GMV) decrease in the 20 

right STG and MTG, and white matter (WM) volume decrease in the MTG. We speculated 21 

that lesions linked to acquired amusia damage the WM pathways connecting the right 22 

frontal and temporal regions, which possibly leads to neural degeneration and consequent 23 

GMV decrease. Congenital amusics have reduced WM in the right inferior frontal gyrus 24 

(IFG; Hyde et al., 2006) accompanied by GM anomalies in the same region (Hyde et al., 25 
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2006; Hyde et al., 2007; Albouy et al., 2013) and in the right STG (Hyde et al., 2007; 1 

Albouy et al., 2013) as well as reduced frontotemporal functional (Albouy et al., 2013) and 2 

resting-state (Leveque et al., 2016) connectivity. 3 

While the abnormalities in the structure, function, and connectivity of the right superior 4 

temporal and the inferior frontal brain areas are thought to be a plausible mechanism 5 

underlying congenital amusia, there is still scarce and insufficient direct evidence for 6 

structural WM abnormalities in amusia derived from diffusion tensor imaging (DTI). There 7 

are only two previous tractography studies on congenital amusia (Loui et al., 2009; Chen 8 

et al., 2015) and none on acquired amusia. In addition, both studies on congenital amusia 9 

investigated only one tract, the arcuate fasciculus (AF), and yielded conflicting findings: 10 

While Loui et al. (2009) compared 10 congenital amusics to 10 healthy controls and found 11 

decreased volume of the right arcuate fasciculus, Chen et al. (2015) compared 26 amusics 12 

to 26 healthy subjects and found no significant differences between the groups. In 13 

addition, congenital amusics have been shown to have reduced global connectivity (Zhao 14 

et al., 2016). 15 

Frontal and temporal regions are connected not only by the AF (Fig. 1). As various other 16 

WM pathways interconnect these areas directly or through other pathways, musical 17 

processing might be mediated by other WM tracts as well. For example, the inferior fronto-18 

occipital fasciculus (IFOF) connects occipital, posterior temporal, and frontal regions 19 

(Catani et al., 2002; Kier et al., 2004; Martino et al., 2010; Turken and Dronkers, 2011; 20 

Sarubbo et al., 2013). In addition, the uncinate fasciculus (UF) connects the temporal pole 21 

with inferior frontal areas (Kier et al., 2004). Indeed, subjects with absolute pitch have 22 

increased WM integrity in both of these tracts in the right hemisphere (Dohn et al., 2015) 23 

as well as in the inferior longitudinal fasciculus (ILF), which connects the temporal pole 24 

with the occipital cortex (Catani et al., 2002). Furthermore, increased WM integrity in the 25 
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right IFOF has been related to musical synesthesia (Zamm et al., 2013). In addition to 1 

evaluating the connections between the frontal and temporal regions, evaluation of the 2 

interhemispheric connectivity (e.g. corpus callosum and its segments) in amusia would be 3 

important as in congenital amusia, the functional connectivity between the auditory 4 

cortices in both hemispheres has been shown to be altered (Hyde et al., 2011). In addition, 5 

the frontal aslant tract (FAT), which connects inferior frontal and motor cortical areas and 6 

has an established role in language processing (Vassal et al., 2016) and working memory 7 

(Rizio and Diaz, 2016), could also contribute to music processing given the importance of 8 

these structures for music-syntactic and rhythm processing. 9 

Another line of evidence to support involvement of various WM pathways in music 10 

processing comes from studies of long-term musical training. Compared to non-musicians, 11 

musicians show WM plastic changes (e.g. tract volume, fractional anisotropy) in the corpus 12 

callosum (CC; Schlaug et al., 1995; Schmithorst and Wilke, 2002; Bengtsson et al., 2005), 13 

the pyramidal tracts (Schmithorst and Wilke, 2002; Bengtsson et al., 2005; Han et al., 14 

2009; Ruber et al., 2015), the AF/superior longitudinal fasciculus (SLF; Bengtsson et al., 15 

2005; Oechslin et al., 2010; Halwani et al., 2011), the IFOF (Schmithorst and Wilke, 2002), 16 

and in the cerebellar tracts (Schmithorst and Wilke, 2002; Abdul-Kareem et al., 2011). 17 

Given the complexity and diverse nature of musical training, these structural neuroplastic 18 

changes naturally reflect the interaction of many auditory-perceptual, motor, tactile, and 19 

cognitive functions. 20 

Another important aspect is that music processing in the brain is not limited to temporal 21 

and frontal areas. Functional neuroimaging studies show that music processing and 22 

perception involve a large-scale network comprising bilateral temporal, frontal, parietal, 23 

and subcortical regions (Schmithorst, 2005; Brattico et al., 2011; Alluri et al., 2012). The 24 

music network also extends to motor regions of the brain to recruit presupplementary 25 
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motor area (pre-SMA), supplementary motor area (SMA), and cerebellum for musical 1 

rhythm processing (Chen et al., 2008). Moreover, both music-related ventral (i.e. extreme 2 

capsule) and dorsal streams in the right hemisphere have been suggested to act parallel in 3 

transferring musical auditory information between the temporal, inferior parietal, and 4 

inferior frontal regions (Zatorre et al., 2002; Rauschecker, 2014; Sammler et al., 2015; 5 

Loui, 2015; Musso et al., 2015). Similarly to aphasia, whereby damage to dorsal language-6 

related pathways are associated with productive impairments and damage to ventral 7 

language-related pathways with comprehension deficits (Kummerer et al., 2013), music 8 

production and perception could rely on different streams (Loui et al., 2008; Loui, 2015; 9 

Sammler et al., 2015). Taken together, these findings suggest that the critical pathway to 10 

be compromised in music perception deficits (i.e. amusia) could also be the right ventral 11 

pathway. To uncover the brain regions and neural pathways that are crucial for music 12 

perception, systematic and longitudinal research on the neural basis of acquired amusia 13 

and its recovery is still needed, specifically in order to map different tracts connecting the 14 

key musical cortical and subcortical areas. Clinically, this information would also be 15 

important for establishing a more accurate diagnosis and prognosis of amusia as well as 16 

for rehabilitation planning. 17 

Diffusion MRI allows calculation of tensors from which many different indices of WM 18 

structure can be extracted. Fractional anisotropy (FA) reflects the variability in diffusion in 19 

different directions (anisotropy) and is highly sensitive to microstructural changes. Mean 20 

diffusivity (MD) is a directionally averaged, inverse measure of the membrane density, and 21 

it is sensitive to cellularity, edema, and necrosis (Alexander et al., 2011). Radial diffusivity 22 

(RD) describes the diffusivity perpendicular to the axon and is influenced by changes in 23 

axonal diameter or density. Importantly, the comparison of different DTI indices in the 24 

same focus gives more specific information about the type of change in WM. For example, 25 
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aphasics have lower FA values and higher MD and RD values than patients without post-1 

stroke aphasia (Ivanova et al., 2016). Furthermore, after stroke affecting a motor pathway, 2 

the axonal damage and poor motor outcome have been linked to decreased FA as well as 3 

increased MD and RD (Yu et al., 2009). In addition, increased RD (Song et al., 2002; Song 4 

et al., 2005; Harsan et al., 2006) and decreased FA (Harsan et al., 2006) have been 5 

associated with dys- and demyeliation. 6 

The information obtained from DTI can be used to delineate and compare WM tracts 7 

(Conturo et al., 1999; Basser et al., 2000). One of the most common algorithms is 8 

deterministic tractography (DT), whereby different voxels are connected through their 9 

preferred diffusion directions to form one projection to represent a WM tract (Conturo et 10 

al., 1999). The statistical information on the visualized tracts can then be analyzed. A more 11 

recent method to evaluate WM structures is Tract-Based Spatial Statistics (TBSS), which 12 

allows voxel-wise statistical analysis of the DTI data. Using non-linear registration and 13 

alignment-invariant tract representation, TBSS tries to improve several issues of group 14 

analysis, such as image alignment and the amount of spatial smoothing used (Smith et al., 15 

2006). 16 

In the present study, we utilized both TBSS and DT to examine systematically the 17 

quantitative changes in WM pathways in patients with acquired amusia after stroke. We 18 

also examined which changes in the tracts are associated with the recovery of acquired 19 

amusia. DT and TBSS work as complementary methods with two different spatial 20 

resolutions (tract and voxel level). To our best knowledge, this is the first study to combine 21 

TBSS and DT in evaluating amusia. Based on our previous findings, the scarcity of 22 

evidence on tract deficits in amusia, and on the wide-spread involvement of brain regions 23 

in music processing in healthy subjects, we chose to comprehensively evaluate all WM 24 
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pathways connected to the STG and MTG, and inferior and medial frontal gyri, aiming to 1 

uncover the tract changes linked to amusia and its recovery after stroke (see Fig. 1). 2 

 3 

2. Materials and Methods 4 

2.1 Subjects and Study Design 5 

Fifty subjects were recruited between March 2013 and December 2015 from the 6 

Department of Clinical Neurosciences of the Turku University Hospital (Tyks) after being 7 

admitted to the hospital for treatment of stroke. Inclusion criteria were: (1) an acute 8 

ischaemic stroke or intracerebral hemorrhage in the left or right hemisphere, (2) no prior 9 

neurological or psychiatric disease, (3) no drug or alcohol abuse, (4) no hearing deficit, (5) 10 

≤80 years of age, (6) home in the Southwest Finland, (7) Finnish-speaking, and (8) 11 

sufficient co-operation. All patients were right-handed and enrolled in a larger music 12 

listening intervention study. All subjects signed an informed consent, and received 13 

standard stroke treatment and rehabilitation. The study was approved by the Ethics 14 

Committee of the Hospital District of Southwest Finland, and it was carried out conforming 15 

to Declaration of Helsinki. All subjects underwent a behavioral assessment and an MRI 16 

within 3 weeks of the stroke onset and during the follow-up at 3 and 6 months post-stroke. 17 

Out of the 50 subjects recruited, seven dropped out. In addition, one patient could not be 18 

assessed for amusia in the acute phase. Therefore, 42 subjects with complete follow-up 19 

data were entered in the final analysis. The clinical and demographic background of the 20 

patients is presented in Table 1 and 2. 21 

22 
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2.2 Assessment of amusia 1 

The music perception of the patients was evaluated with a shortened version (Särkämö et 2 

al., 2009) of the Montreal Battery of Evaluation of Amusia (MBEA) (Peretz et al., 2003) in 3 

the acute stage (< 3 weeks post-stroke) and at the 3-month and 6-month post-stroke stage 4 

as a part of a larger neuropsychological testing battery. The stimuli were presented by 5 

using a laptop and headphones. 6 

Following our previous studies (Särkämö et al., 2009; Sihvonen et al., 2016) and the 7 

established cut-off values of the original MBEA (Peretz et al., 2003), we classified patients 8 

with the MBEA Scale and Rhythm average score < 75% as amusic (amusic N = 25, non-9 

amusic N = 17). We further subdivided the amusic patients to recovered amusics (N = 10), 10 

who were tested as non-amusic at the 6-month stage according to the initial cut-off values, 11 

and to non-recovered amusics (N = 15). To evaluate pitch and rhythm amusia separately, 12 

similar principle was also applied to the Scale and Rhythm subtest scores. Patients with 13 

Scale subtest score < 73% in the acute stage were defined as pitch-amusic [N = 20, non-14 

pitch-amusic (pNA) N = 22]. At the 6-month stage, seven patients were classified as 15 

recovered pitch-amusics (pRA) and 13 as non-recovered pitch-amusics (pNRA). When 16 

Rhythm subtest was evaluated with cut-off score < 77%, the figures were: 10 non-rhythm-17 

amusics (rNA), 21 non-recovered rhythm-amusics (rNRA), and 11 recovered rhythm-18 

amusics (rRA).  19 

 20 

2.3 MRI data acquisition, processing and TBSS analysis 21 

Patients were scanned using a standard 12-channel head matrix coil on a 3T Siemens 22 

Magnetom Verio scanner at the Medical Imaging Centre of Southwest Finland. Diffusion 23 
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MRI scans (TR = 11700 ms, TE = 88 ms, acquisition matrix = 112 x 112, 66 axial slices, 1 

voxel size = 2.0 x 2.0 x 2.0 mm) were acquired with one non-diffusion weighted volume 2 

and 64 diffusion weighted volumes (b-values of 1000 s/mm2). 3 

Voxel-wise statistical analysis of the FA, MD, and RD data was carried out using TBSS 4 

(Smith et al., 2006), part of FMRIB Software Library (University of Oxford, FSL v5.0.8, 5 

www.fmrib.ox.ac.uk/fsl; Smith et al., 2004). Diffusion data processing started by correcting 6 

eddy current distortions and head motion. Subsequently, to provide more accurate 7 

estimate of diffusion tensor orientations, the gradient matrix was rotated using FSL’s fdt 8 

rotate bvecs (Leemans and Jones, 2009). Following this, brain extraction was performed 9 

using the Brain Extraction Tool (Smith, 2002). Analysis continued with the reconstruction 10 

of the diffusion tensors using the linear least-squares algorithm included in Diffusion 11 

Toolkit 0.6.2.2 (Ruopeng Wang, Van J. Wedeen, trackvis.org/dtk, Martinos Center for 12 

Biomedical Imaging, Massachusetts General Hospital). Finally, FA, MD and RD maps for 13 

each patient and session were calculated using the eigenvalues extracted from the 14 

diffusion tensors. All subjects' FA data were then aligned into a common space using the 15 

nonlinear registration tool FNIRT (Andersson et al., 2007a; Andersson et al., 2007b), 16 

which uses a b-spline representation of the registration warp field (Rueckert et al., 1999). 17 

In order to improve the normalization, using Cost Function Masking, masks of the lesioned 18 

areas were added to this registration process. Next, the mean FA image was created and 19 

thinned to create a mean FA skeleton which represents the centers of all tracts common to 20 

the group. Each subject's aligned FA data was then projected onto this skeleton and the 21 

resulting data fed into voxel-wise cross-subject statistics. This process was repeated for 22 

the MD and RD maps by applying the transformations previously calculated with the FA 23 

maps. 24 

25 
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2.4 Deterministic tractography 1 

In the DT analysis, we included all the WM pathways connecting to the STG/MTG (AF, 2 

IFOF, ILF, UF, CC, and tapetum) and inferior and medial frontal gyri [AF, IFOF UF, frontal 3 

aslant tract (FAT)] (see Fig. 1). Dissections of individual WM tracts were performed using 4 

TrackVis (version 0.6.0.1, Build 2015.04.07) and following commonly used published 5 

guidelines (see below) for the number and positioning of the regions of interest (ROIs; see 6 

Supplementary Figure 1) in both healthy and clinical populations. In all of the WM tracts 7 

included, the individual-level ROIs were first defined in the left and right hemispheres in 8 

the 6-months images and then copied to the acute and 3-month images to avoid varying 9 

ROI sizes affecting the results. The ROIs placed in the acute and 3-month images were 10 

spatially and manually adjusted to achieve as accurate tracking as possible. Exclusion 11 

ROIs were used when necessary. All ROIs were initially defined large enough to have at 12 

least one empty ROI voxel between the tracked fibers and the edge of the ROI to ensure 13 

no relevant fibers were missed (Glasser and Rilling, 2008). All analyses were performed 14 

by one person (author A.J.S.) blinded to the patients’ music perception profile. In the 15 

following paragraphs, the way in which every tract of interest was dissected is covered. 16 

The arcuate fasciculus (AF) comprises three pathways: (i) a long direct segment 17 

connecting the temporal lobe to the frontal lobe, (ii) an anterior indirect segment 18 

connecting the frontal lobe and the inferior parietal lobule (IPL), and (iii) a posterior indirect 19 

segment connecting the temporal lobe and the IPL (Catani et al., 2005). To dissect these 20 

three AF segments, we used a three-ROI approach (Catani et al., 2005; Glasser and 21 

Rilling, 2008; Vaquero et al., 2016; Francois et al., 2016; Sierpowska et al., 2017), where 22 

the first ROI was drawn on a coronal plane to capture all the fibers running in the anterior-23 

posterior direction using a DTI FA color map, the second ROI on an axial plane near 24 
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temporo-parietal junction to capture fibers running to the temporal lobe, and the third ROI 1 

on a sagittal plane to capture fibers connecting to the IPL. 2 

The inferior fronto-occipital fasciculus (IFOF) connects occipital, posterior temporal, 3 

and orbitofrontal areas (Catani et al., 2002; Kier et al., 2004; Martino et al., 2010; Turken 4 

and Dronkers, 2011; Sarubbo et al., 2013). The IFOF was dissected using two ROIs 5 

defined on the coronal plane (Catani and Thiebaut de Schotten, 2008; Lopez-Barroso et 6 

al., 2013; Francois et al., 2016): the first ROI was placed between the occipital and 7 

temporal lobe and the second ROI to the anterior floor of the external/extreme capsule. 8 

The inferior longitudinal fasciculus (ILF) connects the occipital cortex with the temporal 9 

pole (Catani et al., 2002). The ILF was dissected with two ROIs drawn on the coronal 10 

plane: the first ROI was placed in the anterior temporal lobe and the second ROI in the 11 

WM of the occipital lobe (Catani and Thiebaut de Schotten, 2008; Francois et al., 2016). 12 

The uncinate fasciculus (UF) connects the temporal pole and anterior MTG with the 13 

superior, middle, and inferior frontal gyri (Kier et al., 2004). The UF was dissected with two 14 

ROIs in coronal plane: the first ROI was placed in the anterior floor of the external/extreme 15 

capsule and the second ROI in the anterior temporal lobe (Catani and Thiebaut de 16 

Schotten, 2008; Francois et al., 2016). 17 

The corpus callosum (CC) connects homologous areas in left and right hemispheres. We 18 

dissected the whole CC using a single ROI defined around the CC in a midsagittal slice 19 

(Catani and Thiebaut de Schotten, 2008). The CC also connects both temporal lobes with 20 

temporal projections known as the tapetum, and to analyze the tapetum separately, ROIs 21 

in the temporal projections of CC were created in the axial plane (Huang et al., 2005). 22 

The frontal aslant tract (FAT) is a recently discovered WM tract connecting the IFG and 23 

pre-SMA and SMA regions (Catani et al., 2013; Sierpowska et al., 2015). The FAT was 24 
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dissected with two ROIs: the first ROI was placed in axial plane to pre-SMA and SMA and 1 

the second ROI in sagittal plane to IFG (Catani et al., 2013; Sierpowska et al., 2015). 2 

When needed, each patients’ T1 images were used as guidelines to locate the central 3 

sulcus and the precentral gyrus and sulcus to define the pre-SMA/SMA area. 4 

In the acute stage, the CC, tapetum, left AF (posterior segment), left UF, and left ILF were 5 

successfully traced in all subjects. The tracing was unsuccessful in the left AF (anterior 6 

segment, n = 2; long segment, n = 1), left FAT (n = 5), left IFOF (n = 1), right AF (anterior 7 

segment, n = 8; long segment n = 8; posterior segment n = 7), right FAT (n = 5), right IFOF 8 

(n = 4), right UF (n = 2), and right ILF (n = 1). Statistical characteristics of the WM tracts 9 

are presented in Supplementary Tables 1, 2, and 3. 10 

 11 

2.5 Statistical analysis 12 

We first compared the differences in TBSS results for non-amusic (NA), recovered amusic 13 

(RA), and non-recovered amusic (NRA) patients using independent samples t-test at each 14 

time point (Acute, 3 months, 6 months). At each point, we calculated six different 15 

contrasts: NRA > NA, NRA > RA, NA > NRA, NA > RA, RA > NRA, RA > NA. In addition, 16 

12 different interactions [Group (NRA > NA, NRA > RA, NA > NRA, NA > RA, RA > NRA, 17 

RA > NA) x Time (3 months > Acute, 6 months > Acute) were calculated to evaluate 18 

longitudinal changes. Additionally, rhythm and pitch amusia were evaluated using the 19 

same preceding contrasts but with pNRA, pRA and pNA, and rNRA, rRA and rNA groups. 20 

Unless otherwise noted, TBSS results are reported with a familywise error rate (FWE) 21 

corrected p < .05 threshold using threshold-free cluster enhancement and a non-22 

parametric (Smith and Nichols, 2009) permutation test with 5000 permutations (Nichols 23 

and Holmes, 2002). 24 
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To compare the differences between the previously defined groups in tractography results 1 

in amusic, pitch-amusic, and rhythm-amusic subjects, statistical information (tract volume, 2 

FA, MD and RD value) of each tract in the three different time points was gathered using a 3 

MATLAB toolbox (The MathWorks Inc., Natick, MA, USA, version R2012b), “along-tract 4 

statistics” (Colby et al., 2012). Statistical information was then further analyzed with SPSS 5 

(IBM Corp. Released 2012. IBM SPSS Statistics for Windows, Version 21.0. Armonk, NY: 6 

IBM Corp.). We performed second-level analysis using a mixed between-within repeated-7 

measures ANOVA [Group (RA / NRA / NA) x Time (Acute, 3 months, 6 months)]. Similarly, 8 

pNRA, pRA, and pNA as well as rNRA, rRA, and rNA were compared to evaluate 9 

tractography results in pitch and rhythm amusia. Three covariates were used in all 10 

analyses and time points: educational years, acute lesion size, and a composite (average) 11 

score of acute stage verbal memory performance (derived from a word-list learning and 12 

Rivermead Behavioural Memory Test story recall tasks) (Särkämö et al., 2008), which 13 

were available for all patients. Given that memory deficits are among the most prevalent 14 

cognitive impairments after stroke (Nys et al., 2007) and that the MBEA has a clear 15 

working memory component, including this variable as a covariate in the analyses controls 16 

the potential impact of cognitive deficits on the results. The pNRA and rRNA groups had 17 

more right hemisphere damaged (RHD) patients in all of the analyses. According to our 18 

previous study (Sihvonen et al., 2016), the acquired amusia stems from RHD and thus it 19 

would have been counterintuitive to add lesion laterality as a covariate in the analyses. 20 

There was a significant group difference in visual neglect occurrence in the pitch amusia 21 

grouping, but importantly the pNRA and pRA groups did not show significant differences 22 

(χ2, P = .629). The coincidence of neglect and amusia is expected due their similar lesion 23 

locations (Chechlacz et al., 2012), and thus was not included as a covariate in the 24 
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analyses. Correction for multiple comparisons in post hoc analyses was made with the 1 

Bonferroni adjustment. 2 

To evaluate which of the significant tractography results were the strongest predictors of 3 

MBEA performance, a stepwise linear regression analysis including only the significant 4 

tractography results was performed. Additionally, using similar principles, a linear 5 

regression analysis using the Information Criteria (AICc) as selection for variable entry and 6 

removal was carried out. Based on the regression analysis results, a Pearson correlation 7 

between the MBEA performance and the most significant predictor in all three time points 8 

was also carried out. Correction for multiple comparisons in the correlations was made 9 

with the Bonferroni adjustment (only three correlations were calculated). 10 

To verify that the music intervention did not effect on amusia recovery, we calculated a 11 

mixed-model analysis of variance (ANOVA) with Time (acute / 3-month / 6-month) and 12 

Group (3 intervention arms). No significant Time x Group or between-subjects effects were 13 

found in the MBEA average score (Within-subject p = .825, Between-subject p = .483), the 14 

MBEA Scale subtest score (Within-subject p = .839, Between-subject p = .764), or the 15 

MBEA Rhythm subtest score (Within-subject p = .791, Between-subject p = .224). These 16 

results suggest that the music listening intervention did not have any effect on amusia 17 

recovery and, therefore, does not impact the results of the present study. 18 

 19 

3. Results 20 

3.1 Tract-based spatial statistics: amusia 21 

All TBSS results reported here are FWE-corrected with a p < .05 threshold. Cross-22 

sectional TBSS analyses of Group (NRA / RA / NA) effects (see Table 3, Fig. 2) 23 
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consistently showed that the NRA group had significantly lower FA in the right IFOF, AF, 1 

UF, internal capsule (IC), and CC than the NA group at the acute, 3-month, and 6-month 2 

stages. At the 3-month and 6-month stages, the NRAs additionally showed lower FA in the 3 

tapetum as well as greater MD and RD in the right IFOF, AF, UF, CC, and tapetum 4 

compared to the NAs. Importantly, although the NRAs and RAs did not differ at the acute 5 

and 3-month stages, at the 6-month stage the NRAs did show lower FA and greater MD 6 

and RD in the right IFOF, AF, and UF. No other contrasts were significant at the acute, 3-7 

month, and 6-month stages. 8 

Longitudinal TBSS analyses of Time x Group interactions (acute to 3-month / acute to 6-9 

month; see Table 3, Fig. 2) showed that in the NRAs compared to the NAs the MD of the 10 

right IFOF, AF, UF, IC, CC, and tapetum increased more from the acute to 3-month and 6-11 

months stages and also the RD of the right IFOF, AF, UF, and IC increased more from the 12 

acute to 3-month stage. The NRAs also showed a greater RD increase in the right IFOF, 13 

AF, UF, IC, CC, and tapetum than the NAs from the acute to 6-month stage. In addition, 14 

there was a greater MD increase in the RAs compared to the NAs in the left IFOF and CC 15 

from the acute to 3-month and 6-month stages as well as in the left AF and UF and in the 16 

CC from the acute to the 6-month stage. No other significant interactions were observed. 17 

 18 

3.2 Tract-based spatial statistics: pitch-amusia and rhythm-amusia 19 

We performed the TBSS analyses also separately for pitch-amusia (pNRA / pRA / pNA) 20 

and rhythm-amusia (rNRA / rRA / rNA; see Table 3, Fig. 2). Results reported here are all 21 

FWE-corrected with a p < .05 threshold. Cross-sectionally, these analyses yielded 22 

essentially the same pattern of results as presented above: both pNRAs and rNRAs 23 

showed lower FA and greater MD and/or RD in the right IFOF, AF, UF, CC, and tapetum 24 
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than the pNAs and rNAs, respectively, at all stages studied. In addition, the same FA and 1 

MD/RD effects were seen also in the right ILF for both pNRAs and rNRAs compared to the 2 

pNAs and rNAs, respectively. Furthermore, compared to the pNAs, the pNRAs showed 3 

decreased FA and increased RD in the right IC at all the three time points. 4 

Separate longitudinal TBSS interactions likewise showed that the MD and RD of the right 5 

IFOF, AF, and UF increased more in the pNRAs than in pNAs from acute to 3-month and 6 

6-month stages and also more in the rNRAs than in the rNAs from acute to 6-month stage. 7 

Interestingly, for the rNRAs there was an additional increase from acute to 6-month stage 8 

also in the RD of the left AF compared to the rNAs. In addition, the pRAs showed 9 

increased MD in the right AF, IFOF, and in the CC compared to the pNA group from the 10 

acute to 3-month stage but not to 6-month stage. 11 

 12 

3.3 Deterministic tractography: amusia 13 

The results of the DT are presented in Table 4 and Fig. 3. A mixed-model ANOVA with 14 

Time (acute / 3-month / 6-month) and Group (NRA / RA / NA) revealed significant 15 

between-subjects effects in the volume of the right IFOF [F(2,36) = 3.881, p = .030], AF 16 

long segment [F(2,36) = 3.500, p = .041], and FAT [F(2,36) = 4.553, p = .017] and the left 17 

AF posterior segment [F(2,36) = 4.072, p = .025] as well as in the FA of the right IFOF 18 

[F(2,36) = 4.486, p = .018]. Post hoc testing showed that compared to the NRAs both the 19 

NAs and the RAs had significantly greater right IFOF volume (p = .002 and p = .036, 20 

respectively) and FA (p = .002; p = .027) as well as greater right AF long segment volume 21 

(p = .019; p = .016). The NRAs also showed lower right FAT volume (p = .049) than the 22 

NAs. In contrast, the RAs had lower left AF posterior segment volume than the NAs (p = 23 

.017). 24 
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In addition, there were significant Time x Group interactions in the MD [F(4,72) = 4.322, p 1 

= .003] and RD [F(4,72) = 3.909, p = .006] of the tapetum. From acute to the 6-month 2 

stage, the NRAs showed greater increase in the tapetum MD (p = .001) and RD (p = .002) 3 

than the NAs. No other significant interactions were observed. 4 

 5 

3.4 Deterministic tractography: pitch-amusia 6 

As with the TBSS, also the DT analyses were performed separately for pitch-amusia (see 7 

Table 4 and Fig. 3) where significant between-subject (Group) effects were observed in 8 

the volume [F(2,36) = 3.597, p = .038] and FA [F(2,36) = 4.263, p = .022] of the right IFOF 9 

with post hoc tests revealing lower volume and FA in the pNRAs than pNAs (p = .001; p < 10 

.001). Significant Time x Group interactions were found in the MD [F(4,72) = 3.331, p = 11 

.015] and RD [F(4,72) = 3.308, p = .015] of the tapetum and in the MD [F(4,72) = 4.530, p 12 

= .003] and RD [F(4,72) = 4.446, p = .003] of the right AF anterior segment as well as in 13 

the MD [F(4,72) = 4.020, p = .005] and RD [F(4,72) = 4.013, p = .005] of the right UF. Post 14 

hoc tests indicated a greater increase from acute to 6-month in the pNRAs than pNAs for 15 

the tapetum MD (p = .002) and RD (p = .002) and for the right AF anterior segment MD (p 16 

= .001) and RD (p = .001). In addition, the pNRAs showed a greater increase in the right 17 

UF MD (p = .030) and RD (p = .030) than the pNAs and the pRAs showed a greater 18 

decrease in the right AF anterior segment MD and RD compared to the pNAs (p = .004 in 19 

both). No other significant interactions were observed. 20 

 21 

22 



20 

 

3.5 Deterministic tractography: rhythm-amusia 1 

In rhythm-amusia, significant between-subject (Group) effects were found in the volume 2 

[F(2,36) = 4.536, p = .018] of the right IFOF (see Table 4 and Fig. 3). Post hoc tests 3 

revealed that the rNRAs had lower volume (p = .008) than the rNAs. The right IFOF 4 

volume was also lower in the rNRAs than rRAs (p = .040). Rhythm-amusia also showed 5 

additional between-subject effects in the right UF volume [F(2,36) = 3.299, p = .048] with 6 

post hoc tests indicating lower volume in the rNRAs than in the rNAs (p = .009). Additional 7 

group effects were observed in the FA [F(2,36) = 4.900, p = .013], MD [F(2,36) = 4.181, p 8 

= .023], and RD [F(2,36) = 4.327, p = .021] of the CC. Post hoc tests showed, that the 9 

rNRAs had greater CC MD (p = .026) and RD (p = .025) than the rNAs. The rRAs had 10 

lower CC FA than the rNAs (p = .010). 11 

Interestingly, the longitudinal tractography results revealed a somewhat different pattern of 12 

effects for the rhythm-amusia than the pitch-amusia. In rhythm-amusia, significant Time x 13 

Group interaction was found in the RD of the left UF [F(4,72) = 2.740, p = .035]. Post hoc 14 

tests revealed that the left UF RD increased more in the rNAs than rNRAs from acute to 6-15 

month stage (p = .014). No other significant interactions were observed. 16 

 17 

3.6 Deterministic tractography: regression analysis 18 

Given the large number of WM pathways and their parameters (volume, FA, MD, RD) 19 

implicated in amusia in the DT analyses above, we performed stepwise linear regression 20 

analyses to further determine which of these were the strongest predictors of music 21 

perception performance. Three different models (for MBEA overall score, Scale subtest 22 

score, and Rhythm subtest score) were formed for each time point (acute / 3-month / 6-23 
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month) where all the tracts and their parameters that showed significant effects were 1 

entered as independent variables. For MBEA overall score, seven variables were entered: 2 

volumes of the right IFOF, AF (long segment), FAT and the left AF (posterior segment) as 3 

well as FA of the right IFOF and MD and RD of the tapetum. For MBEA Scale subtest 4 

score, eight variables were entered: volume and FA of the right IFOF as well as MD and 5 

RD of the right AF (anterior segment), UF, and tapetum. For MBEA Rhythm subtest, five 6 

variables were entered: volumes of the right IFOF and UF, FAs of the right IFOF and CC 7 

as well as the RD of the left UF. 8 

As shown in Table 4, the volume of the right IFOF was the most significant predictor of the 9 

MBEA overall, Scale, and Rhythm scores across all time points. The left AF posterior 10 

segment volume and the tapetum MD/RD emerged as additional predictors of the MBEA 11 

overall score at the acute and 3-month/6-month stages, respectively. Across all time 12 

points, the Rhythm scores were predicted only by the right IFOF volume, while the Scale 13 

scores were predicted also by the tapetum RD and the right UF MD at the 6-month stage. 14 

Using the same previous models, we also carried out a forward stepwise regression 15 

analysis using the Information Criterion (AICc) as selection for variable entry and removal. 16 

This analysis yielded exactly same results as the linear regression analysis presented 17 

above (Table 4). 18 

We then carried out three Pearson correlations using the volume of the right IFOF (since it 19 

was the best predictor) and MBEA total, scale, and rhythm scores at 6-month stage. 20 

Correction for multiple comparisons was adjusted with Bonferroni correction (.05/3 = 21 

.0167). As presented in the Fig. 4, the volume of the right IFOF was significantly correlated 22 

with the MBEA overall performance [r(42) = .595, p < .001] as well as the individual 23 
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subtests [Scale r(42) = .580, p < .001 and Rhythm r(42) = .498, p = .001] at 6 months post-1 

stroke stage. 2 

 3 

4. Discussion 4 

The aim of the present study was to systematically and comprehensively explore the role 5 

of different WM pathways in acquired amusia using two complementary DTI analysis 6 

methods (TBSS and DT). These methods were chosen to (i) provide different level of 7 

evidence (voxel vs. tract level) on WM tract changes in amusia and (ii) to complement 8 

each other and overcome the methodological limitations involved in either of the methods 9 

used alone. TBSS involves automatic alignment of each patient to the template which may 10 

be suboptimal and therefore cause biased results for patients with damaged brain (Bach et 11 

al., 2014). However, the tractography dissections were done in native space which 12 

expunges the problem of automatic alignment in TBSS. Most importantly, the results from 13 

these two methods converge. Our key results were that (i) persistent amusia was 14 

associated with damage to many WM pathways primarily in the right hemisphere, (ii) the 15 

pattern of WM damage was mostly similar for pitch-amusia and rhythm-amusia, although 16 

there were some differences in certain interhemispheric tracts as well as in the laterality of 17 

specific intrahemispheric tracts, and (iii) the time course of the changes in WM indices was 18 

partly different across the tracts, although the extent of the initial damage had a strong 19 

impact on the recovery of amusia. Overall, these findings are closely in line with our 20 

previous results indicating that acquired amusia is associated with a lesion pattern 21 

comprising the right STG, Heschl’s gyrus, insula, and striatum, with further reduced grey 22 

matter volume in the right STG/MTG in non-recovered amusic patients (Sihvonen et al., 23 

2016). 24 
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4.1 Intrahemispheric tracts 1 

Previous neuroimaging studies suggest that congenital amusia stems from deficits in 2 

frontotemporal connectivity (Albouy et al., 2013; Leveque et al., 2016) or dysfunction of 3 

prefrontal areas, especially the IFG (Hyde et al., 2006; Hyde et al., 2007; Omigie et al., 4 

2012; Albouy et al., 2013). The AF has been considered as the primary pathway involved 5 

in amusia (Loui et al., 2009), but as conflicting evidence exits (Chen et al., 2015) and the 6 

implication of other frontotemporal tracts remain unexplored in amusia, this statement 7 

needs to be confirmed. 8 

Our novel finding was that persistent acquired amusia was linked to clear damage of the 9 

right IFOF and ILF, and that the right IFOF was in fact the strongest predictor of MBEA 10 

performance (see Table 4 and Fig. 4). These ventral tracts, originating from posterior 11 

occipital and temporal regions, run laterally and inferiorly to the anterior temporal lobe 12 

(ILF) and through posterior temporal lobe and then medially to the orbitofrontal and inferior 13 

frontal areas (IFOF). Although their exact function remains unknown, they may be involved 14 

in language processing in the left hemisphere, and in particular in the process of mapping 15 

sound to semantic meaning (Saur et al., 2008; Dick and Tremblay, 2012). In the auditory-16 

music domain, the IFOF and ILF have thus far been linked to absolute pitch (Dohn et al., 17 

2015), musical synesthesia (Zamm et al., 2013), and hearing loss (Husain et al., 2011). 18 

From ontogenetic and phylogenetic standpoints, the contribution of the right IFOF to music 19 

cognition is particularly interesting since in humans it is known to be present already at 20 

birth (Perani et al., 2011), but is clearly less developed in monkeys (Thiebaut de Schotten 21 

et al., 2012). Overall, our findings converge with the proposal of recent dual-stream studies 22 

on music-syntactic (Musso et al., 2015) and prosodic (Sammler et al., 2015) processing in 23 

the healthy brain showing that this takes place along both ventral (IFOF, ILF) and dorsal 24 

(AF) routes, which together transform complex acoustic feature combinations into abstract 25 
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representations and analyze and integrate sensorimotor information with these 1 

representations (Rauschecker and Scott, 2009). Our results suggest that normal music 2 

perception relies on this dual route especially in the right hemisphere. 3 

In addition to the right IFOF, persistent amusics showed increased axonal damage (higher 4 

MD/RD) in the right AF and ILF. The differences in FA and volume were primarily present 5 

at the acute post-stroke stage whereas the MD/RD effects emerged in the follow-up, 6 

indicating that further degeneration of these pathways is linked to persistent amusia (Yu et 7 

al., 2009; Ivanova et al., 2016). Conversely, in the regression analysis of DT data, the 8 

volume of the left AF posterior segment was linked to higher MBEA overall scores at the 9 

acute stage. Previous DTI studies provide corroborating evidence for the role of the 10 

AF/SLF in music processing. The right AF is implicated in congenital amusia (Loui et al., 11 

2009), the left AF in musicians’ absolute pitch (Oechslin et al., 2010; Loui et al., 2011), and 12 

bilateral/right AF more generally in musical training (Bengtsson et al., 2005; Halwani et al., 13 

2011). 14 

We observed also amusia-related changes in the UF and in the FAT. Although the exact 15 

functions of these tracts are still incompletely understood, there is evidence for the general 16 

role of the left and right UF in social-emotional processing and for the left UF in episodic 17 

memory and language semantic processing (Dick and Tremblay, 2012; Von Der Heide et 18 

al., 2013). The left and right FAT have been associated with working memory (Rizio and 19 

Diaz, 2016) and the left FAT with speech fluency (Sierpowska et al., 2015). In the auditory 20 

domain, the UF may be involved in auditory working memory (Diehl et al., 2008), 21 

recognizing and attaching emotional significance to sounds (Schmahmann and Pandya, 22 

2006), and absolute pitch (Dohn et al., 2015). Moreover, the SMA and pre-SMA are known 23 

to be key nodes in the perception of musical rhythm or beat (Zatorre et al., 2007; Chen et 24 

al., 2008), which may partly explain why amusia was associated with lower volume of the 25 
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FAT connecting these regions with the IFG. Based on our results, we suggest tentatively 1 

that UF and FAT may contribute especially to the attention- and working memory-based 2 

online comparison of sequential sounds required for music perception, with additional 3 

involvement of the UF in the emotional processing of music. 4 

 5 

4.2 Interhemispheric tracts 6 

Our analysis of the interhemispheric tracts suggests that persistent amusia is linked not 7 

only to damage in right intrahemispheric tracts, but also to reduced structural connectivity 8 

between the right and left superior temporal regions. Coupled with the fact that the 9 

amusics had more extensive lesions and cortical atrophy in the right STG/MTG than non-10 

amusics (Sihvonen et al., 2016), these findings are consistent with recent studies showing 11 

that inhibiting the right AC with transcranial magnetic stimulation reduces connectivity 12 

between the auditory cortices (Andoh et al., 2015) and that the strength of 13 

interhemispheric callosal auditory pathways is related to better performance in an auditory 14 

speech perception task (Westerhausen et al., 2009). Musicians, compared to non-15 

musicians, have been shown to have larger volume/FA in the anterior (Schlaug et al., 16 

1995; Schmithorst and Wilke, 2002; Bengtsson et al., 2005) and posterior (Bengtsson et 17 

al., 2005; Burunat et al., 2015) CC, and also exhibit more hemispherically symmetric 18 

activity patterns when listening to music (Burunat et al., 2015). In contrast, reduced lateral 19 

connectivity between the left and right AC has been reported also in congenital amusics 20 

during the memory-based processing of tone changes measured by 21 

magnetoencephalography (Albouy et al., 2015). 22 

 23 

24 
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4.3 Differences in pitch-amusia and rhythm-amusia 1 

Separate analyses for pitch-amusia and rhythm-amusia yielded a largely overlapping 2 

pattern of effects, although there were some notable differences, especially in the DT 3 

results. A longitudinal MD/RD increase in the right anterior AF, UF, and tapetum was 4 

observed in the pNRAs but not in the rNRAs. This is well in line with the previously 5 

observed GMV decrease in right posterior temporal areas in the pNRAs (Sihvonen et al., 6 

2016). In the regression analysis, the MD/RD of the tapetum and right UF also emerged as 7 

significant predictors of MBEA Scale (but not Rhythm) performance at the 6-month post-8 

stroke stage. Interestingly, compared to the pNAs the pRAs in turn showed a longitudinal 9 

MD/RD decrease in the right anterior AF, suggesting that the recovery of pitch-amusia 10 

may be linked to better preservation of this pathway connecting the IFG with IPL. This may 11 

be related to tonal working memory since the right IPL has been linked specifically to the 12 

maintenance of tonal pitch structure in working memory during pitch discrimination (Royal 13 

et al., 2016). Overall, these results converge with previous neuroimaging studies 14 

(Patterson et al., 2002; Hyde et al., 2008) and lesion studies (Liegeois-Chauvel et al., 15 

1998; Ayotte et al., 2000) showing that right superior temporal areas are crucial for pitch 16 

and melodic processing. Our results further suggest that also the intra- and 17 

interhemispheric connectivity of superior temporal areas as well as right frontal pathways 18 

have an important role in pitch-amusia. 19 

Contrary to pitch-amusia, rhythm-amusia was linked to greater increase in RD in the left 20 

AF indicating axonal damage. In DT, we also observed lower volume in the right UF as 21 

well as higher MD/RD in the CC in the rhythm-amusics but not in the pitch-amusics. The 22 

rNRAs also showed lower volume in the right IFOF than rRAs, and right IFOF volume also 23 

came out as the only significant predictor of MBEA Rhythm performance in the regression 24 

analyses across all three time points. Coupled with our previous findings of grey matter 25 
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atrophy in right anterior temporal areas and WM atrophy in right inferior temporal areas in 1 

the rNRA patients (Sihvonen et al., 2016), these results suggest that persistent rhythm-2 

amusia is associated with more extensive and bilateral damage and degeneration of 3 

frontal and frontotemporal pathways than pitch-amusia. This finding is supported by the 4 

lack of any clear lateralization effects for temporal processing of music in healthy subjects 5 

(Samson et al., 2011; Alluri et al., 2012), and lesion studies (Liegeois-Chauvel et al., 1998; 6 

Ayotte et al., 2000; Schuppert et al., 2000; Rosslau et al., 2015). 7 

 8 

4.4 Network for music perception 9 

Functional neuroimaging studies with healthy subjects have implicated bilateral temporal, 10 

frontal, parietal, and subcortical brain activations associated with music perception 11 

(Schmithorst, 2005; Brattico et al., 2011; Alluri et al., 2012). In general, spatially distributed 12 

brain regions subserving a cognitive function are connected via white matter pathways to 13 

form a neural network maximizing the processing, storage, and manipulation of information 14 

(Ross, 2010). Disruption of the network and its white matter connections can lead to a 15 

disconnection syndrome and a cognitive-behavioral deficit (Catani and Mesulam, 2008; 16 

Thiebaut de Schotten et al., 2008). Based on our current results, and in contrast with the 17 

bilateral large-scale music network observed in healthy subjects, the critical connections 18 

for music perception seem to be located in the right hemisphere, as the disruption of these 19 

connections, especially the right IFOF, leads to music perception deficits. The disparity 20 

between the lesion data on amusia (right hemisphere) and the functional neuroimaging 21 

data on healthy music processing (bilateral) could arise from complexity of the stimuli. In 22 

language domain, the lateralization of prosodic emotion processing in the brain is 23 

dependent on the verbal complexity: As the complexity increases, the observed brain 24 
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activity shifts from being dominantly right lateralized to being bilateral (Mitchell and Ross, 1 

2008). Similarly, as music contains complex acoustic components as well as a language 2 

component, it is reasonable to expect bilateral wide-spread brain activations whilst 3 

listening to music. The effect of the observed disconnection on the whole music network 4 

and bilateral activations can only be speculated as functional neuroimaging studies 5 

utilizing naturalistic music listening in either congenital or acquired amusia have not been 6 

published. Similarly, studies on the functional processing of natural music and speech in 7 

amusia would help to shed light on the convergence of the large-scale music and 8 

language networks. In addition, as our current patient sample impeded us from carrying 9 

out analyses based on lesion laterality, future studies investigating music processing 10 

deficits specifically in the left hemisphere damaged patients would be of great interest. 11 

Although the core networks processing music and language appear to be somewhat 12 

separate, there are some perceptual domains where these two networks converge. One of 13 

these interesting convergence points is affective prosody perception, the ability to perceive 14 

emotions conveyed through speech, which relies on multiple acoustic ques (e.g. pitch, 15 

intonation contours). Neuroimaging studies in healthy subjects suggest that, similar to 16 

music, affective prosody perception involves a network of right frontotemporal and bilateral 17 

frontal regions and pathways (Wildgruber et al., 2006; Frühholz et al., 2015). Interestingly, 18 

congenital amusics have been found to have subtle deficits in perceiving affective prosody 19 

(Thompson et al., 2012; Lima et al., 2016). Also in stroke patients, affective aprosodia has 20 

been linked to right hemisphere damage (Ross and Monnot, 2008; Ross, 2010; Jafari et 21 

al., 2017), but the precise neural relationship between amusia and aprosodia has never 22 

been systematically mapped; this would be an interesting and fruitful topic for future 23 

research. 24 

 25 
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5. Conclusions 1 

Our longitudinal results suggest that persistent acquired amusia after stroke is associated 2 

with structural damage and later degeneration in many key frontotemporal, frontal, and 3 

interhemispheric pathways. Compared to the existing scanty evidence of tract deficiencies 4 

in amusia arising from studies on congenital amusia, this pattern of deficient connectivity is 5 

considerably more extensive. We have identified several tracts, including the IFOF, ILF, 6 

UF, FAT, CC, and tapetum, which have never before been linked to amusia. Moreover, 7 

both persistent pitch-amusia and rhythm-amusia were associated with impaired right 8 

frontotemporal (AF long segment, IFOF, and ILF) and frontal (UF) connectivity, but pitch-9 

amusia showed additional deficits in right frontoparietal connectivity (anterior AF) and 10 

interhemispheric temporal connectivity (tapetum) whereas rhythm-amusia showed 11 

additional deficits in left frontal connectivity. Obtaining largely converging results by using 12 

two imaging methodologies, which are very different in spatial resolution (voxel-level 13 

microstructure, whole-brain macrostructure), increases the robustness of our conclusion; 14 

this is important given that individual tracking algorithms have their limitations (e.g. in 15 

yielding false positives/negatives) (Campbell and Pike, 2014; Chen et al., 2015). By 16 

studying amusic stroke patients, we provide significant new evidence to extend the current 17 

understanding of the crucial brain networks participating in music processing in general 18 

and in pitch vs. rhythm processing in particular. In addition to the neuroscience perspective 19 

of music processing, our findings are relevant in designing future music-related 20 

intervention studies on rehabilitation and in interpreting their outcome. 21 

In future, further research on the roles of the musical ventral and dorsal pathways in 22 

amusia and music perception in general are needed. Moreover, the relationship between 23 

acquired aprosodia and amusia would be an interesting target of investigation. This would 24 
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provide information on pathways mediating pitch and contour processing in the brain in 1 

general and not only in the musical or language domain. 2 

 3 
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8. Figure captions 1 

Fig. 1 A visualization and schematic representation of the white matter pathways 2 

included in the tractography. 3 

IFG = Inferior frontal gyrus, MFG = Middle frontal gyrus, MTG = Middle temporal gyrus, 4 

STG = superior temporal gyrus. 5 

 6 
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Fig. 2 TBSS results for persistent acquired amusia. 1 

Lower FA and increased MD and RD values are presented for persistent amusia, pitch-2 

amusia, and rhythm-amusia cross-sectionally in all three time points and Group (NRA vs. 3 

NA / pNRA vs. pNA / rNRA vs. rNA) x Time (6 months > Acute) interaction. A guide map of 4 

appropriate WM tracts is presented at the bottom (http://www.natbrainlab.co.uk/atlas-5 

maps). N = 42. Neurological convention is used with MNI coordinates at the middle each 6 

section. All statistical maps are thresholded at a FWE-corrected p < .05 threshold. FA = 7 

Fractional anisotropy, MD = Mean diffusivity, RD = Radial diffusivity. 8 
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Fig. 3 Main tractography results. 1 

Group x Time (Acute, 3 months, 6 months) repeated measured results. Significant Group 2 

effect (black bar), significant Group x Time interaction (gray bar). Error-bar = standard 3 

error of the mean. AF = Arcuate fasciculus, FA = Fractional anisotropy, IFOF = Inferior 4 

fronto-occipital fasciculus, MD = Mean diffusivity, RD = Radial diffusivity, VOL = Volume. 5 

*p < .05 **p < .01 6 
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Fig. 4 Scatter plots indicating the relationships between the right IFOF volume and 1 

the MBEA performance at 6-month post-stroke stage. 2 

Two-tailed tests were used to determine the significance. IFOF = Inferior fronto-occipital 3 

fasciculus, MBEA = Montreal Battery of Evaluation of Amusia, P = Probability value, R = 4 

Pearson correlation. 5 
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9. Tables 1 

Table 1 Demographic and musical background of the patients (n = 42). 2 

Patient 
ID 

Group 
Amusia 

Group 
Pitch 

amusia 

Group 
Rhythm 
amusia 

Gender Age 
Education 

(years) 
Formal music 

traininga 
Other music 

traininga 
Active music 

listeningb 
Passive music 

listeningb 
Musical 
rewardc 

3 NA pNA rNA f 59 15 0 0 1 7 66 

5 NA pNA rNA m 57 13 0 2 5 7 87 

9 NA pNA rNA f 44 17 0 0 5 7 75 

10 NA pNA rRA m 42 17 0 5 3 6 64 

11 NA pNA rNA f 57 14 0 5 1 7 59 

13 NA pNA rNA f 62 15,5 5 2 7 7 92 

14 NA pNA rNA m 27 13 0 0 6 7 60 

15 NA pNA rRA f 65 23 0 0 6 7 81 

17 NA pNA rNRA f 70 14 2 5 5 3 67 

18 NA pNA rRA m 56 24 0 3 7 1 77 

19 NA pNA rNA f 25 17 0 0 7 7 88 

20 NA pNA rNRA m 77 12 5 5 6 7 91 

21 NA pNA rNA m 56 17,5 0 3 6 7 87 

4 NA pNA rNA m 55 13 0 0 2 7 79 

6 NA pNA rNRA f 73 20 0 0 - - - 

7 NA pNA rNRA m 47 12 0 5 3 6 54 

8 NA pNA rRA f 70 10 0 0 7 7 48 

12 RA pRA rNRA m 76 8 0 5 4 4 86,96 

16 RA pRA rNRA f 76 22 0 0 3 3 58 

25 RA pNA rRA f 24 16 2 2 6 7 76 

27 RA pRA rNRA m 63 12 - - 7 7 90 

35 RA pNA rNRA m 57 10 0 0 5 7 82 

42 RA pNA rRA m 54 17 4 5 6 7 82 

24 RA pRA rRA m 60 13 0 5 3 7 90 

31 RA pNA rRA m 53 11 0 0 7 5 76 

32 RA pNRA rNRA m 71 12 0 0 4 5 69 

38 RA pRA rRA m 46 11 0 0 1 7 68 

1 NRA pNA rNRA f 39 13 0 0 6 7 93 

2 NRA pNRA rNA m 53 15 0 0 5 7 76 

22 NRA pNRA rNRA m 72 11 0 0 3 4 70 

23 NRA pNRA rNRA m 66 8 0 0 6 7 77 

26 NRA pNRA rNRA m 52 14 0 3 7 7 94 

28 NRA pNRA rNRA m 31 16 0 0 3 7 58 

29 NRA pNRA rRA f 77 9 0 0 3 7 82 

30 NRA pNRA rNRA m 48 17 0 5 7 7 90 

33 NRA pNRA rNRA f 54 11 0 0 1 2 70 

34 NRA pNRA rNRA f 73 7 0 0 7 6 89 

36 NRA pRA rRA f 71 13,5 0 0 1 7 69 

37 NRA pNRA rNRA m 39 11 0 0 2 7 80 

39 NRA pRA rNRA f 62 11 0 0 5 7 82 

40 NRA pNRA rNRA m 47 16 0 0 4 7 77 

41 NRA pNRA rNRA f 69 7 0 0 7 7 84 

  
Amusia overall .231 (χ2) .909 (K) .026 (K) .197 (K) .075 (K) .908 (K) .552 (K) .449 (K) 

  
Pitch amusia .540 (χ2) .167 (K) .042 (K) .092 (K) .164 (K) .216 (K) .882 (K) .847 (K) 

  
Rhythm amusia .805 (χ2) .193 (K) .074 (K) .823 (K) .788 (K) .966 (K) .075 (K9 .542 (K) 

             χ2 = chi-square test, K = Kruskal-Wallis test, NA = Non-amusic, NRA = Non-recovered amusic, pNA = Non-pitch-amusic, pNRA = Non-recovered pitch-amusic, pRA = recovered pitch-
amusic, RA = recovered amusic, rNA = Non-rhythm-amusic, rNRA = Non-recovered rhythm-amusic, rRA = recovered rhythm-amusic. 

aNumbers 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. 

bNumbers denote values on a Likert scale with a range 0 (does never) to 7 (does daily). 

cClassification based on Barcelona Music Reward Questionnaire to reflect pre-stroke musical reward. 

3 
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Table 2 Clinical characteristics of the patients (n = 42). 1 

Patient ID 
Group 

Amusia 

Group 
Pitch 

amusia 

Group 
Rhythm 
amusia 

Aphasiaa 
MBEA total 

score % 
MBEA Scale 

score % 
MBEA Rhythm 

score % 
Visual 

neglectb 
Lesion 

laterality 
Lesion volume 

in cm3 

3 NA pNA rNA no 85 83,33 86,67 no left 35,679 

5 NA pNA rNA yes 83,33 86,67 80 no left 35,798 

9 NA pNA rNA no 90 96,67 83,33 no left 23,026 

10 NA pNA rRA yes 86,67 100 73,33 no left 4,372 

11 NA pNA rNA no 85 83,33 86,67 no left 1,461 

13 NA pNA rNA no 88,33 93,33 83,33 no left 25,322 

14 NA pNA rNA yes 80 80 80 no left 10,908 

15 NA pNA rRA yes 80 93,33 66,67 no left 8,352 

17 NA pNA rNRA yes 75 83,33 66,67 no left 3,037 

18 NA pNA rRA yes 81,67 90 73,33 no left 178,46 

19 NA pNA rNA yes 91,67 100 83,33 no left 88,863 

20 NA pNA rNRA yes 81,67 90 73,33 yes left 10,869 

21 NA pNA rNA no 88,34 93,33 83,33 no left 8,446 

4 NA pNA rNA no 80 80 80 yes right 64,26 

6 NA pNA rNRA yes 78,33 86,67 70 no right 31,622 

7 NA pNA rNRA no 86,67 96,67 76,67 no right 45,296 

8 NA pNA rRA no 81,67 86,67 76,67 no right 111,326 

12 RA pRA rNRA yes 63,33 56,67 70 no left 17,004 

16 RA pRA rNRA yes 63,33 60 66,67 no left 23,023 

25 RA pNA rRA yes 71,67 86,67 56,67 no left 12,809 

27 RA pRA rNRA yes 63,33 66,67 60 no left 82,795 

35 RA pNA rNRA yes 65 90 40 no left 72,474 

42 RA pNA rRA yes 70 83,33 56,67 no left 2,237 

24 RA pRA rRA no 68,34 60 76,67 yes right 54,155 

31 RA pNA rRA yes 66,67 90 43,33 no right 37,439 

32 RA pNRA rNRA yes 48,34 50 46,67 yes right 71,72 

38 RA pRA rRA yes 55 53,33 56,67 yes right 152,299 

1 NRA pNA rNRA yes 73,33 80 66,67 no left 5,204 

2 NRA pNRA rNA yes 63,33 46,67 80 no left 9,614 

22 NRA pNRA rNRA yes 51,67 46,67 56,67 - right 150,559 

23 NRA pNRA rNRA no 61,67 66,67 56,67 no right 61,313 

26 NRA pNRA rNRA yes 51,67 50 53,33 - right 124,245 

28 NRA pNRA rNRA no 56,67 56,67 56,67 no right 40,226 

29 NRA pNRA rRA no 56,67 50 63,33 no right 11,752 

30 NRA pNRA rNRA no 50 50 50 yes right 119,092 

33 NRA pNRA rNRA no 48,33 53,33 43,33 no right 117,768 

34 NRA pNRA rNRA yes 55 56,67 53,33 yes right 20,012 

36 NRA pRA rRA no 71,67 70 73,33 no right 32,609 

37 NRA pNRA rNRA no 51,67 43,33 60 yes right 187,292 

39 NRA pRA rNRA yes 46,67 46,67 46,67 yes right 99,181 

40 NRA pNRA rNRA yes 46,67 46,67 46,67 yes right 102,966 

41 NRA pNRA rNRA yes 46,67 46,67 46,67 yes right 24,139 

  
Amusia overall .111 (χ2) .000 (K) .000 (K) .000 (K) .110 (χ2) .001 (χ2) .166 (K) 

  
Pitch amusia .721 (χ2) .000 (K) .000 (K) .000 (K) .014 (χ2) .000 (χ2) .031 (K) 

  
Rhythm amusia .240 (χ2) .000 (K) .000 (K) .000 (K) .132 (χ2) .012 (χ2) .179 (K) 

           χ2 = chi-square test, K = Kruskal-Wallis test, MBEA = Montreal Battery of Evaluation of Amusia, NA = Non-amusic, NRA = Non-recovered amusic, pNA = Non-pitch-amusic, pNRA = Non-
recovered pitch-amusic, pRA = recovered pitch-amusic, RA = recovered amusic, rNA = Non-rhythm-amusic, rNRA = Non-recovered rhythm-amusic, rRA = recovered rhythm-amusic. 

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

bClassification based on the Lateralized Inattention Index of the Balloons Test. 
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Table 3 TBSS results of cross-sectional analyses for persistent amusia, pitch-amusia, 1 

and rhythm amusia. 2 

AMUSIA 

Tract 
 

FA 
 

MD 
 

RD 

  
A 3 6 

 
A 3 6 

 
A 3 6 

R IFOF 
 

↓ ↓ ↓/- 
  

↑ ↑/+ 
  

↑ ↑/+ 

R UF 
 

↓ ↓ ↓/- 
  

↑ ↑/+ 
  

↑ ↑/+ 

R AF 
 

↓ ↓ ↓/- 
  

↑ ↑/+ 
  

↑ ↑/+ 

R IC 
 

↓ ↓ ↓ 
       

↑ 

CC 
 

↓ ↓ ↓ 
      

↑ 
 

Tapetum 
  

↓ ↓ 
   

↑ 
  

↑ ↑ 

             PITCH-AMUSIA 

Tract 
 

FA 
 

MD 
 

RD 

  
A 3 6 

 
A 3 6 

 
A 3 6 

R IFOF 
 

↓ ↓ ↓ 
  

↑ ↑ 
 

↑ ↑ ↑ 

R UF 
 

↓ ↓ ↓ 
  

↑ ↑ 
  

↑ ↑ 

R ILF 
 

↓ ↓ ↓ 
  

↑ 
  

↑ ↑ ↑ 

R AF 
 

↓ ↓ ↓ 
  

↑ ↑ 
 

↑ ↑ ↑ 

R IC 
 

↓ ↓ ↓ 
     

↑ ↑ ↑ 

CC 
 

↓ ↓ ↓ 
  

↑ ↑ 
 

↑ ↑ ↑ 

Tapetum 
  

↓ ↓ 
        

             RHYTHM-AMUSIA 

Tract 
 

FA 
 

MD 
 

RD 

  
A 3 6 

 
A 3 6 

 
A 3 6 

R IFOF 
 

↓ ↓ ↓ 
  

↑ ↑ 
  

↑ ↑ 

R UF 
 

↓ ↓ ↓ 
  

↑ ↑ 
  

↑ ↑ 

R ILF 
 

↓ ↓ ↓ 
   

↑ 
   

↑ 

R AF 
 

↓ ↓ ↓ 
  

↑ ↑ 
  

↑ ↑ 

R IC 
 

↓ ↓ ↓ 
        

L AF 
           

↑ 

CC 
 

↓ ↓ ↓ 
  

↑ ↑ 
  

↑ ↑ 

Tapetum 
       

↑ 
   

↑ 

             Non-recovered amusics vs. non-amusics (arrow up or down), and non-recovered amusics vs. recovered amusics (+ or -). 

Arrow up or + indicates greater value and arrow down or - a lower value for the contrast in question. 
 

All results are thresholded at a FWE-corrected p < 0.05 threshold. 3 = 3 months stage, 6 = 6 months stage, A = Acute, 

AF = Arcuate fasciculus, CC = Corpus callosum, FA = Fractional anisotropy, IC = Internal capsule, 
 

IFOF = Inferior fronto-occipital fasciculus, ILF = Inferior longitudinal fasciculus, L = Left, MD = Mean diffusivity, 

R = Right, RD = Radial diffusivity, UF = Uncinate fasciculus. 
      

 3 

4 
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Table 4 Significant group and group x time interactions of tractography analyses. 1 

GROUP EFFECTS 
 

GROUP X TIME INTERACTIONS 

Tract Variable df F P ƞ2 

 

Tract Variable df F P ƞ2 

AMUSIA 

 

AMUSIA 

R IFOF VOL 2, 36 3.9 .030 .177 

 
Tapetum MD 4, 72 4.3 .003 .194 

 

FA 2, 36 4.5 .018 .200 
  

RD 4, 72 3.9 .006 .178 

R FAT VOL 2, 36 4.6 .017 .202 
 

      
R AF Long seg. VOL 2, 36 3.5 .041 .163 

       L AF Post. Seg. VOL 2, 36 4.1 .025 .184 
 

      

             PITCH-AMUSIA 

 

PITCH-AMUSIA 

R IFOF VOL 2, 36 3.6 .038 .167 

 
R AF Ant. seg. MD 4, 72 4.5 .003 .201 

 
FA 2, 36 4.3 .022 .191 

  
RD 4, 72 4.4 .003 .198 

       
R UF MD 4, 72 4.0 .005 .183 

        
RD 4, 72 4.0 .005 .182 

       
Tapetum MD 4, 72 3.3 .015 .156 

        
RD 4, 72 3.3 .015 .155 

             RHYTHM-AMUSIA 

 

RHYTHM-AMUSIA 

R IFOF VOL 2, 36 4.5 .018 .201 

 
L UF RD 4, 72 2.7 .035 .132 

R UF VOL 2, 36 3.3 .048 .155 
       CC FA 2, 36 4.1 .025 .185 
       

 
MD 2, 36 4.9 .013 .214 

       
 

RD 2, 36 4.2 .023 .188 
       

             Statistical information presented: df = degrees of freedom, F = f value, P = p-value, ƞ2 = partial eta squared. 

    AF = Arcuate fasciculus, CC = Corpus callosum, FA = Fractional anisotropy, FAT = Frontal Aslant Tract, IFOF = Inferior fronto-occipital fasciculus, 

 L = Left, MD = Mean diffusivity, R = Right, RD = Radial diffusivity, UF = Uncinate fasciculus, VOL = Volume. 

     2 

3 
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Table 4 Regression analysis of the tractography results. 1 

ACUTE 
MBEA % - overall 

Model Variable AICc Beta T F(df) R2 R2 change 

1 
    

F(1,40) = 14.162 .261 .261 

 
R IFOF volume 215.327 .511 3.763** 

   2 
    

F(1,39) = 4.163 .333 .071 

 
R IFOF volume 213.391 .484 3.684** 

   
 

L AF post. volume 
 

.268 2.040* 
           MBEA % - Scale subtest 

Model Variable AICc Beta T F(df) R2 R2 change 

1 
    

F(1,40) = 11.259 .220 .220 

 
R IFOF volume 240.185 .469 3.355** 

           MBEA % - Rhythm subtest 

Model Variable AICc Beta T F(df) R2 R2 change 

1 
    

F(1,40) = 9.186 .187 .187 

 
R IFOF volume 214.879 .432 3.031** 

           3 MONTHS 
MBEA % - overall 

Model Variable AICc Beta T F(df) R2 R2 change 

1 
    

F(1,40) = 24.905 .384 .384 

 
R IFOF volume 206.377 .619 4.990** 

   2 
    

F(1,39) = 15.677 .446 .062 

 
R IFOF volume 204.251 .535 4.248** 

   
 

Tapetum RD 
 

-.263 -2.088* 
           MBEA % - Scale subtest 

Model Variable AICc Beta T F(df) R2 R2 change 

1 
    

F(1,40) = 17.396 .303 .303 

 
R IFOF volume 228.594 .551 4.171** 

           MBEA % - Rhythm subtest 

Model Variable AICc Beta T F(df) R2 R2 change 

1 
    

F(1,40) = 24.593 .381 .381 

 
R IFOF volume 204.520 .617 4.959** 

           6 MONTHS 
MBEA % - overall 

Model Variable AICc Beta T F(df) R2 R2 change 

1 
    

F(1,40) = 21.874 .354 .354 

 
R IFOF volume 211.189 .595 4.677** 

   2 
    

F(1,39) = 14.640 .429 .075 

 
R IFOF volume 208.312 .479 3.642** 

   
 

Tapetum MD 
 

-0.298 -2.267* 
           MBEA % - Scale subtest 

Model Variable AICc Beta T F(df) R2 R2 change 

1 
    

F(1,40) = 20.268 .336 .336 

 
R IFOF volume 228.035 .580 4.502** 

   2 
    

F(1,39) = 14.791 .431 .095 

 
R IFOF volume 223.868 .453 3.464** 

   
 

Tapetum RD 
 

-.334 -2.553* 
   3 

    
F(1,38) = 12.777 .502 .071 

 
R IFOF volume 220.729 .521 4.095** 

   
 

Tapetum RD 
 

-.397 -3.128** 
   

 
R UF MD 

 
-.288 -2.325* 

           MBEA % - Rhythm subtest 

Model Variable AICc Beta T F(df) R2 R2 change 

1 
    

F(1,40) = 13.189 .248 .248 

 
R IFOF volume 215.786 .498 3.632** 

           Statistical information presented: AICc = Akaike information criterion (corrected), Beta = standardized regression coefficient, T = t value, F(df) = F value (degrees of 
freedom), R2 = R Square, R2 change = R Square change. AF = Arcuate fasciculus, IFOF = Inferior fronto-occipital fasciculus, L = Left, MD = Mean diffusivity, MBEA 
= Montreal Battery of Evaluation of Amusia, R = Right, RD = Radial diffusivity, UF = Uncinate fasciculus. 
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