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Morphometry of the amusic brain: a two-site study
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Congenital amusia (or tone deafness) is a lifelong disability that prevents otherwise normal-functioning indi-
viduals from developing basic musical skills. Behavioural evidence indicates that congenital amusia is due to a
severe deficit in pitch processing, but very little is known about the neural correlates of this condition. The
objective of the present study was to investigate the structural neural correlates of congenital amusia. To this
aim, voxel-basedmorphometry was used to detect brain anatomical differences in amusic individuals relative to
musically intact controls, by analysing T1-weighted magnetic resonance images from two independent samples
of subjects. The results were consistent across samples in highlighting a reduction in white matter concentra-
tion in the right inferior frontal gyrus of amusic individuals. This anatomical anomaly was correlated with
performance on pitch-based musical tasks. The results are consistent with neuroimaging findings implicating
right inferior frontal regions in musical pitch encoding and melodic pitch memory. We conceive the present
results as a consequence of an impoverished communication in a right-hemisphere-based network involving the
inferior frontal cortex and the right auditory cortex. Moreover, the data point to the integrity of white matter
tracts in right frontal brain areas as being key in acquiring normal musical competence.
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Introduction
Human societies have always produced and enjoyed

music, but �4% of the general population is not able to

do so (Kalmus and Fry, 1980). The existence of a develop-

mental disorder of musical abilities, colloquially known as

‘tone-deafness’, has been entertained for over one century

(Grant, 1878; Geschwind, 1984). Individuals afflicted with

this musical disorder currently termed ‘congenital amusia’

(Peretz et al., 2001) exhibit lifelong impairments that are

specific to the perception and production of music, despite

normal neurological history, audition, education, intelligence

and memory. Several studies have been conducted on

the behavioural manifestations of congenital amusia (Ayotte

et al., 2002; Peretz et al., 2002; Foxton et al., 2004; Hyde and

Peretz, 2004; Hyde and Peretz, 2005; Patel et al., 2005), but

very little is known about the neural correlates of the con-

dition. The objective of the present study was to investigate

the structural neural correlates of congenital amusia.

Individuals tested in our laboratory are considered amusic

on the basis of two main criteria: they experience difficulties

to recognize familiar tunes without the assistance of the lyrics,

and they are unable to detect if and when they sing ‘out-

of-tune’. These criteria are formally operationalized via

the Montreal Battery of Evaluation of Amusia (MBEA), a

standardized battery of music perception and memory

tests (Peretz et al., 2003). To be considered amusic, indivi-

duals must perform <2 SD from the mean performance of

musically intact controls on the MBEA. All amusic partici-

pants tested with the MBEA to date have been impaired

relative to musically intact controls on the tests requiring

discrimination of melodic changes, while about half of

them have shown normal performance on the test of rhyth-

mic discrimination. Thus, congenital amusia appears to be

principally due to a deficit in the processing of sequential

pitch information, while temporal processing appears to be

affected only in some individuals.

A deficit in musical pitch processing appears to be a core

deficit underlying congenital amusia since amusic individuals

have consistently demonstrated a selective impairment in the
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processing of musical pitch in several studies. Every amusic

individual tested to date in our laboratory has shown a severe

problem in the detection of out-of-key notes inserted in

melodies (Ayotte et al., 2002; Hyde and Peretz, 2005), but

had no problem in detecting a temporal irregularity in the

same melodies (Hyde and Peretz, 2005). The tones that do

not belong to the key in which the melody has been written

sound anomalous for listeners of Western music as early as

5 years of age (Trainor and Trehub, 1994). This ability to map

pitch onto musical scales is an essential component of music

processing. Tonal pitch encoding helps to create expectancies

and feelings of surprise or satisfaction (see Krumhansl, 2003,

for a recent review). Tonal pitch information is also essential

in melody recognition (Hébert and Peretz, 1997). Thus, a

defect in tonal pitch encoding may account for the highly

selective nature of the musical difficulties experienced by

individuals with congenital amusia (Peretz and Hyde, 2003).

The amusics’ tonal pitch deficit might arise from a more

elemental problem in terms of an acoustic impairment in

fine-grained pitch discrimination (Hyde and Peretz, 2004)

and pitch direction (Foxton et al., 2004). In two independent

psychophysical studies, amusics were shown to be impaired

relative to musically intact controls in detecting pitch devia-

tions as small as one semitone (corresponding to adjacent

notes on a keyboard) in tone sequences (Hyde and Peretz,

2004), and in the context of tone pairs (Peretz et al., 2002;

Foxton et al., 2004). Amusic subjects were also impaired in

judging the direction of the same pitch changes in the context

of tone pairs (Foxton et al., 2004). Such a pitch deficit may

account for problems in melodic processing since most

Western melodies (Vos and Troost, 1989) and those from

other cultures (Dowling and Harwood, 1986) are constructed

with pitch intervals on the order of one semitone.

The fine-grained pitch discrimination deficit experienced

by amusic individuals can also be traced down to their brain

responses. Peretz et al. (2005) conducted an event-related

potential (ERP) study and showed that the amusic brain

does not respond to pitch deviance smaller than one semi-

tone, whereas a normal brain does so reliably. In contrast, the

amusic brain shows enhanced responses to large pitch

changes by eliciting an N2-P3 complex that is almost twice

as large as that observed in normals. However, this altered

pattern of electrical activity does not appear to arise from an

anomalous functioning of the auditory cortex. The N1 com-

ponent of the electrical waveform was normal and was con-

sistent with a localization of the generators in the secondary

auditory cortex (Näätänen et al., 1987).

The results from the ERP study were surprising because a

neural anomaly in the right auditory cortex of congenital

amusic individuals was expected. The right auditory cortex

plays a critical role in various aspects of pitch processing. For

example, studies of brain-lesioned patients have shown that

the right auditory cortex is critical for melody discrimination

(Milner, 1962), for the perception of melody in terms of its

global contour (Peretz, 1990; Liégeois-Chauvel et al., 1998),

the perception of pitch direction (Johnsrude et al., 2000) and

the use of melodic contextual cues in pitch judgements

(Warrier and Zatorre, 2004). Neuroimaging studies of

normal listeners also show an asymmetry favouring right

auditory regions in the processing of pitch sequences (Zatorre

et al., 1994; Patterson et al., 2002; Jamison et al., 2005), in the

maintenance of pitch while singing (Perry et al., 1999) and in

the imagery of tunes (Halpern and Zatorre, 1999). Thus, a

congenital neural anomaly in the auditory cortex was pre-

dicted in individuals with a severe musical disorder. The fact

that such an anomaly was not detected in the above ERP

study (Peretz et al., 2005) may, however, be due to the

lack of spatial resolution of the ERP technique.

In order to explore the whole amusic brain, and not only

the auditory cortex, voxel-based morphometry (VBM) was

used in the present study. VBM is a computerized, automated

procedure that allows one to search throughout the whole

brain for structural differences in terms of local concentration

of brain tissue between groups (Ashburner and Friston,

2000). VBM is a method of choice to investigate the structural

neural correlates of congenital amusia since this technique

has been effective in revealing brain abnormalities in a num-

ber of other developmental disorders. For example, it has

revealed grey matter abnormalities in individuals with severe

speech and language disorders relative to normal controls in

the caudate nucleus, an area implicated in speech and motor

processes (Watkins et al., 2002). VBM has also revealed grey

matter differences in the superior temporal sulcus, a brain

region implicated in social perceptual skills, in individuals

with autism relative to normal controls (Boddaert et al.,

2004).

Similarly, it was expected that the VBM analyses would

reveal differences in white matter and/or grey matter con-

centrations between congenital amusic subjects and musically

intact controls. In particular, we predicted that the VBM

analyses would reveal structural differences in the right audi-

tory cortex, given its role in various aspects of pitch pro-

cessing. We also expected that white and/or grey matter

concentrations in the vicinity of the right auditory cortex

would correlate with poor performance on the tests of

melodic pitch perception more so than the test of rhythmic

perception of the MBEA (Peretz et al., 2003).

Material and methods
The MRI data used in the present VBM study were acquired at

two different centres according to exactly the same imaging para-

meters, in Montreal (Canada) and Newcastle (UK). We initially

acquired MRI data from a group of amusic adults and musically

intact controls from Montreal. Although VBM analyses yielded

some intriguing and unexpected results, they did not meet a strin-

gent statistical cut-off for a whole-brain analysis. In order to ensure

that the results from the original Montreal sample were not false-

positives, we deemed it essential to confirm these results in a second

sample. Thus, the Newcastle group independently acquired a sample

of MRIs from a group of amusics and controls. We used a

hypothesis-generating/testing approach across the Montreal and

Newcastle samples because it was not possible to merge the data
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owing to inherent cross-scanner incompatibilities (Ashburner and

Friston, 2000).

Subjects
The primary sample from Montreal consisted of 13 amusic adults

and 22 controls. The second sample from Newcastle consisted of

8 amusics and 7 controls. The controls were musically intact but

had no formal musical training. Amusic subjects were matched to

controls in terms of age, gender, education and handedness (see

Table 1). All amusic subjects had been thoroughly evaluated on

previous behavioural testing sessions (Ayotte et al., 2002; Foxton

et al., 2004), and identical criteria were used for subject selection in

both the Montreal and Newcastle samples. All amusics had normal

intellectual, memory and language skills, and scored <2 SD below

mean control performance on the MBEA. The MBEA involves six

tests. One test evaluates the sense of metre, and the final test is one

of recognition memory. The other four tests assess discrimination.

Three of these assess the ability to discriminate melodic changes

(that violate key, pitch direction or pitch distance) and one tests

rhythmic discrimination (by changing temporal grouping). Both the

melodic and rhythmic tests use a ‘same–different’ discrimination

task, with the same set of novel but conventional sounding music.

Consistent with the evidence that amusia is largely a pitch-based

condition, all amusic participants were severely impaired relative to

controls on the melodic tests while about half of them showed

normal performance on the rhythmic test (Fig. 1).

This research was approved by the ethics committees of the

Montreal Neurological Institute, of the Institut Universitaire de Gér-

iatrie de Montréal and of the University of Newcastle-upon-Tyne.

Subjects’ written informed consent was obtained according to the

Declaration of Helsinki.

Scanning protocol
T1-weighted MR sequences were obtained for all subjects on a

Siemens Sonata 1.5 T scanner at both the Montreal and the

Newcastle sites according to the same MR acquisition parameters:

3D fast field echo scan with 160 slices, 1 mm thick, repetition time

(TR) = 22 ms, echo time (TE) = 9.2 ms, flip angle = 30. The data

from both samples were then processed in exactly the same way.

Each T1-weighted image volume was corrected for signal intensity

non-uniformity (Sled et al., 1998) and linearly transformed into

standardized stereotaxic space (Collins et al., 1994). The trans-

formed images were then classified into white matter, grey matter

and cerebrospinal fluid, using INSECT (Zijdenbos et al., 2002),

an automatic tissue classification paradigm. The tissue-classified

white matter and grey matter maps were smoothed using a Gaussian

smoothing kernel of 10-mm full width at half-maximum, resulting

in three-dimensional maps of white matter and grey matter

concentration.

Data analyses
Three different types of analyses were performed on the Montreal

and Newcastle data. First, a group comparison at each voxel in the

brain was performed to identify brain regions that differed in terms

of white matter or grey matter concentration between amusics and

controls within each sample. Next, voxel-based correlational ana-

lyses were performed by way of linear regression at each voxel in the

brain to detect brain regions where white and grey concentration

correlate with performance on the musical tests of the MBEA. Given

that each test of the battery assesses a different aspect of music

processing, and that there exists some variability in performance,

we considered each test separately. Lastly, in order to specify the

common areas of white and grey matter concentration differences

across the samples and analyses, we performed conjunction analyses

by spatially overlapping the thresholded results from the two sam-

ples for the group and correlational analyses. This analysis is inde-

pendent of the order in which the samples are considered since it is a

logical ‘AND’ operation.

Thresholds for t-statistic values were calculated according to

random field theory (Worsley et al., 2002). The analysis of the

Montreal sample was exploratory in nature since this constituted

the first neuroanatomical investigation in congenital amusia. Thus,

we employed a lenient statistical threshold of P < 0.05 (uncorrected

for multiple comparisons) in order to maximize the possibility of

capturing subtle tissue concentration differences. The significant

Table 1 Subject characteristics

Characteristics Amusics Controls

Montreal Age in years (SD) 56.0 (10.9) 54.9 (6.0)
Gender (9F 4M) (13F 9M)
Education in
years (SD)

16.3 (1.7) 16.9 (1.8)

Global musical
score/30 (SD)

19.5 (2.2) 27.0 (1.4)

Newcastle Age in years (SD) 54.4 (12.6) 54.6 (4.6)
Gender (4F 4M) (4F 3M)
Education in
years (SD)

16.8 (2.5) 17.2 (2.6)

Global musical
score/30 (SD)

20.3 (1.3) 26.7 (1.3)

SD = standard deviation; F = female; M = male; global musical score
corresponds to the average score (/30) over all six tests on the
MBEA.

Fig. 1 Behavioural results on the MBEA. Percentage of correct
responses obtained by the congenital amusic participants relative
to musically intact controls in the melodic pitch tests (averaged
over the key, pitch direction and pitch distance tests; abscissa) and
the rhythm test (ordinate axis) of the MBEA.
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voxels from the Montreal sample defined a volume of interest (VOI)

that was then tested in the Newcastle sample. The Newcastle peaks

that exceeded a t-threshold associated with this VOI were deemed

significant at P < 0.05 (corrected for multiple comparisons).

Results
Group comparison
The group comparison in the Montreal sample considering

white matter yielded four candidate brain regions where

amusics showed less white matter concentration than con-

trols. Three of these regions were found in the right inferior

frontal gyrus (IFG), and one in the left IFG. However, only

one of the four candidate regions, corresponding to the pars

orbitalis of the right IFG in the vicinity of Brodmann area

(BA) 47 (t = �2.7, P < 0.01, uncorrected for multiple com-

parisons), was also significant in the Newcastle sample

(t = �5.7, P < 0.05, corrected at VOI 20 261 mm3; Fig. 2).

There were no other significant peaks of decreased white

matter in the Newcastle sample. There were also candidate

peaks of increased concentration of white matter in the Mon-

treal sample. However, none of these were confirmed in the

Newcastle sample. Thus, these peaks most likely correspond

to false-positives and are not reported here. There were no

significant peaks of increased white matter in the Newcastle

sample alone. Contrary to expectation, there were no signi-

ficant white matter differences found in the right or the left

auditory cortex in either sample.

The group comparison considering grey matter in the

Montreal sample yielded candidate brain regions of grey

matter concentration differences in amusics versus controls

in the same brain regions as for the white matter differences

reported above, but in the opposite direction. The finding

of an inverse relationship between white matter and grey

matter concentration in approximately the same brain

regions is primarily due to the partial-volume effect where

a given voxel may contain both white matter and grey matter

(Ashburner and Friston, 2000). Partial volumes are typically

found in brain regions in which white matter and grey matter

tissues are in close proximity, as in the cortex. Only one of

the candidate peaks from the Montreal sample corresponding

to the right IFG (BA 47) (x = 37, y = 42, z = �2; t = 2.8,

P < 0.01, uncorrected for multiple comparisons) was signifi-

cant in the Newcastle sample (x = 40, y = 43, z = �3; t = 6.4,

P < 0.05, corrected at VOI 26 451 mm3). Amusic subjects in

both samples showed more grey matter concentration relative

to controls at this peak, which was the same region of the

right IFG as found in the group comparison considering

white matter concentration. No other candidate peaks of

grey matter differences from the Montreal sample were con-

firmed in the Newcastle sample. Moreover, there were no

significant peaks of decreased or increased grey matter in

the Newcastle sample alone. As in the group comparison

considering white matter, there were no significant grey

matter differences found in the right or the left auditory

cortex in either sample.

Voxel-based correlations with
performance on musical tests
The voxel-based correlational analyses considering white

matter concentration as a function of performance on each

of the six musical tests of the MBEA yielded several candidate

regions in the Montreal sample, but none in the right or

left auditory cortex. As found in the group comparison,

only one particular peak in the right IFG (BA 47) was con-

firmed in the Newcastle sample in two of the musical tests.

White matter concentration in this right IFG region was

positively correlated with both the melodic key-violation

test (t = 2.4, P < 0.05, uncorrected; Fig. 3A, left panel),

and with the memory test (t = 2.8, P < 0.01, uncorrected;

Fig. 4A, left panel), but not with the other four musical

Fig. 2 VBM group comparison of white matter concentration differences. VBM results of group differences in white matter concentration
shown for each sample (Montreal and Newcastle). Each brain image corresponds to a thresholded map of t-statistic values superimposed on
the average anatomical MRI of the corresponding sample. Images are shown as horizontal sections, and coordinates are in standardized
stereotaxic space (Collins et al., 1994). In all images, the yellow arrows correspond to the pars orbitalis of the right IFG (BA 47).
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tests. The same analyses in the Newcastle sample confirmed

the positive correlation of white matter concentration in the

right IFG with both the key-violation test (t = 6.6, P < 0.01,

corrected at VOI 8807 mm3; Fig. 3A, right panel) and the

memory test (t = 4.1, P < 0.05, corrected at VOI

1215 mm3; Fig. 4A, right panel). There were no other signi-

ficant peaks in the Newcastle sample in any of the musical test

correlations. To illustrate this relationship between brain

morphometry and behaviour, we plotted the white matter

concentration obtained at the right IFG peak for each subject

as a function of their behavioural scores on the key-violation

and memory tests. As shown in Fig. 3B, white matter con-

centration increased with increasing performance score on

the key-violation test, in both the Montreal (r = 0.4,

P < 0.02) and Newcastle samples (r = 0.74, P < 0.001).

This was also true in the memory test for the Montreal

(r = 0.4, P < 0.02) and Newcastle (r = 0.75, P < 0.001)

samples (Fig. 4B). The voxel-based correlational analyses

considering grey matter concentration as a function of per-

formance on each of the six tests of the MBEA yielded several

candidate regions in the Montreal sample. However, none

of these candidate peaks were confirmed in the Newcastle

sample.

Conjunction analyses
The conjunction analyses of the white matter concentration

results revealed that the same right IFG region (BA 47) as

reported above was common to both samples in each of the

group and voxel-based correlational analyses, as well as across

these two analyses, within three millimetres along the x, y,

and z planes, respectively (Fig. 5). The joint probability that

the same right inferior frontal peak voxel would be significant

in both the Montreal and Newcastle samples is P < 10�5

(uncorrected) in the group and correlational analyses. There-

fore, it is extremely unlikely that the right inferior peak

found in both samples is a false-positive. In order to further

specify where the conjunction occurs relative to the regions

delineated in each sample, we quantified what proportion

the conjunction represents relative to the total volume in

Fig. 3 Voxel-based correlational analyses of white matter concentration and the melodic key-violation test of the MBEA. Shown for
each sample (Montreal and Newcastle) in A are the voxel-based correlations for white matter (WM) concentration and the melodic
key-violation test of the MBEA, and in B are the significant positive correlations of WM concentration as a function of increasing score
(out of 30) on the melodic key-violation test at the right IFG peak. WM concentration is expressed as the proportion of WM contained
within the rIFG peak voxel, where the minimum value is 0 (no WM), and the maximum value is 1 (all WM). Each brain image corresponds
to a thresholded map of t-statistic values superimposed on the average anatomical MRI of the corresponding sample. Images are
shown as horizontal sections, and coordinates are in standardized stereotaxic space (Collins et al., 1994). In all images, the yellow arrows
correspond to the pars orbitalis of the right IFG (BA 47).
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each sample. The conjunction area represents 34% of the

Montreal sample, and 19% of the Newcastle sample. Thus,

the conjunction is not merely an edge artefact of the regions

defined independently in each sample.

Discussion
In the present study, VBM was used to examine differences

in white and grey matter concentrations across the whole

brain between congenital amusic subjects and musically

Fig. 4 Voxel-based correlational analyses of white matter concentration and the memory test of the MBEA. Shown for each sample
(Montreal and Newcastle) in A are the voxel-based correlations for white matter (WM) concentration and the memory test of the MBEA,
and in B are the significant positive correlations of WM concentration as a function of increasing score (out of 30) on the memory at the
right IFG peak. WM concentration is expressed as the proportion of WM contained within the rIFG peak voxel, where the minimum
value is 0 (no WM), and the maximum value is 1 (all WM). Each brain image corresponds to a thresholded map of t-statistic values
superimposed on the average anatomical MRI of the corresponding sample. Images are shown as horizontal sections, and coordinates are
in standardized stereotaxic space (Collins et al., 1994). The yellow arrows correspond to the pars orbitalis of the right IFG (BA 47).

Fig. 5 Conjunction results in three planes of section. Right IFG peak of decreased white matter in the group comparison (amusics versus
controls) in the Montreal and Newcastle samples, and their conjunction in three planes of section: (A) horizontal, (B) sagittal and
(C) coronal slices. Each individual map was thresholded at P < 0.05 (uncorrected), and the conjunction results shown here were
superimposed on the average anatomical MRI of all subjects in both samples.
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intact controls from two independent samples. The results

were consistent in pointing to a significant decrease in

white matter in the vicinity of the pars orbitalis of the

right IFG (BA 47) of the amusic brain relative to controls.

Moreover, the white matter concentration in this same

right IFG area was positively correlated with the melodic

key-violation test and the memory tests of the MBEA,

but not with any of the other musical tests. As we will

argue, this convergent and salient neuroanatomical difference

in the amusic brain is consistent with a number of relevant

findings.

VBM analyses also indicated that amusics had more grey

matter relative to controls in this same right IFG region. The

inverse relationship between white and grey matter concen-

trations observed here is probably due to the partial-volume

effect that occurs in brain regions where voxels contain both

white and grey matter (Ashburner and Friston, 2000). Thus,

in principle, VBM results can reflect a number of anatomical

features, including grey matter changes, shifts in gyral or

sulcal anatomy, or white matter changes. A grey matter

increase in the right IFG of the amusic brain may occur

consequent to a malformation in cortical development,

such as abnormal neuronal migration, as has been found

in other neurological conditions [e.g. dyslexia (Silani et al.,

2005) and epilepsy (Merschhemke et al., 2003)]. However,

before accepting this interpretation, a more direct morpho-

metric investigation of grey matter will be required. To this

aim, future studies with cortical thickness measures (e.g. Kim

et al., 2005) will be ideal since, unlike VBM, this technique

allows one to investigate cortical morphology directly and

quantifiably (e.g. Chung et al., 2005; Lerch et al., 2005;

Shaw et al., 2006). Conversely, the right IFG abnormality

observed in the amusic brain may correspond to a white

matter decrease. As reviewed in the introduction, regional

decreases in white and/or grey matter concentrations are

typically reported in studies of adult brains that have experi-

enced long-lasting deficiencies (Watkins et al., 2002; Boddaert

et al., 2004). It is therefore reasonable to assume that the

perceptual disorder of amusia is related to a decrement in

white matter.

Further support for this claim comes from the functional

literature on musical pitch perception. Finding a decrease in

white matter concentration in the right IFG of amusic indi-

viduals that is related to performance in both melodic key

discrimination and memory tests is highly consistent with

current knowledge of the brain organization for musical

pitch encoding and memory. Several studies have demon-

strated that right inferior frontal areas are implicated in pitch

memory. In a PET study, Zatorre et al. (1994) found activa-

tion in the right IFG when normal subjects performed a pitch

memory task by comparing the pitch of the first and last notes

in unfamiliar tonal melodies. Two subsequent PET studies

confirmed this finding in tasks that required the holding of

pitch information in short-term memory for short melodies

(Griffiths et al. 1999) and for isolated tones (Holcomb et al.,

1998). The right IFG area activation obtained in these studies

corresponds well to the right IFG area (BA 47) found to be

correlated with the musical memory task in the present study.

Furthermore, it is well established that recognition of melo-

dies critically depends on pitch structure, not rhythm (White,

1960; Hébert and Peretz, 1997). Collectively, the evidence is

consistent with the present relation between white matter

concentration in the right IFG and performance on the

musical memory task.

Further support for the presence of a network in right

inferior frontal regions that plays a central role in various

aspects of musical pitch processing can be found in two

recent functional MRI (fMRI) studies (Koelsch et al., 2002;

Tillmann et al., 2003). In both studies, the detection of unex-

pected chords in the harmonic context recruited the right IFG

(BA 44). It is worth specifying here that chord and tone

expectancies are judged along similar tonal principles that

derive from exposure to the pitch regularities of Western

music (Tillmann et al., 2000). Thus, these neuroimaging

findings are convergent with the present observation of a

correlation between white matter concentration in the right

IFG and performance on the melodic key-violation test.

Although the area BA 44 is posterior (by �20 mm) to the

right BA 47 found here, both regions are probably part of the

same network of right inferior frontal regions implicated in

musical pitch processing. Moreover, these frontal regions are

connected to the auditory cortex by the same frontotemporal

fibre tracts (Hackett et al., 1999; Kaas and Hackett, 1999;

Romanski et al., 1999; Parker et al., 2005) that seem to be

less developed in the amusic brain. We propose, therefore,

that the white matter changes observed here reflect anoma-

lous connectivity between auditory and frontal cortical areas

critical to the development of tonal perceptual competence.

Such an account of congenital amusia in terms of reduced

connectivity to the right IFG can be more directly assessed in

future by way of diffusion tensor imaging, as well as by

MRI methods that subdivide white matter by parcellating

it both regionally by lobes and radially for fibre system sub-

compartments (e.g. Herbert et al., 2004). Another aspect of

the morphometry of the amusic brain that would require

closer examination is the auditory cortex. Contrary to expec-

tations, we did not find white and/or grey matter differences

in the vicinity of the right auditory cortex in the amusic

brain. This may be due to the fact that the neural anomaly

lies outside the auditory cortex or that it is too subtle to be

captured via VBM, which is designed to detect macroscopic

brain abnormalities. We cannot rule out, therefore, the

possibility that structural abnormalities of auditory regions

exist. Further examination of the auditory cortex with other

techniques, such as post-mortem microstructural histology

(see Hutsler and Galuske, 2003 for a recent review), and

receptor methods (e.g. Morosan et al., 2005), should be

the goal of future studies.

In sum, we conceive the decrease in white matter found

here in the right IFG of amusic individuals as a sign of an

anomalous wiring of the connections to the right auditory

cortex. Its cause may be endogenous or it may interact with
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experience. For example, lack of extensive exposure to music

could be a contributing factor. Amusic individuals may be

less inclined to listen to music during their lifetime than most

other people. Long-term consequences of this musical atti-

tude might be a reduced myelination of the connections to

the frontal regions. This is plausible given that long-term

musical training induces increases in white matter structure

(Bengtsson et al., 2005). In favour of an environmental expla-

nation of the current findings, the long maturation time of

frontal brain structures and pathways that develop well

into adolescence (e.g. Toga et al., 2006) may mean that

these brain structures and pathways are particularly sensitive

to experience. Conversely, it may be argued that the right

IFG abnormality found in the amusic brain has a genetic

basis, which interacts with the course of the maturation of

frontal brain structures and pathways.

Indeed, use-dependent plasticity does not rule out the

intervention of genetic factors. The impulse to listen to

music appears to be innate (Trehub and Hannon, 2006).

Encoding pitch in terms of musical scales is also a processing

component that may have some genetic basis (see Peretz,

2006, for a recent review), although we are not suggesting

that there is necessarily a causal or direct genetic linkage. A

recent twin study provides supportive evidence for the

notion that musical pitch encoding may have a heritable

component (Drayna et al., 2001). Thus, the present finding

of a positive correlation between white matter concentration

in the right IFG and performance on a test that requires pitch

encoding in terms of musical scales might also reflect the

operation of a heritable trait. This would be consistent

with our recent family study indicating that about half of

the first-degree relatives of the amusic cases are also musically

deficient (I.P. Peretz, manuscript in preparation). According

to the present findings, the affected members of the family

should exhibit abnormalities along the right frontotemporal

pathway while the intact members should not. Thus, normal

acquisition of basic musical abilities should depend upon

structural integrity of the right frontotemporal pathway

identified in the present study.

Conclusions
In conclusion, one salient difference in the congenital amusic

brain is the presence of an impoverished communication in a

right-hemisphere-based network involving the inferior fron-

tal cortex and subserving the processing of pitch in musical

contexts. The present study constitutes the first investigation

into the structural neural correlates of congenital amusia. The

results have implications for the understanding of normal

acquisition of musical abilities and for the diagnosis and

remediation of this music-specific disorder. This work serves

to motivate and guide future studies on the neural correlates

of congenital amusia and other disorders.
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